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Preface

The book is a useful guide to the management of the most-debated hot topics of 
practical interest in anesthesia and intensive care. It reviews the state of the art of 
issues related to both intensive care medicine and anesthesia, such as assisted ven-
tilation, ultrasound assessment of renal function, sedation during non-invasive ven-
tilation, subarachnoid hemorrhage, coagulation disorders in septic shock, difficult 
airways management and hemodynamic monitoring during anesthesia.

Written by leading experts and including updated references, it provides a com-
prehensive, easy-to-understand update on anesthesia and intensive care. The book 
clearly explains complex topics offering practicing clinicians insights into the latest 
recommendations and evidence in the field while, at the same time, making it a 
valuable resource for students new to the study of anesthesia and intensive care.

Milan, Italy Davide Chiumello, MD
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1Maxillofacial Trauma and Airway 
Management

Silvia Coppola, Sara Froio, and Davide Chiumello

1.1  Introduction

Maxillofacial trauma represents a challenge for the anesthesiologist in the 
 emergency airway management. This kind of injuries can often compromise the 
patient’s airways and become potentially life threatening.

Maxillofacial injuries may occur as an isolated damage or as a part of traumatic 
injuries [1].

The American College of Surgeons in Advanced Trauma Life Support (ATLS®) 
system represents the “gold standard” for the polytrauma patient management.

Within the ATLS® protocols, the first priority is always represented by the main-
tenance and the protection of the respiratory tract together with the cervical spine 
protection.

In-hospital mortality and morbidity of trauma patients often result from pitfall 
related to airway management.

In a large study population (2594 patients), Gruen et al. found the errors in the 
airway management are the most common factors related to mortality (2594 patients 
were analyzed) [2].

Current literature points out the complexity of this clinical scenario character-
ized by potentially life-threatening injuries [3–5].

Together with the assessment of maxillofacial trauma patients applying ATLS® 
protocols, it is necessary to understand specific features of this scenario: priority can 
conflict or suddenly change and hidden pitfalls can arise [3, 6, 7].

http://doi.org/10.1007/978-3-319-61325-3_1
mailto:davide.chiumello@unimi.it
mailto:chiumello@libero.it
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This chapter aims to provide an overview of the maxillofacial airway 
 management for anesthesiologists and intensive care physicians on the basis of 
recent literature.

1.2  A Complex Scenario

Beside the anticipated difficult airway, other factors can complicate this clinical set-
ting. C-spine injury, unexpected vomiting, facial bleeding, and facial fractures pose 
additional problems both for the decision-making and for the practical approach. 
Identifying major difficulties and pitfalls may help the clinician to choose the best 
strategy for the airway management.

1.2.1  Cervical Spine Injuries

Cervical spine injuries are reported in 1–10% of patients presenting with facial frac-
tures [7]. Cervical injuries should always be suspected in patients with lower- and 
midface trauma until it can be clinically or radiologically excluded. However, fre-
quently clinical exclusion is not possible in a patient with altered Glasgow Coma 
Scale (GCS) and alcohol or drug intoxication [4]. In these cases a computed tomog-
raphy (CT) scan evaluation is needed [8].

In general, based on the reported maxillofacial trauma, it is possible to hypoth-
esize the most frequent associated C-spine injuries [9]:

• Midface injuries are associated with C5-7 trauma.
• Lower-face injuries are commonly associated with C1-4 trauma.

Complete C-spine diagnosis can take hours, and in the meanwhile the patient’s 
C-spine has to be protected by a semirigid collar and spinal immobilization in the 
supine position, avoiding neck movements. If endotracheal intubation is needed, 
in-line stabilization has to be maintained during the procedure. Unfortunately, man-
ual in-line stabilization has demonstrated to reduce the laryngoscopic view. It has 
been suggested the use of videolaryngoscopy rather than the direct laryngoscopy to 
minimize neck movements [10].

1.2.2  Unexpected Vomiting

The maxillofacial trauma patient should always be considered to have a “full stom-
ach”: he often bleeds from the facial injuries and fractures and swallows blood, with 
a high risk of vomiting. Furthermore, the patient may have recently eaten or taken 
alcohol or drugs. At the same time, opioids for pain relief and brain injury can trigger 
nausea and vomiting [1, 4]. However we don’t suggest the insertion of a nasogastric 
tube to decompress the stomach in maxillofacial patients who are confused and not 
cooperative, because the maneuver itself could represent a trigger for vomiting [11].

S. Coppola et al.
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Vomiting that occurs in the presence of facial injuries represents a threat to 
 airway protection, especially when C-spine lesions coexist. Vomiting may occur 
suddenly so that it is mandatory to identify patients, which are at highest risk of 
pulmonary aspiration and require intubation to secure the airway. Conversely, 
patients with minor facial injuries and preserved state of consciousness could not 
vomit, and the indication to protect the airway is not impelling.

Moving from these considerations, it is important to remember that the decision to 
intubate the patient may be influenced by the need for an intra- or extra-hospital trans-
port. The goal is to minimize risks and maximize safety for patients during transport.

However, anesthesia and intubation are at high risk of pulmonary aspiration; in 
fact, the assessment of risks and benefits of an early intubation requires the judg-
ment of an expert help [11].

• In case of early episodes of vomiting in the emergency department, when the 
patient is still on a spinal board, the inclination of the board will be useful to lower 
the head together with a high flow suction of the airway. Trendelenburg position 
allows the vomit following into the oropharynx, thus reducing the aspiration risk.

• If repeated episodes of vomiting occur in patients with moderate brain injury, 
drug intoxication and/or full stomach together with maxillofacial trauma, and a 
high risk of lung aspiration, airway protection should be ensured.

• After an accurate airway evaluation, the anesthetist decides whether to proceed 
with tracheal intubation with spontaneous breathing patient or with a rapid 
sequence induction. Preoxygenation will always be provided and in-line spine 
stabilization maintained during these maneuvers.

• Sellick’s maneuver (cricoid pressure) is suggested during rapid sequence induc-
tion; however it is contraindicated in a patient who is vomiting because of the 
esophageal rupture risk. Furthermore this maneuver can worse the laryngeal 
view, making endotracheal tube placement more difficult [12, 13]. Definitely, 
cricoid pressure is part of an overall approach of rapid-sequence induction to 
minimize the risk of aspiration, but it can be reduced when the laryngeal view 
is impeded.

1.2.3  Bleeding

Blood loss from maxillofacial bleeding is rarely life threatening and at the same time 
only in few cases induces hemodynamic instability or hypotension. Nevertheless, 
it can represent a pitfall in airway management. Then, clinicians should always 
consider that:

 (a) Small bleedings, in supine awake patients who swallows, can trigger vomiting.
 (b) Profuse bleeding (from extensive tissue disruption or from distinct vessels) may 

contribute to acute airway obstruction.

Prompt hemostasis and tracheal intubation, when feasible, should be considered 
according to ATLS® guidelines [6].

1 Maxillofacial Trauma and Airway Management
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Hemostasis can be achieved externally or internally by:

• Direct pressure
• Sutures
• Packing in the oral cavities
• Balloon tamponade
• Reduction of facial fractures

When conservative treatment fails, arterial embolization or surgical approach of 
the bleeding vessels may be considered [14]. After hemostasis is achieved, maxil-
lofacial injuries do not require immediate repair [15].

1.2.4  Facial Fractures and Timing of Surgery

Surgical maxillofacial treatment can often be deferred until life-threatening injuries 
have been managed, except for upper airway obstruction and profuse hemorrhage [16].

Most patients with maxillofacial trauma present a stable airway, but there are 
specific situations associated with this kind of trauma that require emergency air-
way. Conditions at higher risk for airway obstruction are presented in Table 1.1 [17].

Moreover, C-spine injury, severe neurological impairment, soft tissue neck injury 
and smoke aspiration are considered conditions at high risk for airway obstruction 
and require endotracheal intubation in the emergency room [18, 19].

Apart from mentioned specific clinical conditions that need early and emergent 
airway control, optimal time for repairing maxillofacial fractures is still debated.

Conditions that need immediate treatment:

• Control of profuse hemorrhage
• Stabilization of bleeding fractures

Conditions needing urgent treatments within few hours:

• Reduction of open fractures.
• Surgical repair of contaminated wounds.
• All injuries that could lead to severe infections or lasting functional impairment 

should be treated within 24 h [20–22].

Table 1.1 Conditions at higher risk for airway obstruction

Injuries Nature of airway obstruction
1.  Posteroinferior displacement of a fractured 

maxilla
Nasopharyngeal obstruction

2. Bilateral fractures of the anterior mandible Loss of tongue support in supine patient
3. Fractured teeth or bone fragments Obstruction or the airway anywhere
4. Profuse oronasal hemorrhage Airway bleeding
5. Soft tissue swelling and edema Upper airway obstruction
6. Fractures of the larynx and hyoid Swelling of the glottis

S. Coppola et al.
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Conditions in which surgical treatment can be safely deferred (within days):

• Patients with associated clinical life-threatening injuries require urgent tracheos-
tomy for the risk of increasing facial edema.

In this setting the maxillofacial surgeon should be early involved in the trauma 
team’s decision-making process [3].

1.3  Airway Management

Maxillofacial trauma often presents a problem of difficult mask ventilation and a 
predicted difficult intubation, because of:

• Suspected C-spine injury
• High risk of vomiting and aspiration of gastric content
• Oronasal bleeding
• Soft tissue disruption
• Rapidly evolving clinical picture

The fourth National Audit Project of the Royal College of Anesthetists (NAP4—
Major complication of airway management) recommends that senior staff should be 
available in the emergency department, because the complication rate of intubation 
in this clinical scenario can exceed 20% [23–25].

The anesthetist will choose the best approach, balancing the risks and benefits in 
relation to the patient’s characteristics, airway, signs of impending obstruction, and 
staff experience (Fig. 1.1):

• Monitoring in awake, spontaneously breathing patient
• Early tracheal intubation [11]

When the airway is patent and no emergency intubation is needed, anesthetists 
can assess the airway to identify patients who may have difficult anatomy.

Airway difficulty can depend on several factors [26]:

• Poor patient’s cooperation
• Difficult mask ventilation
• Difficult supraglottic device placement
• Predicted difficult laryngoscopy
• Difficult endotracheal intubation
• Difficult surgical airway access

When the anesthetist decides on early intubation approach with a predicted 
difficulty, different options exist. It is important to consider consultation with 
surgeon and a review of recent imaging studies before proceeding with the airway 
management [27]:

1 Maxillofacial Trauma and Airway Management
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• Endotracheal intubation in awake spontaneous breathing patient versus  intubation 
after general anesthesia induction

• Noninvasive versus surgical techniques

When difficult intubation is anticipated, guidelines strongly recommend [27, 28]:

 1. Adequate patient’s position, equipment for primary intubation including capnog-
raphy in the emergency department and other alternative devices, adequate size 
of supraglottic device, and additional skilled help and “exit strategy” in case of 
failed intubation after three attempts

 2. Preoxygenation with 100% of inspired oxygen for 3 min of tidal volume breathing

Intubation failure should be declared after three attempts, according to the 
Difficult Airway Society and the Canadian recommendations on management of the 
unanticipated difficulty airway.

In this clinical setting when general anesthesia is induced and patients are ade-
quately oxygenated, exit strategies include:

 1. Wake the patient
 2. Supraglottic device positioning
 3. Additional equipment and expert help for further controlled tracheal intubation 

attempt
 4. Surgical access

Spontaneous breathing

Early endotracheal intubation

• Unprotected airway at increased risk
 of vomiting and obstruction
• Hypoxemia

• Repeated evaluation of warning signs
• Close neurological assessment

• Difficult intubation
• Loss of close neurological assessment
• Risk of hemodynamic impairment
• Misunderstood vision-threatening injuries

• Protection and control
• Execution of life-saving procedures
 after securing the airway

Pros

Pros

Cons

Cons

Fig. 1.1 Risks and benefits of the spontaneous breathing approach compared to early tracheal 
intubation

S. Coppola et al.
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If oxygenation fails after failed intubation, it is strongly recommended to make 
one attempt at placing a supraglottic device. Then, if oxygenation is still not ade-
quate with this device, immediate cricothyrotomy should be done.

When tracheal intubation is achieved, periodical reassessment of the stability of 
the tube should be performed. In fact, patient transport (radiological department, 
operating room, evolving edema) can result in tube displacement.

1.3.1  Noninvasive Techniques

1.3.1.1  Orotracheal Intubation: Direct Laryngoscopy
Direct laryngoscopy with orotracheal intubation is not the method of choice in max-
illofacial surgery because the presence of an oral tube can interfere with surgical 
maneuvers.

Lee et al. considered direct laryngoscopy as the fastest technique in the emergent 
airway management of patient with facial fractures in the operating room setting; 
however it is mandatory to approach this technique with the appropriate expertise 
[28]. In fact, direct laryngoscopy is indicated in case of emergency airway in a 
“can’t intubate can’t oxygenate scenario” with nasal pyramid fractures and skull 
base fractures or when maxillo-mandibular fixation is not required [16].

On the other end, direct laryngoscopy is contraindicated in case of trauma that 
can limit mouth opening after general anesthesia induction, of laryngeal trauma, or 
when maxilla-mandibular fixation is required [15].

1.3.1.2  Nasotracheal Intubation
Nasotracheal intubation often represents the option of choice for elective airway 
management of patients scheduled for maxillofacial surgery. This technique offers 
the surgeon better visibility and the possibility of maxilla-mandibular fixation, and 
it is in patients with reduction of mouth opening. Nasotracheal intubation can be 
also done in awake patients (fiber-optic intubation under local anesthesia and spon-
taneously breathing patients) or after general anesthesia induction (direct laryngos-
copy) or by a “blind” approach [15].

In the end, it is important to remember that it is contraindicated in case of basal 
skull fractures with nasal fractures for the risk of intracranial placement during 
blind insertion. No cases of intracranial placement of tube are reported when fiber- 
optic intubation is performed [29].

1.3.1.3  Restricted Visual Intubation Techniques
Anatomic abnormalities and the presence of foreign materials decrease the suc-
cess rate of tracheal intubation to 80% especially when severe oronasal hemorrhage 
coexists [14].

In case of tracheal intubation with a restricted view (direct laryngoscopy 
Cormack-Lehane 2b–3) despite continuous suctioning of the oral cavity, the tra-
cheal tube introducer should be considered (recommendation for the airway man-
agement—Canadian Airway Focus Group).

1 Maxillofacial Trauma and Airway Management
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Gum elastic bougies and lighted stylet have been proposed as support devices to 
facilitate tracheal intubation. The gum elastic bougie is considered more effective 
when the best view is Cormack-Lehane 3 [30, 31]. However, when a rigid device is 
inserted, great care must be taken to not apply excessive force [23].

The lighted stylet technique is based on the principle of the transillumination of 
anterior neck soft tissue to guide endotracheal tube. This device can be used during 
direct laryngoscopy or combined with the intubation through a laryngeal mask (ain-
tree catheter). Lighted stylet is considered an option for difficult intubations in max-
illofacial trauma [32–34].

As pointed out before, this technique should be only performed by an expert 
anesthetist; obviously when neck or laryngeal abnormalities preclude transillumina-
tion, the lighted stylet is not appropriate [35].

1.3.1.4  Visual Intubation Techniques
Difficult airway algorithms describe visual intubation techniques for the manage-
ment of anticipated difficult airway [27, 36].

Rigid fiber-optic laryngoscopes can facilitate intubation in patients with sus-
pected or known unstable C-spine injuries: they do not require head or neck move-
ments to obtain a clear view (Wuscopes, Bullard laryngoscopes) [37, 38]. The 
American Society of Anesthesiologists (ASA) and the Italian Society of Anesthesia 
and Intensive Care Unit (SIAARTI) include videolaryngoscopes among the alterna-
tive intubation devices when a failed intubation is declared and oxygenation is ade-
quate [27, 36, 39].

A recent systematic review underlined that the use of videolaryngoscopy is 
strongly recommended in patients at higher risk of difficult laryngoscopy, but it is 
cautiously recommended in patients with known difficult direct laryngoscopy [40]. 
In trauma setting videolaryngoscope provides a better laryngeal view maintaining 
cervical in-line stabilization [41], but it is well known that a clear visibility is essen-
tial for a correct use of these devices (fogging, secretions, blood, and vomit in max-
illofacial trauma can impair the vision).

In patient with anticipated difficult intubation and difficult mask ventilation, 
fiber-optic intubation under local anesthesia in spontaneously breathing patients is 
the first choice [27, 36]. Unfortunately, it is challenging and sometimes not practical 
in maxillofacial trauma because of oral bleeding, vomit, or secretions that can 
occlude supraglottic structures. Nevertheless, although time-consuming, fiber-optic 
intubation has been used by skilled clinicians in patients with penetrating neck 
trauma, oronasal bleeding, and unstable fractures [15].

1.3.2  Alternatives to Tracheal Intubation

Supraglottic devices (SGD) have a limited role in this kind of trauma patients 
because they have to be placed blindly and do not provide an airway protection, 
with the risk of displacement and aspiration of gastric content [23]. However, SGD 
are recommended as “exit strategy” when intubation is failed after induction of 

S. Coppola et al.
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anesthesia in adequately oxygenated patient or when oxygenation fails after failed 
intubation attempt [36].

Of note, SGD allow the passage of a tracheal tube with a blind technique or 
under fiber-optic guidance. Fiber-optic assisted intubation via a place classic laryn-
geal mask should be considered only when dedicated laryngeal masks are not avail-
able [31].

Similarly, the Combitube can be inserted quickly and may also protect against 
the aspiration of gastric content or blood. It is important to keep in mind that its 
insertion may cause complications in the upper esophageal tract, particularly when 
disruption of the anatomy and tissue damage are present [42].

1.3.3  Surgical Techniques

A surgical airway is mandatory in emergency [43]. Cricothyrotomy is recommended 
over tracheostomy by the Canadian and Italian guidelines and ATLS® because it is 
less time-consuming, easier, and causes fewer complications. The cricothyroid 
membrane is less vascular and more palpable. Canadian guidelines recommend that 
cricothyrotomy should be done with a percutaneous needle-guided wide bore can-
nula or surgical technique, because the percutaneous insertion of an intravenous 
type cannula is associated with the highest complications and failure rates and does 
not allow the placement of a cuffed tracheal tube to ventilate, although it is advo-
cated by ATLS® to buy time while preparing for a definitive airway [36].

Tracheostomy can be considered in a patient with a previously secured airway 
when the severity of maxillofacial trauma or the associated multi-organ injuries 
require prolonged mechanical ventilation. In some cases, after expert evaluation of 
the patient’s clinical conditions and local anatomic abnormalities, tracheostomy 
under local anesthesia could be performed. Progressive soft tissue swelling can 
often require an elective tracheostomy at the end of other surgical procedures. To 
avoid tracheostomy, which is associated with higher morbidity, maxillofacial sur-
geons have described submental and retromolar intubation in selected patients with 
maxillofacial trauma [15]. In fact, several maxillo-surgical procedures preclude the 
conventional oral intubation route. The submental surgical route described by 
Hernandez-Altemir, performed after orotracheal intubation, might offer an effective 
option for the surgeon and the anesthetist to obtain an unobstructed surgical field 
and ensure the maintenance of a secure airway [44].

1.4  Vision-Threatening Injuries

Maxillofacial trauma can also result in various degrees of orbital floor fractures, so 
that a compartmental syndrome can develop. A reduction in perfusion pressure and 
ischemia of the optic nerve can occur within 2  h [21, 45]. Moving from these 
 considerations, an urgent ophthalmic assessment is needed in all patients with 
 periorbital lesions (Fig. 1.2).

1 Maxillofacial Trauma and Airway Management
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Recognition and appropriate treatment of vision lesions should be performed at 
the end of the “A, B, C, D, E” evaluation and should not delay life-saving interven-
tions. The management of vision-threatening injuries consists in globe protection: 
high-dose steroids and surgical decompression (under local or general anesthesia). 
Before surgical treatment, a computed tomography scan will be helpful to clarify 
and identify anatomical structures. However, proptosis per se is rarely an indication 
for urgent surgery [21, 45, 46].

 Conclusions
In conclusion, maxillofacial trauma may be challenging for the decision-making 
process and clinical management. Knowledge of the priorities and of specific 
potential complications together with the cooperation among different profes-
sional figures in a multidisciplinary team is crucial for the successful manage-
ment of patient with maxillofacial trauma.
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2The Assessment of the Risk for Cardiac 
Event After Noncardiac Surgery
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2.1  Introduction

The anaesthesiologist has a key role in the preoperative clinical evaluation of the 
surgical patient. This evaluation considers the type of patient and the type of surgery 
the patient will undergo. Over the last 10 years, thanks to the progress of diagnostic 
and surgical techniques and to the technological implementation, surgery has under-
gone significant changes that can be summarized in a particular boost towards less 
invasive techniques, such as robotic surgery, and wider indications than in the past. 
But even the surgical patient has changed over time. In fact, the population is getting 
older, and the physiology of aging is accompanied by an increase in morbidity, with 
many older patients who are candidates for surgery and often with cardiovascular 
disease. Each year an increasing number of elderly patients with cardiovascular 
disease undergo noncardiac surgery.

Improved cardiovascular disease treatment has determined a better quality of life 
for cardiopathic patients over the last 10 years, and even heart failure with severe 
ventricular dysfunction allows a better quality of life when treated according to good 
practice. However, perioperative cardiovascular complications are the strongest pre-
dictors of morbidity and mortality after major noncardiac surgery, and for this rea-
son the patients with cardiovascular disease undergoing surgery often cause concern 
in the preoperative evaluation and require instrumental examinations. We can also 
estimate that approximately 30 million patients die every year within 30 days of 
noncardiac surgery [1] and that myocardial ischemia is frequently the cause of death.

For these reasons periodically, scientific societies publish recommendations 
on the management of the cardiopathic patient undergoing noncardiac surgery. 
The recent ESC/ESA Guidelines [2] of 2014 provide the context for conducting an 
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effective preoperative evaluation of the cardiopathic patient candidate for  noncardiac 
surgery. This must include preoperative risk stratification based on assessment of 
the patient’s functional capacity, cardiac risk factors and cardiovascular function 
and type of surgery (Table 2.1) the patient will undergo.

The approach must be tailored to the individual patient so that some preoperative 
testing will be performed independently of the type of surgery and urgency of the 
operation and only in patients who are likely to benefit from it. In fact the aim of 
the preoperative evaluation of the surgical patient is not a screening for cardiovas-
cular disease but rather a risk stratification and an implementation of perioperative 
strategies that can minimize it. Therefore it should be emphasized that not every 
patient with cardiovascular disease requires detailed preoperative cardiac evalua-
tion. For example, patients with stable cardiovascular disease undergoing low- or 
intermediate- risk surgery do not require an additional preoperative cardiac assess-
ment, while cardiopathic patients scheduled for high-risk noncardiac surgery should 
undergo cardiac assessment by a multidisciplinary expert team that includes anaes-
thesiologists, surgeons, and cardiologists, as well as other specialists if necessary.

2.2  The Issue of Perioperative Myocardial Ischemia

Perioperative myocardial ischemia represents the most feared event of the surgical 
team.

Myocardial ischemia in the surgical period has its own peculiarities from a 
pathogenetic and physiopathological point of view. In fact, the classification 

Table 2.1 Cardiovascular risk and surgery

Low risk: <1% Intermediate risk: 1–5% High risk: >5%
Superficial surgery Intraperitoneal: splenectomy, hiatal 

hernia repair, cholecystectomy
Aortic and major vascular 
surgery

Breast Carotid symptomatic (CEA or 
CAS)

Open lower limb 
revascularization or amputation 
or thromboembolectomy

Dental Peripheral arterial angioplasty Duodeno-pancreatic surgery
Endocrine: thyroid Endovascular aneurysm repair Liver resection, bile duct 

surgery
Eye Head and neck surgery Oesophagectomy
Reconstructive Neurological or orthopaedic: major 

(hip and spine surgery)
Repair of perforated bowel

Carotid asymptomatic 
(CEA or CAS)

Urological or gynaecological: 
major

Adrenal resection

Gynaecology: minor Renal transplant Total cystectomy
Orthopaedic: minor 
(meniscectomy)

Intra-thoracic: nonmajor Pneumonectomy

Urological: minor 
(transurethral resection 
of the prostate)

Pulmonary or liver transplant

F. Guarracino et al.
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of myocardial ischemia is based on five different types of mechanism inducing 
 ischemia, where the perioperative event is included in type 1 and type 2 [3]. Type 1 
is represented by a classic acute event in which an endothelial lesion on an unsta-
ble coronary plaque leads to coronary thrombosis with vessel occlusion and arte-
rial flow interruption. In this situation after a few minutes, we can see the typical 
ST elevation on the electrocardiogram (STEMI). In type 2, the mechanism does 
not involve endothelial lesion and platelet activation but an acute imbalance in O2 
demand/O2 delivery at myocardial level, resulting in myocardial ischemia. In this 
case the electrocardiogram typically does not show the elevation of ST segment 
(NSTEMI).

The two above-mentioned mechanisms are both responsible for perioperative 
myocardial ischemic events in approximately 50% of cases. This means that half 
and possibly more of myocardial ischemia in the surgical patient are not related to 
coronary occlusion but to a coronary mismatch caused by a reduction of O2 delivery 
(e.g., during hypoxemia, anaemia, haemorrhage, hypotension) or by an increased 
demand (e.g., due to tachycardia, hypertension, inadequate anaesthesia, postopera-
tive pain, and suspension of beta-blocker therapy). It is interesting to notice that the 
two types of myocardial ischemia have different presentation times. The mismatch 
type has usually an early presentation, and if it causes death, it will be between the 
first and the third day; the ischemia due to coronary occlusion occurs later, and 
mortality is shifted to a few days after surgery.

It is easy to understand that the scenario of perioperative myocardial ischemia 
causes important perioperative issues. In particular, the consequences are relevant to 
the preoperative evaluation and management of the patient at risk of myocardial 
ischemia. Indeed, knowledge of pathophysiology helps to understand that at least 
half of patients do not have coronary occlusion as a mechanism of ischemia, and so, 
for example, they are not protected by antiplatelet agents. On the other hand, the 
other half of the problem makes clear that preoperative provocative cardiac tests can 
be completely negative without excluding the patient in question from the risk of 
having a myocardial ischemic event. There are also implications on postoperative 
monitoring. We should ask ourselves if it is worthwhile admitting the patient to 
intensive care on the day of surgery, as we know that the event, if it occurs, will hap-
pen after the patient is out of our observation.

Knowledge of the problem should lead to the creation of organizational models 
in which intensive care units are not unnecessarily occupied during the night after 
surgery but where there is a very careful alert system that allows the early detection 
of possible ischemic events [4]. Obviously, this requires a multidisciplinary 
approach involving anaesthesiologists, cardiologists and surgeons.

The aspects that we have discussed here regarding the mechanisms of myocar-
dial ischemia are the basis of the knowledge necessary to understand why guide-
lines recommend much selectivity in requesting preoperative examinations: often 
the sensitivity and specificity of a provocative cardiac test are not very different 
from tossing a coin; often resting cardiac tests are not adequate to explore the 
complex world of the intraoperative period with all its possible acute physiological 
variations.

2 The Assessment of the Risk for Cardiac Event After Noncardiac Surgery
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2.3  Preoperative Risk Stratification

Preoperative risk stratification should be performed considering the presence of risk 
factors in the patient for the occurrence of cardiovascular complications. Clinical 
risk factors, listed in Table 2.2, are derived from clinical history and clinical exami-
nation and allow risk stratification using the Revised Lee Cardiac Risk Index.

In addition to the traditional Lee cardiac risk index [5], for the preoperative eval-
uation, the model of the American College of Surgeons National Surgical Quality 
Improvement Program (NSQIP) Myocardial Infarction Cardiac Arrest (MICA) can 
be used, a model based on the 2007 NSQIP database. In this model, type of surgery, 
functional status, creatinine concentration, ASA physical status classification, and 
age were found to be independent predictors of perioperative myocardial infarction 
or cardiac arrest. The prognostic information provided by the two models is comple-
mentary. However, the predictive ability of the NSQIP MICA model was superior to 
the Revised Lee Cardiac Risk Index, and the risk [6] can easily be calculated at the 
bedside (http://www.surgicalriskcalculator.com/miorcardiacarrest).

Assessment of preoperative functional capacity must take into account the meta-
bolic equivalent tasks (METs) or exercise testing when needed.

2.4  Preoperative Testing: Which Exams in Which Patient [2]

2.4.1  Preoperative ECG

Every day, thousands of patients scheduled for noncardiac surgery are routinely 
submitted to resting ECG during the preoperative evaluation. The resting ECG has 
no sufficient specificity and sensitivity to diagnose congenital or acquired heart dis-
ease. For this reason, ECG is only recommended in cases where the presence of risk 
factors requires further investigation.

Preoperative resting ECG is not recommended in asymptomatic patients without 
risk factors undergoing low-risk surgery. Instead it could be performed in patients 
without risk factors who are about to undergo intermediate-or high-risk surgery if 
they are over 65.

A resting ECG should be performed only in patients with risk factors (Table 2.3) 
undergoing intermediate- or high-risk surgery.

Table 2.2 Clinical risk factors

Ischemic heart disease (angina pectoris, myocardial infarction)
Heart failure
Stroke or transient ischemic attack (TIA)

Renal dysfunction (serum creatinine concentration >170 μmol/L or 2 mg/dL or a creatinine 
clearance <60 mL/min/1.73 m2)

Diabetes mellitus requiring insulin therapy

F. Guarracino et al.
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2.4.2  Preoperative Echocardiography

A routine echocardiography in a cardiopathic but clinically asymptomatic and 
 stable patient is not necessary in the preoperative evaluation.

Routine preoperative echocardiography is only recommended in patients with 
known or suspected valvular heart disease scheduled for intermediate- or high-
risk surgery. The Guidelines suggest that it may also be considered in patients 
 undergoing high-risk surgery (Table 2.4).

2.4.3  Imaging Stress Testing

The Guidelines recommend preoperative cardiac stress testing only if the results are 
likely to modify the perioperative management. It is recommended only in patients 
with poor functional capacity and more than two clinical risk factors before high- 
risk surgery. It may be considered in patients with one or two clinical risk factors 
and poor functional capacity before intermediate- or high-risk surgery. Imaging 
stress testing is generally not recommended before low-risk surgery.

In clinically stable patients who have undergone surgical myocardial 
revascularization in the previous 6 years, no preoperative cardiac stress tests 

Table 2.3 Recommendations for preoperative resting ECG

Patient population 2014 ESC/ESA Guidelines
Patients with risk factors scheduled for intermediate- or 
high-risk surgery

Recommended (I,C)

Patients with risk factors scheduled for low-risk surgery May be considered (IIb,C)
Patients without risk factors scheduled for intermediate-
risk surgery

May be considered (IIb,C)

Patients without risk factors scheduled for low-risk surgery Not recommended (III,B)

Risk factors as listed in Table 2.5. Types of surgery as listed in Table 2.1

Table 2.4 Recommendations for preoperative resting echocardiography

Patient population 2014 ESC/ESA Guidelines
Class of recommendation (Latin number) and 
level of evidence (second letter)

Asymptomatic patients Not recommended (III)
Patients scheduled for high-risk surgery May be considered (IIb,C)
Patients scheduled for intermediate- or 
low-risk surgery

Not recommended (III,C)

Patients with severe valvular heart disease –
Patients with known or suspected valvular 
heart disease scheduled for intermediate- or 
high-risk surgery

Recommended (I,C)

Types of surgery as listed in Table 2.1

2 The Assessment of the Risk for Cardiac Event After Noncardiac Surgery
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should be performed. These are, however, recommended in patients with high 
cardiac risk scheduled for surgery in the first year after surgical myocardial 
revascularization.

2.4.4  Serum Biomarkers

Routine preoperative determination of serum biomarkers (brain natriuretic peptide 
[BNP], NT-proBNP, cardiac troponin) for risk stratification before surgery is not 
recommended in patients undergoing noncardiac surgery. It may be considered in 
high-risk patients. In particular, in these patients, the determination of cardiac tro-
ponins at 48–72 hours after major surgery may be considered, in order to monitor 
the possible onset of perioperative myocardial ischemia.

2.4.5  Preoperative Coronary Angiography and Myocardial 
Revascularization

Although many patients undergoing noncardiac surgery suffer from coronary artery 
disease, preoperative coronary angiography is rarely indicated. Considering the 
procedure-associated risk and lack of evidence that preoperative coronary revascu-
larization improves perioperative outcome, the indications for preoperative coro-
nary angiography are identical to those in the non-surgical setting.

There is no evidence that preoperative coronary revascularization improves peri-
operative outcome in asymptomatic patients or in patients with stable coronary 
artery disease (CAD). In general, recommendations for perioperative coronary 
revascularization are identical to those used in the medical field and follow the ESC 
Guidelines on the management of stable CAD. In accordance with these Guidelines, 
a routine prophylactic preoperative coronary revascularization is not recommended 
in patients with documented CAD scheduled for low- or intermediate-risk surgery. 
Prophylactic preoperative coronary revascularization could be considered in the 
presence of a significant stress-induced myocardial perfusion defect.

2.5  Preoperative Pharmacological Management: 
Medications for Heart Failure

The management of cardiac therapies in the preoperative evaluation of cardiopathic 
patients is an aspect of particular interest. More and more patients are taking cardio- 
vasoactive drugs and anticoagulant and antiplatelet agents.

Considering the most commonly used drugs such as beta blockers, ACE inhibi-
tors (ACEIs) and angiotensin II (ARBs) receptor antagonists and statins, it is gener-
ally recommended to continue the home therapy in the perioperative period.

The Guidelines [2] recommend the continuation of beta-blocker therapy in 
the perioperative period in patients currently receiving this medication. However, 
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regarding preoperative initiation of beta-blocker therapy in patient in non-chronic 
treatment, the ESC/ESA Guidelines suggest that the preoperative start of beta block-
ers may be considered in patients: 1) scheduled for high-risk surgery, 2) with ≥2 
clinical risk factors or ASA physical status ≥3, and 3) with known ischemic heart 
disease or myocardial ischemia.

Atenolol or bisoprolol may be considered first-choice drugs if the decision for 
preoperative initiation of oral beta-blocker therapy is made. Neither the initiation of 
beta blockers in patients undergoing low-risk surgery nor the initiation of high-dose 
beta-blocker therapy without titration is recommended.

Therapy with ACEI and ARBs should be kept under close control in patients with 
chronic heart failure and left ventricular dysfunction. If necessary this therapy 
should be started at least a week before surgery.

A temporary interruption of ACEI or ARBs for the increased risk of severe hypo-
tension during anaesthesia associated with this therapy may be considered in 
patients with arterial hypertension.

Regarding statins, Guidelines recommend perioperative continuation of chronic 
statin therapy with preference to statins with a long half-life or extended-release 
formulation. Initiation of statin therapy should be considered before vascular sur-
gery, ideally at least 2 weeks before surgery.

2.6  Preoperative Pharmacological Management: 
Antiplatelet Agents and Anticoagulant Therapy

2.6.1  Antiplatelet Agents

2.6.1.1  Aspirin
The decision for or against low-dose aspirin in patients undergoing noncardiac sur-
gery must be based on individual weighing of the perioperative risk of bleeding 
against that of thrombotic complications. Continuation of chronic aspirin therapy 
for secondary cardiovascular prevention may be considered. Its discontinuation 
should be considered when difficult intraoperative haemostasis is anticipated. 
Following percutaneous coronary intervention, aspirin should be continued for 4 
weeks after bare-metal stent (BMS) implantation and for 3–12 months after drug- 
eluting stent (DES) implantation, unless the risk of life-threatening surgical bleed-
ing is considered unacceptably high.

2.6.1.2  Dual Antiplatelet Therapy
More and more patients are now treated with dual antiplatelet therapy, often posing 
problems on management of therapy and surgical timing.

In postcoronary angioplasty patients, maintenance of P2Y12 receptor antago-
nists should be considered for 4 weeks after the BMS implantation and 6–12 months 
after the DES implant (6 months in the case of a new generation stent). In a patient 
subjected to coronary angioplasty without a stent implant, surgery should be sched-
uled at least two weeks after the beginning of antiplatelet therapy.

2 The Assessment of the Risk for Cardiac Event After Noncardiac Surgery
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2.6.1.3  Anticoagulant Therapy
Before deciding for or against the perioperative administration of oral anticoagu-
lants, the risk of life-threatening perioperative bleeding must be weighed against the 
potential thromboembolic risk. Discontinuation of therapy is recommended a few 
days before surgery in patients at low risk of thrombosis. Patients on oral vitamin K 
antagonists can undergo noncardiac surgery when the international normalized ratio 
(INR) is <1.5.

Patients with risk factors for thromboembolic events (Table 2.5) require preop-
erative bridging therapy with unfractionated heparin (HFU) or low-molecular- 
weight heparin (LMWH). The last dose of LMWH should be administered no later 
than 12 hours before surgery. Depending on the type of oral vitamin K antagonists, 
it is recommended to stop therapy 3–5 days before surgery. For patients receiving 
non-vitamin K antagonist direct oral anticoagulants (NOACs), it is recommended to 
discontinue NOACs for 2–3 times their respective half-lives before surgery with 
average risk of bleeding and for 4–5 times their biological half-lives before surgery 
with high risk of bleeding. Due to their well-defined “on” and “off” action, preop-
erative bridging therapy with UFH or LMWH is usually not required.

2.7  How to Deal with Arrhythmia [2]

Changes in heart rhythm and conduction disorders can already be present and 
treated at home, or they can develop as a perioperative complication.

Ventricular rate control is essential in the management of perioperative atrial 
fibrillation and supraventricular arrhythmias. Drugs of choice are beta-blockers and 
calcium-channel blockers. The administration of beta-blockers is associated with an 
increased rate of conversion of atrial fibrillation to sinus rhythm in patients undergo-
ing noncardiac surgery. In patients with heart failure, amiodarone represents an 
effective alternative.

In the case of ventricular arrhythmias, the continuation of anti-arrhythmic home 
therapy is always recommended.

When the ventricular tachycardia (VT) arises in the perioperative period, it needs 
to be promptly treated with electric cardioversion. Anti-arrhythmic drugs are 
 recommended in patients with sustained VT.

Table 2.5 Risk factors for thromboembolic events

•  Atrial fibrillation associated with heart failure, hypertension, age ≥75 years, diabetes, stroke, 
vascular disease

•  Advanced age
•  Female sex
•  Mechanical prosthetic heart valves, recently inserted biological prosthetic heart valve
•  Mitral valvular repair within the past 3 months
•  Recent venous thromboembolism within past 3 months
•  Thrombophilia

F. Guarracino et al.



21

2.7.1  Management of Patients with Pacemaker/Implantable 
Cardioverter Defibrillator

Patients with permanent pacemakers require increased perioperative attention 
because of the possible interference between device and electrocautery. Special pre-
cautions should be taken to reduce the risk of the interferences. In patients who are 
pacemaker dependent, the device should be set in an asynchronous or non-sensing 
mode by placing a magnet on the skin over the pacemaker. In patients with an 
implantable cardioverter defibrillator (ICD), the device should be deactivated by the 
arrhythmologist before surgery and adequately reactivated after the operation.

During the period of deactivation, the patient’s ECG must to be continuously 
monitored, and an external defibrillator must be available.

2.7.2  Temporary Cardiac Pacing: When and How

The indications for perioperative temporary cardiac pacing are usually the same as 
for permanent cardiac pacing. Temporary perioperative pacing in noncardiac sur-
gery is recommended [2] in patients with complete heart block and in those with 
symptomatic asystolic episodes. Temporary perioperative pacing is not recom-
mended in asymptomatic patients with bifascicular block, independently of the 
presence of first-degree atrioventricular block.

These recommendations should recall how many useless requests for temporary 
pacemaker positioning are made due to the lack of knowledge of evidence-based lit-
erature and Guidelines. The availability of pads for emergency transcutaneous pac-
ing should avoid even more inappropriate requests for arrhytmological consultation.

2.8  Cardiological Consultation: A Laissez-Passer?

The need for cardiological consultation is an important aspect of the preoperative 
evaluation. However, this rarely modifies patient management, which means that 
too many are requested.

The cardiological consultation should not be considered a laissez-passer for car-
diopathic patients either by the anaesthesiologist or the surgeons. It should only be 
requested in the case of known cardiopathic patients with instable clinical condi-
tions evaluated during clinical examination or specific situations (presence of ICD 
or pacemaker; management of the dual antiplatelet therapy in a patient after a recent 
coronary revascularization) which can be significantly affected by the cardiolo-
gist’s opinion. The consultation should not be requested only because the patient 
is cardiopathic. In most cases a cardiopathic patient undergoes a yearly follow-up 
with a cardiologist. In the absence of conditions of recent instability, a cardiopathic 
patient should be considered less problematic. On the other hand, a patient with a 
silent clinical history may need a more careful preoperative evaluation to identify 
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possible risk factors and a clinical evaluation to detect conditions needing further 
investigations.

The Guidelines [2] put the cardiological evaluation request of the cardiopathic 
patient scheduled for low- or intermediate-risk surgery in Class IIb, proving that in 
most cases the request is inappropriate.

 Conclusions
Preoperative evaluation of patients with cardiovascular disease undergoing non-
cardiac surgery must be based on a careful clinical evaluation.

Indiscriminate use of routine preoperative cardiac testing is not justified in the 
evidence of literature, and it is not recommended by the Guidelines, because it is 
resource limiting and does not improve perioperative outcome [7]. Fewer exam 
requests should not be considered as an underestimation of the issue; rather they 
should give more consideration to the capability of identifying, during the clinical 
evaluation, risk factors and unstable conditions which need further investigation. 
This can only improve the evaluation of those patients who really deserve more 
attention and avoid the need for inappropriate examinations and consultations.
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3Ultrasound in Intensive Care Unit:  
What to Ask, What to Expect

Manlio Prosperi, Maxim Neganov, and Andrea De Gasperi

3.1  Introduction

The treatment of the ICU patient (“critically ill” by definition) has witnessed in the 
last three decades a continuous improvement, both for the expanding of knowledge 
and the availability/development of a wide range of rapidly evolving technologies. 
This led the ICU provider to deepen and master several areas previously considered 
to be of exclusive competence of other specialists (cardiologist, radiologist, sur-
geons, etc.). Where dedicated resources and specific expertise exist, they represent 
a high added value: in order to be effective, the approach of individual specialists to 
the critically ill patient must be focused and coordinated. Aided by well-defined 
protocols, the multidisciplinary of the ICU physician has as main goal the treatment 
of the failing organs, the most consistent tract of the critically ill patient; together 
with urgent treatments, the steady “everyday clinical pursuit” is added and consists 
of diagnosing, treating, and monitoring the evolution of the ongoing illness. Fields 
of application of ultrasounds (US) are extremely wide when treating the critically 
ill: this is one of the reasons intensive care treatment deserves subspecialists with 
different skills to guarantee the quality of care. The use of POCUS is one of the 
areas in rapid, continuous development over the past few years: initially used and 
implemented to assess the respiratory system, it has been introduced into the daily 
clinical practice for the perioperative assessment of the hemodynamic profile and 
for a fine-tuning of the invasive maneuvers, both in and outside intensive care units. 
The POCUS is in some sense the physician’s phonendoscope of the third millen-
nium. The further development of training programs stems from the need to have 
advanced expertise in different specialistic areas, such as the initial approach of the 
major trauma patient, the neuro-cardiac or general surgical patients, the complex 
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medical patients, and the solid organ-transplanted patients. The benefit of the point-
of-care examination is evident, for example, in the decision-making algorithms of 
the dyspneic patients while managing hemodynamic instability in the acute patient 
in the prehospital setting, in the emergency department, or in medical or surgical 
wards. However, the initial stabilization of the critically ill and the treatment of the 
progressive multi-organ failure development proceed as a continuum during the 
entire ICU stay, US being one of the best tools to guide into differential diagnosis 
algorithms and to help in defining the severity of organ(s) failure. Examples of US 
applications (among many others) in acute care both in ED and in the ICU (but also 
in the wards) are optic nerve measurements and transcranial Doppler (central ner-
vous system); A, B, and C lung profiles and diaphragm mobility/width (chest and 
pulmonary medicine); transthoracic echocardiography (TTE) for both heart and 
large vessel assessment; evaluation of renal function and causes of renal failure 
(mechanical causes and measurement of intraparenchymal renal resistances); and 
hepatic assessment (parenchymal and vascularization: echo Doppler of hepatic 
artery, portal vein, suprahepatic veins). The FAST (Focused Assessment Sonography 
for Trauma) and CA-FAST (Chest Abdominal- Focused Assessment Sonography for 
Trauma) [1] exams provide the evaluation of intra-abdominal collections in abdomi-
nal spaces (such as hepatorenal, splenorenal, and Douglas spaces), relevant for 
abdominal screening in case of perforation or acalculous cholecystitis, together 
with an evaluation of intestinal peristalsis. Finally, the examination also includes the 
evaluation of the compressibility of the femoral vein axes in case of suspected deep 
venous thrombosis (CUS).

One of the first protocols used to create a systematic screening in the dyspneic 
patient was proposed by Lichtenstein along with the basic principles of pulmonary 
ultrasound: the BLUE (Bedside Lung Ultrasound Evaluation) protocol [2] is a fast, 
focused protocol (3 min evaluation) when performed with appropriate devices and 
standardized points of analysis scan. It has six different profiles with a step-by-step 
approach, and, considering pathophysiological aspects, it helps in the diagnosis of 
most pulmonary pathologies encountered in the emergency room.

If the large variety of ED and ICU applications are of the utmost importance, 
even more relevant is the definition of the relationship between these domains and 
the level of the required training. Ultrasound in the ICU may in some cases have 
a high specificity and a reduced sensitivity, and since this involves some risk, the 
diagnostic test should always be integrated with all the available clinical data. A 
key aspect of the problem is therefore to standardize the degree of expertise and 
the training needed to gain basic and advanced competences. There are many cod-
ing levels which allow a correct way of operating while reducing the chance of 
errors/misinterpretation: for example, in case of the US examination, the American 
Heart Association in agreement with the American Cardiology Association provides 
12-h training classes to achieve a basic skill level in detecting pericardial effusion, 
severe left and right ventricular dysfunction, regional dysfunction in case of severe 
coronary syndrome, broad evaluation of valvular apparatus defects, and vena cava 
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collapsibility related to the respiratory activity. In the same line, WINFOCUS [3] 
provides certified training pathways for ICU providers, combining expertise and 
levels of recommendations in the ICU diagnostics. These levels of recommenda-
tion have recently been endorsed by the Critical Care Medicine Society, which has 
issued recommendations (1A-1B- 1C-2A-2B-2C) to define guidelines for the use of 
US in the ICU, both for general US examination [4] and for echocardiographic eval-
uation [5]. The shift from evidence to recommendation came not only from the level 
of evidence but also from the judgment of a large group of experts, who focused 
on the ultrasound use by intensivists looking at a broad spectrum of skills (such as 
the brain, chest, lung, heart, abdomen) rather than by single-field specialists, taking 
into consideration all the possible bias. Therefore, 1C is a strong recommendation, 
although the quality of evidence is poor (C); on the contrary, 2A, while having a 
lesser degree of recommendation (2), is supported by high-quality evidence (A) (see 
Tables 3.1 and 3.2).

Table 3.1 Summary 
of recommendation  
of US in critically ill 
patient [4]

General ultrasound in ICU Overall grade
Diagnosis of pleural effusion (ruling in) 1A
Guidance of small pleural effusion drainage 1-B
Diagnosis of pneumothorax 1-A
Interstitial and parenchymal lung pathology 2-B
Ascites (nontrauma setting) 2-B
Acalculous cholecystitis (by intensivist) 2-B
Renal failure (mechanical causes) 2-C
DVT by intensivist 1-B
Central venous access general 1-A
Access location internal jugular 1-A

Table 3.2 Recommendation  
for the use of echocardiographic 
examination in critical  
patient [5]

Echocardiographic examination in ICU Overall grade
Preload responsiveness, ventilated 1-B
Sepsis resuscitation 1-C
Left ventricle systolic function 1-C
Diastolic function 2-C
Acute cor pulmonale 1-C
Pulmonary hypertension 1-B
Right ventricle infarction 1-C
Pulseless electrical activity 2-C
Symptomatic pulmonary embolism 1-C
Ventricular tachycardia/fibrillation 1-B/C
Acute coronary syndrome 1-C
Cardiac tamponade 1-B
Valvular dysfunction 1-C
Native/prosthetic valve endocarditis 2-B/1-C
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3.2  Pulmonary Ultrasound

A systematic pulmonary ultrasound approach is recommended as a primary 
 procedure in patients with respiratory failure (1B). However, this approach also 
belongs to the daily assessment of pulmonary disease, to assist and guide invasive 
procedures related to the respiratory tract and finally for the integration of clinical 
data during ventilation and respiratory weaning process, including the estimation 
of diaphragm dynamic function [6, 7]. Pulmonary ultrasound is largely based on 
the analysis of artifacts that are generated by the interaction of air and water in 
the pulmonary parenchyma [2, 6, 7]. All the profiles of artifacts originate from the 
pleural line: pneumothorax and interstitial syndrome appear more evident in upper 
and anterior fields, while pulmonary effusions and consolidations are best detected 
at the lower and posterior areas in supine position. The involvement of the pulmo-
nary surface by the vast majority of acute diseases allows a correlation between the 
artifacts and the pulmonary alteration by using the US. In fact, only lesions reaching 
the pleural line can be detected by lung ultrasound.

3.3  Pulmonary Ultrasound Examination

Pulmonary examination is performed on a patient in the supine position by a longi-
tudinal scanning of four lung zones with a convex or microconvex probe for deeper 
structures or linear probe for superficial structures (pleura and ribs):

L1: second, third, and fourth anterior intercostal space
L2: fifth and eighth anterior intercostal space
L3: fourth and tenth mid axillary intercostal space
L4: posterior chest wall (mainly for US-guided thoracentesis)

The image outlining the longitudinal scan B-mode is the first sign, bat sign, 
where the wings indicate the rib’s shadow cones. The pleural line is hyperechoic 
and located in the middle of the image below the two adjacent ribs, whose sliding 
interface of the visceral over the parietal layer gives origin to the underlying move-
ment and allows the vision of the “lung sliding.” Through the M-mode examination, 
the sliding sign is depicted as the seashore sign where the upper (still) and lower 
portions (created by lung inflation/deflation) of the screen are divided by the pleural 
line itself (Fig. 3.1).

3.4  Nomenclature of Pulmonary Artifacts

The A line is repetitive, horizontal artifact originating from the pleural 
 reverberation. This is a transversal hyperechoic line in the intercostal space, 
placed 1 or half centimeter below the outer surface of the ribs, the so-called 
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pleural line (this is the physical site of the tissue-air interface, represented by the 
parietal and visceral pleura in touch).

The B lines are comet tail-like vertical artifacts originating from the pleural line; 
they are long, hyperechoic, well defined, and dynamic; they delete lines A at the 
intersection. Comet-tail artifacts are due to multiple reflections of the beam between 
an object and its surroundings when there is a marked difference in acoustic imped-
ance. Small water-rich structures surrounded by air are at the origin of these arti-
facts. They could be found, as an example, in the case of aerated lung with 
abnormally thickened interlobular septa and extravascular water. Detection of mul-
tiple and diffuse vertical artifact B lines in lung ultrasound is usually associated with 
a diagnosis of radiological and clinical alveolar-interstitial syndrome. It has to be 
underlined that B lines can also be seen in the latero-basal scans in close to 25% of 
the patients with normal lungs. The Z lines are longitudinal artifacts and originate 
from the subcutaneous tissue.

Fig. 3.1 Normal lung surface. (Left) Scan of the intercostal space. The ribs (vertical arrows). 
Rib shadows are displayed below. The pleural line (upper, horizontal arrows), a horizontal 
hyperechoic line, half a centimeter below the rib line in adults. The proportions are the same 
in neonates. The association of ribs and pleural line make a solid landmark called the bat sign. 
The pleural line indicates the parietal pleura in all cases. Below the pleural line, this horizontal 
repetition artifact of the pleural line has been called the A line (lower, small horizontal arrows). 
The A line indicates that air (gas more precisely) is the component visible below pleural line. 
(Right) M-mode reveals the seashore sign, which indicates that the lung moves at the chest wall. 
The seashore sign therefore indicates that the pleural line also is the visceral pleura. Above 
the pleural line, the motionless chest wall displays a stratified pattern. Below the pleural line, 
dynamics of lung sliding show this sandy pattern. Note that both images are strictly aligned, of 
importance in critical settings. Both images, i.e., lung sliding plus A lines, make the A-profile 
(when found at the anterior chest wall). The given basic information on the level of capacity 
pressure
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3.5  Definition of Lung Profiles According to the BLUE 
Protocol [2]

The A-profile associates anterior lung sliding with bilateral A lines.
The A′-profile is an A-profile with abolished lung sliding.
The B-profile associates anterior lung sliding with bilateral B lines.
The B′-profile is a B-profile with abolished lung sliding.
The A/B profile is a half A-profile at one lung, a half B-profile at another.
The C-profile indicates anterior lung consolidation (a thickened, irregular pleural 

line is an equivalent).
The PLAPS-profile indicates posterolateral alveolar and/or pleural syndrome.

3.6  Syndromes Visualized on Lung Ultrasound

Pleural disease: effusion, hemothorax, and pneumothorax
Interstitial syndrome: mono or bilateral
Lung consolidation: pneumonia, atelectasis due to hypoventilation, atelectasis due 

to extrinsic compression, atelectasis related to endoluminal obstruction, abscess, 
pulmonary thromboembolism

3.7  Pneumothorax

The ultrasound features of pneumothorax are the following: the absence of lung 
sliding, absence of B lines, absence of pulmonary pulse, presence of lung consolida-
tion, lung point and stratosphere sign (M-mode)

Sensitivity and specificity are 79–100% for pneumothorax not visible at thoracic 
X-ray and 96–100% with a complete pneumothorax: a pneumothorax may rule out 
in the presence of lung sliding and B lines, but in the absence of such signs, it can 
be confirmed only by the presence of a “lung point” which is the respirophasic 
re- appearing of the lung in touch with the chest wall in the lung region explored 
(Fig. 3.2).

The absence of sliding with M-mode appears as aligned dots next to the other on 
the time scale, hence straight lines, such as the representation of the pre-pleural tis-
sues. This M-mode appearance has been named as stratosphere sign.

3.8  B Profile: Interstitial Syndrome

Echographic signs: multiple B lines (anterior B line + sliding).
Positive B line: the B lines can be counted ideally by defining the percentage of 

the hyperechogenic field and dividing it by ten (Fig. 3.3).

M. Prosperi et al.



29

3.9  Characteristics of Pulmonary Consolidation

The main signs of consolidation are the well-defined superficial boundaries and 
subpleural echo-poor region or one with tissue-like echotexture. Additional signs in 
the static and dynamic images of a consolidation include bronchogram, thickening 
and irregularity of the pleural line, the presence of shred sign (irregular deep bound-
aries), vascular features, lung pulse, and associated effusion.

The air bronchogram is represented by light branching bands within pulmonary 
densities; the bronchogram is dynamic if air inside such ramifications is displaced 
by respiratory acts; on the contrary, if there is no motion related to respiratory move-
ments, the air bronchogram is defined as static. The bronchogram is instead fluid if 
the bronchial branching contains liquid which is hypoechoic. The shred sign is a 
static sonographic sign observed in lung consolidation. The deeper border of con-
solidated lung tissue that makes contact with the aerated lung is “shredded” and 
irregular. There is no effusion inside. This sign is not seen in massive translobar 
consolidation where it is more difficult to appreciate the deeper border of the lung.

Fig. 3.2 Lung point  
(abrupt shore appearance  
of ventilated lung)

Fig. 3.3 B lines
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The vascular features within the pulmonary parenchyma may exhibit a 
 mediastinal ipsilateral retraction.

The lung pulse is the evidence of cardiac activity on the pleural line when the 
compliance is low or the lung is not/poorly ventilated.

Atelectasis may have different echogenicity characteristics depending on their 
origin and nature: flogistic consolidation, extrinsic compression, bronchial obstruc-
tion, bronchial exclusion, and hypoventilation.

The lung pulse is an indirect sign of complete atelectasis, observed in bronchial 
obstruction and selective intubation. Among the patients with pulmonary consolida-
tion with an air bronchogram, a dynamic bronchogram may indicate the presence of 
pneumonia (differential diagnosis with an atelectasis). A static bronchogram is 
instead observed in many cases of atelectasis related to absorption and in one third 
of pneumonia’s cases. This finding increases the understanding of the physiopathol-
ogy of pulmonary disease within a given clinical condition, addressing to bronchos-
copy procedure for a bronchoalveolar lavage or to remove bronchial obstruction. 
Flogistic subpleural consolidation has generally well-defined, thick, and irregular 
pleural margins, a poor echogenic structure beneath the pleural line, and a presence 
of shred sign (Fig. 3.4). The air bronchogram is dynamic and sometimes may have 
fluid characteristics; there are no vascular abnormalities. In case of differential diag-
nosis between pneumonia and atelectasis, a dynamic bronchogram has sensitivity of 
61% and a specificity of 94%. Onset of subpleural or lobar consolidation and 
dynamic arborescent linear air bronchogram is a reliable tool to detect early VAP in 
the ventilated patient, positive predictive value being 94% [8].

3.10  Pleural Effusion

The ultrasound examination is strongly recommended (1A) to diagnose and locate 
a pleural effusion (84% sensitivity and 100% specificity). The accuracy is also high, 
quantifying and qualitatively defining the fluid present in the pleural cavity. The 
US-assisted/-guided drainage procedure of pleural effusion is recommended (1B); 
in addition, significant reduction of complications (failure to drain large amounts of 

Fig. 3.4 Shred sign
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fluid or causing a pneumothorax) has been observed, compared to blind techniques. 
It should be noted that in cases of surgery-related increased intra-abdominal pres-
sure, compartmental syndrome or dynamic/mechanical ileus, the hemi-diaphragms 
can be very high and that the phrenic nerve lesions can alter the localization of a 
pleural effusion (Fig. 3.5).

3.11  Pulmonary Embolism

Nazarian [9] conducted a prospective study including 357 patients with suspected 
pulmonary embolism (Wells score 4) using multi-organ ultrasound examination 
(the heart, lungs, and lower limbs). Compared with CT angiography, it resulted 
in sensitivity and specificity of 90 and 86%, respectively. Right ventricular size, 
filling, and function compared to left should always be looked in the presence of 
hemodynamic instability if a thromboembolic disease is suspected: CUS positivity 
will confirm diagnosis.

3.12  Diaphragm and Respiratory Weaning

Weaning from mechanical ventilation is a complex process involving on the one hand 
evaluation of pulmonary parenchyma, pleura and diaphragm, and volemic status 
and cardiac performance on the other [10–12]. The assessment of a diaphragmatic 
dysfunction is a contributing factor to the success of respiratory weaning among the 
ventilated patient in intensive care unit. It can be altered in case of neuromuscular 
diseases, phrenic nerve paralysis, after abdominal and cardiothoracic surgery, and in 
patients with prolonged periods of mechanical ventilation; the ultrasound assessment 
of diaphragm, together with the above described other elements, is a wise and efficient 
way of monitoring the weaning process of the critically ill in the ICU [13] (Fig. 3.6).

Di Nino [14] conducted a clinical trial among 63 patients during respiratory 
weaning with pressure support ventilation or spontaneous breathing. He found a 

Fig. 3.5 Pleural effusion
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sensitivity and specificity of 88% and 71%, respectively, for successful extubation 
within 48 h when a 30% of diaphragm thickness modification was documented. 
Evaluation of diaphragmatic excursion can be performed during spontaneous respi-
ratory activity, with noninvasive or invasive ventilation with pressure support, using 
a high-resolution linear probe placed in the tenth intercostal space, over anterior or 
mid-axillary lines. The US probe should be directed perpendicularly to the dia-
phragm, usually finding the area of interest ca. 5–20 mm below the costophrenic 
recess. The lower edge of the costophrenic recess is identified at the end expiration 
at the transition zone between the appearances of the curtain sign, given by lung 
caudal displacement during the following inspiration, preventing the visualization 
of the diaphragm and the liver (or spleen) because of the lung air content. 
Diaphragmatic thickness can be observed and measured in M-mode. Normal val-
ues, measured at residual functional capacity volumes, can range from 1.8 to 3 mm, 
with an average thickening of 54% (42–78%), when forced vital capacity is reached. 
Diaphragmatic function can also be evaluated by measuring the diaphragmatic 
excursion through a subcostal window, applying a convex probe directed toward the 
diaphragmatic dome always in time-motion mode [15]. During the respiratory 
weaning phase with pressure support ventilation, Kim [16] suggested a cutoff value 
of 18 ± 3 mm for weaning trial and 7.8 cm during forced exhalation.

3.13  Airway Management

There are several aspects that should be considered while managing the airway 
using US (linear probe 7–11 MHz) [17]:

 1. Preliminary evaluation of the anterior region of the neck for pharyngeal and 
laryngeal abnormalities and in case of an obese patient, control of the adipose 
tissue located anteriorly to the trachea (its quantification might be predictive of 
difficult intubation).

Zone of apposition

12 MHz probe

Fig. 3.6 The study  
of diaphragmatic function 
(from Matamis D)
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 2. Determination of the transverse width of the trachea, because of its relationship 
with the size of the double-lumen tube: 18 mm for 41 Fr tube, 16 mm for 39 Fr, 
15 mm for 37 Fr, and 14 mm for 35 Fr [18].

 3. Check of the tracheal tube position by looking for lung sliding and diaphrag-
matic movement (pulmonary expansion) or lung pulse detection, which is asso-
ciated with a not collapsed, not ventilated lung (main stem intubation).

3.14  Percutaneous Tracheotomy

The ultrasound evaluation of the anterolateral neck region may precisely detect thy-
roid, cricoid, and tracheal rings by a very quick longitudinal scan using a linear 
probe. These findings may be very useful during preliminary evaluation of the per-
cutaneous tracheotomy in the ICU. First step of this examination includes the evalu-
ation of blood vessels and flow in the anterior region of the neck to detect and rule 
out any abnormalities about arterial or venous anatomy [19], which may result in 
immediate or post-procedural bleeding complications. The second part, using the 
same probe performing a transversal scan, has the main goal of evaluating the pre-
cise position of the tracheal rings, their centrality, and the transverse tracheal diam-
eter at subglottic level (Fig. 3.7).

Once tracheal position and size of the thyroid lobes and the isthmus are identi-
fied, the physician proceeds marking the site of the puncture for subsequent guide 
wire insertion (as an alternative, the puncture could be US guided). Concomitant 
fiberoptical vision confirms the correct positioning of the guide wire before the pas-
sage of the cannula [20, 21].

3.15  Echocardiographic Diagnostics in Intensive Care

The transthoracic echocardiogram (TTE) of the patient with cardiovascular instabil-
ity [22–24] has a 1B degree of recommendation and depends on the operator skill. 
This examination should not be confined to cardiothoracic ICUs, where this tech-
nique is normally implemented together with transesophageal echocardiography 
(TEE). The latter offers better image quality compared to the TTE, particularly of 

Fig. 3.7 Ultrasound image 
of the trachea. CR cricoid, 
AT tracheal rings, IA air 
interface, CT artifacts 
“comet tail,” white arrows: 
tracheal spaces
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the posterior structures, such as the pulmonary veins, the left atrium, the mitral valve, 
and otherwise non-visible structures during the TTE such as the aortic isthmus.

3.16  Fluid Responsiveness

Very often preload static parameters such as central venous pressure (CVP), wedge 
pressure, and ventricular volumes do not predict fluid responsiveness, and this is 
because every patient might actually have his own Frank-Starling response, which 
depends on heart contractility, venous return, and afterload. Furthermore, right 
atrial (RA) pressure is related to venous return, which in turn depends on venous 
capacitance gradient. Cyclic changes of ventricular filling induced by increased 
intra-thoracic pressure variations and heart-lung interaction during mechanically 
ventilation lead to delta-up and delta-down variations of stroke volume and IVC 
size. Fluid responder is usually defined the patient whose stroke volume increases 
by 10–15% following a 3 mL/kg (usually 250 mL) crystalloid or colloid fluid bolus 
[25]. According to some, close to half of the fluid challenges in ICU could be use-
less if not, in some cases, even harmful. The correct B-mode measurement of IVC 
must be performed 1–2 cm from its junction with the RA in a patient well adapted 
to the ventilation (tidal volume 6–8 mL/kg); mechanically ventilated patients with 
positive end-expiratory pressure in which the distensibility of the inferior vena cava 
(IVC) during the inspiratory phase is greater than 12% compared to the expiratory 
phase can be considered fluid responders (grade 1B). There are no rigid recommen-
dations about the fluid responsiveness based on IVC collapse measurement during 
spontaneous ventilation or intra-abdominal compartment syndrome. Nevertheless, 
during spontaneous ventilation, an IVC diameter of less than 10 mm indicates fluid 
tolerance, while in case of mechanically ventilated patients, there is a poor correla-
tion between IVC diameter and CVP.  Passive leg-raising technique may be per-
formed both during mechanical and spontaneous ventilation; it transiently increases 
venous return, allowing the physician with advanced echocardiographic training to 
predict the fluid responsiveness through the visualization of 10% increase in stroke 
volume or simply VTI (velocity time integral). In the presence of small hyperdy-
namic ventricles with critical variation of IVC size, hypovolemia has always to be 
considered and a fluid challenge warranted. Among hypotensive conditions in 
which hypovolemia has to be immediately ruled out, worth to be mentioned is the 
dynamic obstruction of left ventricular outflow tract, usually associated with hyper-
trophic cardiomyopathy and associated with the systolic anterior movement (SAM) 
of the mitral valve (Table 3.3). Pressors or inotropes in such a setting would be 
deleterious, volume optimization being instead even lifesaving.

3.17  Septic Shock

The evaluation of left ventricular contractility in patients with pre-existing or ICU- 
acquired vascular and heart abnormalities improves volume management and ino-
trope or pressor administration (1C). The association between systolic and diastolic 
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dysfunction and septic shock is very high and can reach 50% according to some 
authors, particularly in case of Gram-negative bacterial infection. Moreover, left 
ventricular outflow dynamic tract obstruction can be observed during hypovolemic 
status if (inappropriately) treated with catecholamine infusion (hyperdynamic state 
of the septic shock). Chauvet et al. demonstrated a mechanical outflow tract obstruc-
tion together with a small, hyperdynamic, and pseudohypertrophic left ventricle in 
22% of patients admitted to the ICU with a diagnosis of septic shock [26]. The use 
of echocardiography is supported by 2C quality of evidence during the vasoactive 
therapy and in the diagnosis of specific medical conditions, such as the Takotsubo 
syndrome, characterized by dilation and apical dyskinesia with a preserved function 
of the remaining cardiac segments.

Clinical studies demonstrate that up to 23% of the ICU patients have pure dia-
stolic dysfunction, while 40% have variable systolic and diastolic dysfunction. 
Diastolic function assessment requires advanced training: nevertheless, a global 
heart dysfunction should be sought in patients with unstable hemodynamic status. 
Diastolic function is influenced by many variables (among them age, respiratory 
rate, heart rate, and P-R interval), along with non-diastolic physiological factors 
(e.g., preload, blood flow, systolic function of the left ventricle and contractile func-
tion of the left atrium); however, in the presence of normal contractility and size and 
thickness of the left ventricle’s walls, diastolic function can be estimated using the 
E/A ratio, the ratio of peak velocity flow in early diastole (the E wave) to peak 
velocity flow in late diastole caused by atrial contraction (the A wave) [27].

Table 3.3 Echocardiographic fluid response (FR) prediction

Dynamic parameter Signs and values FR prediction Considered variable and pitfalls
Left ventricular 
size (PSAx)

LV area <10 cm2 +/− Hypertrophy, inotropic drugs, 
vasodilatationKissing wall

LV size variation >16% + Detection on beat to beat during 
ventilation cycle

Dynamic outflow 
tract obstruction

Systolic 
narrowing of 
outflow tract

+ Hypovolemia accentuates 
obstruction specially in hypertrophic 
obstructive cardiomyopathy (SAM)

Mitral valve (MV) 
flow

Pattern E/A +/− Diastolic dysfunction

Stroke volume 
variation (AV)

>12% + Arrhythmia, spontaneous respiratory 
efforts
TV >8 mL/kg, compartment 
syndrome

IVC size <10 mm + Low correlation with RAP in 
ventilated points

IVC diameter 
variation

>12% (>18% 
DI)

+ distensibility index DI

RV Increased size + High negative predictive value
Paradoxical 
septal motion

Passive leg raising SV o VTI >10% + Can be used in spontaneous 
breathing or arrhythmic points
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3.18  Cor Pulmonale

In certain clinical conditions, the signs of the right ventricular dysfunction due to 
the pressure or fluid overload should be sought (1C). The acute cor pulmonale is 
caused by a sharp increase in the afterload of the right ventricle with a consequent 
flattening and paradoxical septal movement, diastolic dysfunction, and increased 
RV/LV diameter ratio (>0.6). Estimation of pulmonary artery systolic pressure 
(PASP) could add to the interpretation of the origin of the dysfunction (myocardial 
or valvular causes) (1B). Tricuspid annular plane excursion (TAPSE) measurement 
has low prognostic utility without any level of recommendations. In case of hemo-
dynamic instability associated with suspected pulmonary embolism, the functional 
assessment of the right ventricle (1C) should be followed by lower extremities com-
pression ultrasonography (CUS), if deep venous thrombosis is suspected, before 
considering angiographic CT, even if the former test results are negative. If myocar-
dial infarction is suspected, an estimation of the telediastolic volumes, the contrac-
tility of both ventricles, and the abnormal movement of the interatrial septum toward 
left atrium can be obtained through the subcostal short-axis US approach (1C).

Clinical conditions such as ARDS and VILI require careful evaluation of the 
hemodynamic status and right ventricular function, which might be reduced in 
20–25% of patients. Increased right ventricular strain is proportional to the increase 
in lung resistance, which in turn is conditioned by the mean airway pressure. 
Simultaneously, mechanical ventilation interacts with the patient’s hemodynamic 
status since pleural pressure affects venous return and transpulmonary pressure 
interacts with right ventricular filling. Usually, the ratio between the right and left 
ventricle area at the end of the diastole should be less than 0.6; a value between 0.6 
and 1 indicates a moderate dilation of the right ventricle, which becomes severe for 
values greater than 1. Although transthoracic examination is limited due to the high 
pulmonary expansion and a narrow ultrasound window of the four-chamber view, it 
is still useful in a decision-making algorithm for hemodynamic control and protec-
tive ventilation; assessment can take place, where possible, through TEE examina-
tion or by using a subdiaphragmatic approach [28].

3.19  Deep Venous Thrombosis

Among the major concerns of intensivists are venous thrombosis and pulmonary 
embolism. Many are the factors able to promote these conditions: sedation, muscle 
paralysis, indwelling intravascular devices, major surgery, and malignancies. Since 
a consistent part of the pulmonary emboli originates from the common femoral and 
popliteal veins, the initial approach to the patient with suspected pulmonary embo-
lism starts with ultrasound evaluation of the lower district. Using high-frequency lin-
ear probe (5–10 MHz), intensivists have a powerful tool for a high-sensitivity and 
high-specificity diagnosis; there are two main techniques, which can be used alone or 
combined for a more accurate diagnosis. The first one is the compression ultrasound 
(CUS), which uses B-mode to obtain a cross-sectional visualization of the vessel. The 
detection of the vessel is followed by an external gentle compression by the probe, 
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which normally should lead to the collapse of the vein, being minimal the  deformation 
of the artery. Inability to compress the veins and the presence of echogenic intravas-
cular material are the diagnostic signs of deep venous thrombosis [29]. The second 
technique is Duplex and combines CUS with pulse wave Doppler imaging.

3.20  Cardiopulmonary Resuscitation

American Heart Association (AHA) Advanced Cardiac Life Support (ACLS) and 
the European Resuscitation Council (ERC) and International Liaison Committee on 
Resuscitation (ILCOR) guidelines clearly emphasize to seek and treat any potentially 
reversible causes of cardiac arrest during the resuscitation manoeuvers. Recently 
updated ERC guidelines introduce cardiac US as a potential tool for detection of these 
conditions [30]. Considering that the diagnostic procedure and the intervention must 
yield quick results with minimal impact on CPR maneuvers and minimal impact on 
no flow intervals, ALS-conformed echocardiography could have an important role 
in this scenario. The use of focused ultrasound became widely used in emergency 
setting both in prehospital and hospital setting, leading to the development of various 
echocardiographic protocols. Among them, focused echocardiography evaluation in 
life support (FEEL) algorithm is a quick ten-step/four- phase approach, which may 
help intensivists during CPR [31]. Using subcostal window, which provides a better 
cardiac visualization during resuscitation, the FEEL algorithm enables to distinguish 
between pseudo-PEA (pulseless electrical activity) and true-PEA, influencing the 
actual management of the patient. Of the utmost importance is to underline that 
FEEL must not delay for any reason CPR and should not take more than ten seconds. 
Although there are no precise indications for timing of cardiac US, it is usually per-
formed immediately after the ECG analysis and at the end of CPR cycle [32].

Cardiac US may be additionally applied following the return of spontaneous 
circulation (ROSC) after ventricular tachycardia/fibrillation resolution. The echo-
cardiographic examination allows the detection of segmental hypokinesia and a 
possible ischemic origin of the cardiac event (1B), thus allowing to anticipate the 
possible indication of an early revascularization procedure [5].

Several studies have examined the use of ultrasound during cardiac arrest to 
detect potentially reversible causes. Although no documentation exists able to docu-
ment improved outcomes using cardiac US, there is no doubt that echocardiography 
has the potential to detect reversible causes of cardiac arrest. The integration of 
ultrasound into ALS algorithm requires considerable training in order to limit a 
minimum the interruption of chest wall compressions.

3.21  Acute Myocardial Infarction

In case of cardiogenic shock, the TTE as point of care helps to save time when acute 
myocardial infarction is suspected, allowing visualization of segmental kinesis, ven-
tricular function, transient mitral dysfunction, and papillary muscle rupture and, in the 
case of inferior myocardial infarction, to exclude the right ventricular involvement.
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3.22  Pericardial Effusion and Cardiac Tamponade

The classical clinical picture of Beck’s triad (hypotension, jugular distension, and 
soft or absent heart sounds) is not always present during cardiac tamponade. 
Echocardiography can help intensivist not only to diagnose this condition but also 
to guide pericardiocentesis. The pericardial effusion is considered minor if the sepa-
ration between parietal and visceral pericardium is <0.5 cm, moderate if the width 
is >0.5, but <2 cm and large if >2 cm; moreover, its hemodynamic impact is related 
not only on the amount of pericardial fluid accumulation but specifically on the 
speed of fluid accumulation. A parasternal approach helps to differentiate between 
pericardial effusion and left pleural effusion, the latter being localized posteriorly to 
the descending aorta, the former anterior to it. Cardiac tamponade is characterized 
by systolic collapse of right atrium, right ventricle diastolic collapse, and a para-
doxical respiratory modification of left and right ventricular filling, along with infe-
rior vena cava distension. Using apical four-chamber view, there is a visible increase 
in right ventricle width during the inspiratory phase, with displacement of the sep-
tum toward the left ventricle in diastole and toward the right ventricular in systole. 
The patient with aortic dissection (90% of the cases at isthmus area, which is not 
detectable with the classic transthoracic echo) may develop pericardial effusion.

3.23  Valvular Dysfunction

Every patient with a newly diagnosed heart murmur at ICU admission should 
undergo an echocardiographic assessment to evaluate the presence of clinically sig-
nificant valvular lesions, such as aortic stenosis and aortic or mitral insufficiency/
regurgitation. A physician with a basic training is able to recognize clear vegetation 
in a high-risk patient (2C).

3.24  Renal Function and Resistive Index

The color-Doppler is also used to calculate the renal resistive index (RRI) at the 
level of interlobular arteries (normal RI <0.7). It measures the changes in blood flow 
velocity in the renal vessels and provides indirect information of renal blood flow 
and microcirculation. RRI is a semiquantitative parameter related to the sensitivity 
and Doppler settings (gain, PRF, filter, depth of field) and related to the loss of corti-
cal diastolic flow and to the trend of RRI. Although a variation of this index relies 
upon a wide variety of extrarenal mechanisms, it could be considered in ICU as a 
predictor of persistent renal failure, thus well beyond the evaluation of the “simple” 
renal response to a fluid challenge. An increase in renal vasculature resistance is 
associated with a reduced renal perfusion, likely turning into an acute tubular necro-
sis. Feedback mechanisms, such as the renin-angiotensin system and endothelin 
secretion by the renal endothelium, are involved in the renal vascular regulatory 
mechanism. Renal perfusion pressure relies upon a delicate balance of mean arterial 
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blood pressure, venous pressure, and intra-abdominal pressure; taken together (or in 
some cases also alone), these factors are able to play a relevant role in jeopardizing 
oxygen transport to high-energy structures (as sodium pumps of kidney tubule are). 
Experimental studies showed a linear relationship between intra-abdominal pressure 
and RI correlating IAP of 25 mmHg to RRI of 0.81 [33]. According to Darmon et al., 
a RRI value of 0.80 also represents the cutoff for a non-transient AKI in the critical 
patient [34]. Dewitte et al. reported, in patients with sepsis and non-transient renal 
failure (inability to recover a satisfactory excretory function within 3 days), higher 
renal resistances when compared to subjects with transient renal failure (0.76 vs 
0.72). This figure did not show any clear relationship with norepinephrine dose. In a 
recent meta-analysis, Ninet et al. performed a systematic review on nine randomized 
clinical trials. In their conclusions RRI >0.80 was able to predict the persistence of 
acute renal failure in critically ill patients. Although the limit of this meta-analysis 
is the heterogeneity of the patients (clinical condition of shock, sepsis, extracorpo-
real circulation after cardiac surgery), it might help to understand the pathogenetic 
mechanisms of the renal injury in critically ill patients, and it should play an interest-
ing role when monitoring the evolution of acute kidney injury [35]. Currently, there 
is no evidence-based recommendation for the RRI, mainly because of the paucity 
of experimental studies on homogeneous groups of patients. However, this index 
might prove to be of extreme interest while treating the oliguric phase of shock or 
during renal replacement therapy, giving a sort of “marker” of the kidney response 
to the acute injury and whether or not renal perfusion is “defended” by the treatment.

3.25  Ultrasound Evaluation of Muscle Function and Strength 
Wasting in Intensive Care Patient

Critical ill patients in the ICU are exposed to a gradual muscle wasting and loss of 
function due to various concomitant factors (bed rest without passive or active 
movements, poor nutritional status, now defined “sarcopenia” and medications); 
this process starts immediately and has its peak in the first 10 days. The ultrasound 
can be used to determine and monitor this condition through qualitative and quanti-
tative evaluation of different muscle groups. Parry and Puthucheary demonstrated 
how the muscle volumetric assessment, measured using ultrasounds and including 
thickness and cross-sectional area of quadriceps and of vastus intermedius, can 
express the loss of strength and muscular function of the critical patients [36, 37].

 Conclusions
Ultrasound in the ICU setting allows a fast, accurate, reproducible bedside exam-
inations of most of the acute disorders encountered in the critically ill. As empha-
sized by many, but championed by Lichtenstein since the beginning, US enables 
a pathophysiological approach to a large part of the “failures” found in the criti-
cally ill, respiratory and circulatory dysfunctions being the most common. Visual 
medicine, made easy by the versatility of ultrasound, has to become a priority for 
the intensivist in the everyday clinical practice in and out the intensive care units.
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4Blood Coagulation During Sepsis 
and Septic Shock: Is There Still Room 
for Anticoagulants?

Giorgio Tulli

Up to nowadays, Sepsis has been considered as a dynamic and systemic host answer 
to a serious infection. In 2016, Sepsis has been redefined as a life-threatening organ 
dysfunction caused by a disorderly host answer to the infection.

The organ dysfunction can be detected when an acute change in the total SOFA 
scoring ≥2 points occurs as a consequence of an infection. The basic SOFA scoring 
can be equal to zero in patients that do not have pre-existent organ dysfunctions. 
A  SOFA scoring ≥2 points reflects a mortality risk of approximately 10% in a 
population of a general hospital with an infection. Even patients with a modest 
dysfunction can get worse. This risk underlines the gravity of this condition and the 
need of a rapid and adequate intervention. In plain words, Sepsis is a life threaten-
ing organ dysfunction caused by a disregulated host response to infection.

The Septic Shock has been redefined as a type of Sepsis for which the circulatory 
and cellular/metabolic abnormalities substantially increase mortality. Patients with 
Septic Shock can be classified as patients affected by Sepsis with the particularity 
of showing: (1) a persistent hypotension that requires vasopressors to maintain an 
average arterial pressure ≥65  mmHg and (2) a serum lactate level ≥2  mmol/L 
(18 mg/dL) despite an adequate resuscitation with liquids. Considering these crite-
ria, the hospital mortality is above 40% [1, 2].

For centuries, medical doctors had looked for solutions to prevent and cure 
 infectious diseases. In 1841, the Austrian medical doctor Ignaz Semmelweis 
observed that: “medicine students and medical doctors fingers and hands, that got 
dirty during recent cadavers dissections, carried those specific infections in the 
pregnant women’s genital organs.”
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Thanks to this observation, protocols for an appropriate hands hygiene were 
implemented in the obstetrical lane under study and the fetal dead from obstetrical 
Sepsis went down from 16 to 3% [3].

In the last decades, we assisted to continuous improvements in the understanding 
of this disease pathogenesis. However, Sepsis still causes a mortality of 25/30%, 
with an annual increase by 10% [4]. This mortality rate doubles if Sepsis is com-
bined with an organ failure. Still nowadays, Sepsis remains one of the modern 
Medicine’s main challenges [5]. In the third millennium, Sepsis is the main cause of 
death worldwide and it counts from 75 to 300 deaths over 100,000 inhabitants [6, 
7]. In the United States almost $24 billion are yearly spent to cure septic patients 
and the trend is continuously upwards [8].

Today, the focus is the inflammatory response during Sepsis: the so-called SIRS 
(Systemic Inflammatory Response Syndrome). Septic patients show many biologi-
cal markers due to inflammation. Often, these markers precede the organ failure, 
denoting a causal relationship between the two [9]. The inflammatory response to 
the infection is a protective mechanism against the microbial invasion. However, an 
exaggerated inflammatory response can lead to the Multiple Organ Dysfunction 
Syndrome (MODS) and death.

The host response to the invading pathogens determines the Sepsis-affected 
patient outcome [10]. This concept is based on the Sepsis antibiotic therapy limits 
and is supported by a continuously better knowledge of cell and molecules involved 
in the interaction host–pathogen [11]. All living being has developed sensor mecha-
nisms to detect invading pathogens. In the human being, these sensors are the so- 
called Pattern Recognition Receptors (PRR).

These receptors recognize not only the pathogens molecular patterns (PAMPs), 
but also the Damage Associated Molecular Patterns (DAMPs) that reveal cellular 
stress in sterile inflammation condition [12, 13]. Receptors and ligands underwent a 
strong selective process throughout the human evolution [14, 15]; the pathogens 
played a key role in this selective process. To illustrate this concept, we take as 
example the Gipsy population living in the plague-affected Europe during the 
Middle Age. Their Toll-Like Receptors (TLR) genes evolved and came out to be 
more similar to the TLR genes of the European populations living in the same 
regions and in the same conditions (plague-affected Europe), than to the TLR genes 
of the Gipsy populations living in the north-west Indian regions, where the Gypsy 
populations came from [16]. Considering that the host answer to the pathogen influ-
ences the Sepsis gravity, it does not surprise that also these immuno-related genes 
variations play a role in determining the Sepsis gravity [17].

The inflammation and its disorder in the Coagulation are strongly related: one 
system is a positive feedback for the activation of the other one and vice versa. The 
Coagulation abnormalities are universal in septic patients and they probably play a 
key role in the MODS [18].

Coagulopathy in Sepsis varies from a thrombo-embolic disease clearly declared 
(“overt”) to a microvascular dysfunction of fibrin (“non-overt”). In the most serious 
cases, the fulminant DIC shows up as both thrombosis and spread bleeding. Sepsis 
coagulopathy is probably generated by multiple alteration with respect to the single 
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mediator. This is the reason why many therapies addressed to the single mediator 
had failed to improve Sepsis outcomes.

The cellular processes activated by the invading pathogens during Sepsis are not 
limited to the common immune-related genes, but also influence systems less intui-
tively linked to the immune system. Two important examples are (1) the system that 
regulates the endothelial barrier integrity and (2) the hemostasis (i.e., the activation 
of the coagulation). The first system (i.e., the system that regulated the endothelial 
barrier integrity) facilitates leukocytes access to the tissues through diapedesis, con-
tributing in this way to the pathogens clearance. The second system—the coagula-
tion’s activation—is also linked to the pathogens’ compartmentalization and 
eradication. It seems that intensity and regulation of the coagulation activation dur-
ing Sepsis play an important role in the patient outcome, both in terms of pathogens 
clearance and relative infection treatment and in terms of development of tissue 
secondary damage (e.g., DIC o MOD [19])

Which is the most important coagulation monitoring to be done during Sepsis?
The coagulation disorders monitoring during Sepsis is complex and sensitive. It 

is better interpreted through serial measurements. The common coagulation labora-
tory tests—PT, PTT, and Fibrinogen—unfortunately have many limitations. Firstly, 
plasma coagulation tests eliminate the platelets contribution to thrombosis. Platelets 
actively contribute to thrombosis, giving a useful surface for the thrombin genera-
tion and for the coagulation factors recruitment that later propagate the coagulation 
system [20].

The common tests do not reflect in vivo blood coagulation and do not supply 
qualitative or functional data. The alternatives to the common tests (i.e., the natural 
anticoagulants measurement, fibrinolytic activity markers, DIC molecular markers) 
are not always available during the routine, are not completely validated for specific 
diseases paths, and cannot be practical in clinical practice. However, they remain of 
fundamental importance. The common coagulation laboratory tests have a high sen-
sitivity and a low specificity. They are listed here below.

 1. Platelet count
 2. PT/PTT/INR
 3. Fibrinogen
 4. Fibrinolysis markers (D-dimer, FDP)
 5. Anticoagulation markers (Protein C, Antithrombin)
 6. Fibrinolytic activity (plasminogen, alfa 2 antiplasmin)
 7. Antifibrinolytic activity (PAI-1)
 8. DIC markers (fragment of prothrombin’s activation F1+2, Factor IX, Factor X, 

activation’s peptides)
 9. Scoring composed system to monitor DIC dynamically (ISTH nonovert/overt 

DIC Score, JAAM Score and Revised JAAM Score).

The coagulation viscoelastic tests on whole blood are generally considered of 
importance for a dynamic monitoring. The viscoelastic measurements on whole 
blood give to medical doctors a deeper and more dynamic understanding of in vivo 
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coagulation. The coagulopathy temporal evolution in septic patients could be well 
identified and used as a guide for therapy. These tests could also have a prognostic 
value for Sepsis-affected patients that show risk to develop MODS. Unfortunately, 
the evidence quality that supports thromboelastometry (TEM) in the routinely 
Sepsis monitoring is low or moderate [21]. There is a lack of studies that have used 
TEM in Sepsis to determine the institution of an appropriate therapy. The definition 
of hypercoagulation and hypocoagulation are not standardized and the internal 
validity of their usage in the clinical trials is often a problem.

The so-called hypocoagulable patients (i.e., those with prolonged reaction time, 
with reduced alfa angle or reduced maximum width) have a higher mortality and are 
more frequently associated with DIC.  The patients with serious Sepsis with the 
highest SOFA and APACHE II present a reduced clot solidity and a prolonged Clot 
Formation Time [22]. TEM can be a useful negative predictor for the coagulopathy 
development.

About the TEM prognostic value in determining Sepsis mortality, the premature 
hypocoagulability represents an independent risk factor for mortality at 28 days in 
a group of serious Sepsis-affected patients [23].

Some researchers compared SAPS II and SOFA to ROTEM values (rotational 
thromboelastometry) and found a good correlation between these two systems; 
ROTEM pathologically altered values correlated with 58.7% of survival at 30 days 
in contrast to 87% when values were normal. In this study, ROTEM predicted a bet-
ter survival than SAPS II and SOFA [24].

Other researchers [25] used thromboelastography (TEG) to monitor severe 
patients in intensive care. Patients were hypocoagulable (22%), normal (48%), and 
hypercoagulable (30%). The hypocoagulable patients more frequently showed 
MODS and died. Those patients that were normal at the entrance and then devel-
oped hypocoagulation showed a mortality of 80%. According to several studies, 
those patients that were hypercoagulable or normal at the entrance less likely devel-
oped MODS and died. This can help in the stratification of patients that are at risk 
of developing organ failure.

Platelet aggregometry offers another important viscoelastic measurement during 
Sepsis. The test utilizes platelet multiple agonists and electrical impedance through 
filaments to determine platelet function in a whole blood sample. Some researchers 
[26] conducted the test on 90 patients, comparing 30 patients with severe Sepsis to 
30 post-surgical patients and to 30 healthy patients. The Sepsis-affected patients 
showed a reduced response to the standard agonists compared to healthy and post- 
surgical patients. Thrombocytopenia and dysfunction effects showed up in critical 
patients, with a significant increase of mortality when the dysfunction is prolonged 
during the recovery in Intensive Care [27].

A topic of high interest in the research is the utilization of combined data to pre-
dict patient’s risk to develop MODS starting from a coagulopathy induced by Sepsis. 
The diagnostic algorithms, such as ISTH DIC SCORE, SAPS II, SOFA, and 
APACHE II, combined with more common viscoelastic measurements, can supply 
the most accurate prognostic values [28]. A 2005 study that utilizes a composite 
scoring for coagulopathy detected an evolution of coagulation disorders in the first 
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24  h of serious Sepsis. A coagulopathy that gets worse during the first day is 
 associated with a higher 28 day-mortality [9]. Some Japanese researchers studied 
multiple platelet markers in Sepsis, such as the TAT complex, PC, and PAI-1, to 
estimate mortality and development of “overt” DIC.

When these markers appeared combined, the area below the curve—in a group 
of well-defined patients that were going to develop “overt” DIC—was 0.95. JAMM 
scoring is another step ahead in improving DIC diagnosis in Sepsis and specially its 
dynamic diagnosis in the temporal passage from “nonovert” DIC to “overt” DIC.

Many years ago, Japanese researchers were the first in developing scoring sys-
tems for DIC, utilizing the combination of easily obtainable coagulation tests, such 
as platelet count and routine clotting times. Only recently, the Japanese Association 
Acute Medicine (JAAM) updated the Japanese scoring system. Gando and his col-
laborators validated in a perspective manner the renewed Japanese scoring on 624 
serious Sepsis-affected patients [29]. The JAAM scoring system for DIC seems to 
be a valid test to dynamically diagnosing DIC in Sepsis-affected patients and it can 
be useful to personalize anticoagulant strategies in these patients [30]. A DIC diag-
nosis utilizing this new scoring system is a strong predictor of adverse outcome.

4.1  Inflammation and Coagulation

In Sepsis, a non-controlled infection degenerates in a progressive and disordered 
inflammation that leads to SIRS. During SIRS, the multiple production of pro- and 
anti-inflammatory cytokine within the bloodstream is exacerbated [31]. The abnor-
mal production of cytokine contributes both to the abundant activation of coagula-
tion factors and platelet and to the vascular endothelial cellular damage that leads to 
vascular permeability and DIC. In addition to assuring thrombus generation after 
the coagulation system activation, an advanced DIC can lead to bleeding when 
platelets and coagulation factors are finished [8]. These conditions result in an 
extended cross-talk between inflammation and coagulation with a potential out-
come of MODS and possible death [32, 33] (Figs.  4.1 and  4.2).

4.2  Pathogenesis of the Formation of Thrombus in Sepsis

During Sepsis, the coagulation activation is ubiquitarian and induced by PAMPs 
(Pathogens Associated Molecular Patterns), such as LPS and the exotoxins. The 
coagulation cascade—interpreted as an over-regulation of fibrinogen and factor 
V—is mediated by the TF expression on monocytes and macrophages and on 
the micro particles that express TF from platelets, monocytes, and macrophages 
[34, 35].

This pro-coagulative reaction is partially made reversible by the contextual fibri-
nolysis activation attributable to the increased expression of the endogen activator 
of tissue plasminogen. In turn, this reaction is rapidly inhibited by the increased 
synthesis of the Plasminogen activator inhibitor-1 (PAI-1) [36].
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Fig. 4.1 Inflammation and coagulation
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In patients with DIC—that complicates serious Sepsis—TAFI levels increase 
and, in turn, TAFI activation increase further accelerates the thrombotic pathway 
[37]. In animals, this univocal sequence induces a pro-coagulative and anti- 
fibrinolytic state in less than three hours [38]. In human being, if the septic lesion is 
controlled by therapies, this hemostatic imbalance decreases in few days with a final 
progressive fibrinolytic phase. However, if the insult is explosive, the hemostatic 
sequence loses control and induces a spread thrombosis followed by hemorrhage—
situation known as DIC.

The post-mortem autopsies of serious Sepsis-affected patients show a spread 
bleeding with micro-vascular thrombus formation and organ damage [39]. Studies 
on animals with endotoxemia demonstrated that endotoxemia causes the vascular 
deposition of fibrin, with the following result in organ failure. Stopping or getting 
coagulopathy slower in these animals has been demonstrated to be a regression of 
the same organ dysfunction [40, 41]. Lastly, studies on the clinical outcome of DIC 
patients show an increased mortality and they suggest that DIC prevention can be a 
key therapeutic objective [42].

As above mentioned, the inflammatory host response to an invading organism 
gives rapid starting to a pro-coagulative state in the septic patient. The thrombin 
generation can be detected within few hours in models where TNF and endotoxin 
are instilled in human beings [43, 44]. The endothelial damage, that damages the 
anticoagulative key mechanisms, is observed within 15 minutes since the LPS infu-
sion in rabbits [45].

A key point in the formation of this pro-coagulative state is the interaction 
between TF and the inflammatory cytokine release. TF expression seems to be the 
event that detects the starting of coagulation in Sepsis. TF is responsible of the bind-
ing with and of the activation of factor VII on cellular surfaces, forming—in this 
way—the complex enzyme-cofactor and—afterwards—the amplified production of 
Factor Xa. Not only the tissue factor is prematurely incremented in septic patients, 
but also the alteration of the TF pathway can prevent the coagulative abnormalities 
in animals [46, 47].

The debate on which is the TF primary source is still ongoing since many cells 
are capable to express the Tissue Factor. Among them, we mention the endothelial 
cells and the mononuclear phagocytes—such as the macrophages and monocytes, 
the lungs, kidneys, brain astrocytes [35]. The microcyte microparticles that express 
TF are able to activate the coagulation system [48]. The pro-inflammatory cytokines 
such as TNF, IL-1, and IL-6 are over-regulated after the TF expression and play a 
strategic role in the anticoagulative natural suppression and in the endothelial dam-
age [49].

Moreover, PAF is released after inflammation [50]. Platelet activation is pres-
ent in many thrombosis accelerators. P-selection expression enhances TF expres-
sion by monocytes and platelet adhesion to leukocytes and endothelium [51, 52]. 
Once platelets adhere to leukocytes and endothelium, platelets become useful 
surface for thrombin formation and play as a cellular signal of other coagulation 
factors [20].
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4.3  The Natural Anticoagulants in Sepsis

In physiological conditions, the surface of the endothelial cells expresses 
 components of the anticoagulant pathways, which rapidly and significantly 
decrease in the DIC process induced by Sepsis [53]. This explains why reduced 
activities of AT, PC, or TFPI in Sepsis are often observed, even if coagulation 
appears activated only in moderation [54, 55]. A rapid depletion of AT and PC 
is associated with a more unlucky prognosis [47, 56]. Moreover, an increase of 
plasma thrombomodulin and of soluble PC endothelial receptor suggests that 
the endothelial activation damage by inflammatory mediators takes place 
in vivo [47].

The three main endogenous anticoagulants alterations are evident in serious 
Sepsis and they contribute to hypercoagulability in the premature inflammatory 
stage. TFPI is a premature regulator of the coagulative path activated by the 
interaction between TF and FVIIa. TFPI acts to prevent the initial coagulation in 
two different steps? In the first step, TFPI binds itself and inhibits FXa. In the 
second step, the complex TFPI-FXa binds itself and inhibits the complex 
TF-FVIIa, preventing in such a way the premature amplification of coagulation. 
TFPI is both consumed and degraded in Sepsis leading to a procoagulative state 
[57]. TFPI is rapidly consumed because of its relatively low concentration in 
plasma: approximatively 1.025 nM [58]. Vascular endothelial cells expression of 
TFPI is degraded by plasmin, which is over-regulated in premature Sepsis. This 
effect has been demonstrated in baboons in which Escherichia coli had been 
instilled, showing that TFPI activity diminished in coincidence with the maxi-
mum activity of TPA [55].

The Activated Protein C (APC) is a strong anticoagulant that has profibrinolytic 
and anti-inflammatory properties. An alteration in Sepsis significantly contributes to 
a premature hypercoagulability. PC is activated by thrombin once it binds to throm-
bomodulin. The PC endothelial receptor and the co-factor protein S strongly amplify 
its activation [59].

Once activated, PC proteolytically breaks Factor V and VIII—both factors are 
essential for thrombin generation. PC synthesis is damaged, while consumption and 
degradation by neutrophil elastase further contribute to decrease its concentration in 
plasma [49]. Thrombomodulin expression is drastically reduced by inflammatory 
cytokine such as TNF alfa, IL-1, and IL-6. Finally, the Endothelial Protein C 
Receptor (EPCR) is down-regulated in serious Sepsis, limiting PC activation. The 
scientific evidence shows that because of the endothelial damage, EPCR could be 
hidden and no more available for the activation of PC. This effect takes place pre-
maturely, within 2 days in severe Sepsis [60].

The Serine-protease Antithrombin (AT) is a natural thrombin antagonist that is 
activated by circulating “heparin like” substances. In severe Sepsis, AT synthesis is 
down-regulated and its consumption is heavily increased because of a constant 
increase in thrombin generation [61]. Moreover, “heparin like” glycosaminoglycans 
(GAGs) on endothelial surface are reduced by pro-inflammatory cytokines. This 
reduction limits even more AT bioactivity [62].
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4.4  Resistance to Fibrinolysis in Sepsis

In healthy human beings, endotoxin instillation produces a predictable and rapid 
change in the coagulative system. Within 120 min, inflammatory markers such as 
TNF and IL-6 are produced with a contemporary rise in plasminogen activators; this 
indicates an endothelial activation. Within 150 min, there is a counterbalance thanks 
to an even higher PAI increase, which sustains clot longevity [44].

Thrombin induces TAFI formation. TAFI is the prosthetic enzyme that reduces 
clot permeability and increases clot firmness. In Sepsis, thrombin formation—medi-
ated by TF—together with the inflammatory state produce dense clots that are resis-
tant to fibrinolysis. Probably, this phenomenon is mediated by both TAFI and by 
platelet secretion of polyphosphate that reduce TPA effectiveness [63, 64]. Moreover, 
elastase secretion by neutrophils degrades fibrinolytic proteases, contributing to the 
clot persistence. The production of such an aggregate clot could be the defensive 
mechanism against bacterial proteases that break clot integrity and allows for bacte-
rial dissemination [65]. In patients with meningococcal infections, TAFI levels are 
strongly increased, and are correlated to the disease severity. They are both associ-
ated with a higher mortality [57].

4.5  Endothelial Damage in Sepsis

Vascular endothelial is an important hemostasis regulator and it is a site of immune 
cells interaction. Endothelial cells mediate pro-inflammatory and anti-inflammatory 
mechanisms; they regulate fibrinolysis, vasomotor tone, and they have signalling 
properties for immune cells [66].

Endothelium acts as an important defensive barrier against bacterial invasion. 
The endothelial cells’ superficial layer is a thin layer negatively charged with gly-
cosaminoglycans and glycoproteins called glycocalyx. The intact glycocalyx repels 
circulating platelets and it acts as an anticoagulant layer, since it is rich in heparan 
sulfate. Ideally, endothelium can balance pro-coagulant and anti-coagulant mecha-
nisms which occur after the lesion, limiting thrombin formation when vascular 
reparation is completed. However, when the local lesion becomes systemic, as it 
happens in Sepsis, the scale moves to a pro-coagulant state [19].

The increased vascular permeability—that follows inflammation—is a Sepsis 
signal and it significantly contributes to organ dysfunction and to coagulation disor-
ders. Since inflammation and coagulation are, as above-mentioned, strongly related, 
therapies get involved in the endothelial protection can benefit coagulation abnor-
malities. Multiple mechanisms are implicated in endothelial damage and they lead 
to an increased endothelial permeability [67, 68].

The premature transfer towards the pro-coagulative state in Sepsis is mediated by 
pro-inflammatory markers, which result in a decreased expression of proteins bond 
to the membrane, such as thrombomodulin [69].

The endothelial lesion can also cause loss and decreased expression of EPCR 
[70]. The EPCR down-regulation effect on PC pathway has been described above. 
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The endothelial cells apoptosis, following endotoxin or LPS exposition, causes a 
release of histones, which intensifies inflammation and induces thrombosis. The 
endothelial alteration in inflammatory syndromes—such as Sepsis—causes a 
rapid platelet adhesion that can also lead to micro-circulatory thrombosis. Cellular 
endothelial layer demolition importantly contributes to premature coagulopathy in 
Sepsis.

4.6  DIC in Sepsis

Clinically, DIC is defined as a diffuse thrombosis and bleeding. Coagulation factors 
consumption due to continuous thrombosis can lead to a hypo-coagulative state. In 
50–70% of patients with serious infections, there are coagulation abnormalities, 
while 35% meet DIC criteria [71].

The main way to treat DIC is the eradication of the disease’s underlying cause 
and the support to the occurring coagulative alterations. DIC needs to be faced rap-
idly, since it is associated with high mortality. DIC diagnostic criteria have been 
described and combine both laboratory and clinical criteria. Some criteria can be 
clinically utilized to distinguish OVERT DIC with diffuse bleeding from NON 
OVERT DIC, to better identify the anticoagulant therapeutic window.

4.7  Pathogenesis of Multiple Organ Dysfunction in Sepsis

Organ dysfunction associated with serious Sepsis takes place because of the mul-
tiple interactions between pro-inflammatory status and hyper-coagulation. The 
role played by DIC as causal factor in MODS is well proved. Alternatively, a 
recent study shows other MODS mediators, such as the release of intracellular 
proteins by necrotic and apoptotic cells. HMGB-1 proteins come from dying 
cells:they are released in the host circulation causing systemic inflammation and 
they propagate thrombosis [72]. Macrophages, endothelial cells, and monocytes 
are able to release HMGB-1 proteins. These proteins—which are activating 
 cytokines—are high in septic patients and are associated with mortality in Sepsis 
model in rats.

There are also other intracellular proteins which are released in the blood stream, 
such as histones associated with NETs, that are highly toxic for the organs. They 
induce inflammation and thrombosis [52, 73, 74]. NETs are activated by inflamma-
tory cytokines and by platelet activation, and are built by DNA fibers rich in his-
tones and antimicrobiotic proteins (Fig. 4.3).

Histones (H3, H4) induce thrombin formation through multiple mechanisms 
(Fig.  4.4). Firstly, extracellular histones damage the activation of 
thrombomodulin- dependent PC in a dose-dependent way, therefore reducing the 
natural anticoagulant APC and eliminating its anti-inflammatory properties. 
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Fig. 4.3 Neutrophils accumulate and adhere to the vascular endothelium in collaboration with 
platelets during sepsis. There, neutrophils express Tissue Factor (TF), release TF-bearing neutro-
phil microparticles (NMP) and expel neutrophil extracellular traps (NETs) which initiate the coag-
ulation cascade. In addition, neutrophil derived granule proteins, expecially neutrophil elastase 
(NE) participate in thrombus formation by inhibiting tissue factor pathway inhibitor (TFPI) and 
anticoagulants such as antitrombin (AT) and activated protein C (APC). Both thrombi formation 
and endothelial damage lead to substantial microcirculatory damage and organ dysfunction if they 
occur systematically

 

Neutrophil  

Platelet  

Microparticles  
Fibrin 

RBC 

Activation of  
neutrophil & platelet 

Neutrophils induce blood coagulation during sepsis  
Endothelial cell 

AT 
APC 

Tissue Factor  

TFPI  

Neutrophil elastase 

NET 

Nucleosome  Histone  

Tissue  
factor  

Neutrophil-platelet conjugate  

NE 

Infection  NETosis Thrombus formation  

Dead 
pathogens

 
 

NE 

Microorganisms

Secondly, thrombin formation is increased by histone mediated platelet activa-
tion and by p-selectin expression. P-selectin expression increases platelets 
adhesion to endothelial cells and leukocytes. HMGB-1 and histones released in 
the circulation increase inflammation and thrombosis, promote cellular death, 
and enhance MODS.

In contrast to the activation of coagulation as a host defensive mechanism, it 
has to be noticed that an excessive hemostasis de-regulation is associated with 
following organ failure and death. A high DIC score is strongly associated with 
mortality. Concerning fibrinolysis, several studies proved the correlation between 
a secondary increase in inhibitor-1 levels of the plasminogen activation and the 
organ failure. Similarly, sequential studies of natural inhibitors of coagulation AT 
and PC are consistent with a correlation between their plasmatic level reduction 
and death or organ failure. The continuous worsening of AT and PC decreasing 
activities within the first day of severe Sepsis is associated with the incremented 
development of new organ failure and 28th day mortality. This suggests that pro-
longed and disproportional coagulation and anti-fibrinolysis are a contribution to 
organ failure and death.
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4.8  Diagnosis of DIC in Sepsis

Actual Sepsis diagnostic criteria include general variables such as hypo- 
hyperthermia, tachycardia, tachypnea, hypotension, hyperglycemia, edema, and 
altered mental status [75]. Moreover, a white blood abnormal count and high levels 
of PCR and Procalcitonin can aid in the diagnosis.

In 1983, Japanese Health and Welfare Ministry set the original diagnostic criteria 
for DIC. In 2001, the International Society of Thrombosis and Hemostasis proposed 
the diagnostic criteria for overt DIC [76]. Then, the Japanese Association for Acute 
Medicine introduced a new set of criteria, including SIRS score, platelet count, 
prothrombin time, and fibrin/fibrinogen degradation products to start the treatment 
in the appropriate time [77]. AT or APC treatment results in no improvement in 
outcome for patients with Sepsis at premature state. However, it can improve the 
outcome for those patients with DIC. It results clear that new diagnostic criteria are 
required to determine the appropriate time to start the anticoagulant treatment [78].

Thromboelastography (TEG) could give a credible and dynamic evaluation of 
the hemostatic state in Sepsis [79, 80]. TEG variables moderately correlate with the 
gravity of organ dysfunction and they can predict the survival of patients with severe 

Fig. 4.4 Antithrombin attenuates the leukocyte adhesion to the endothelium and suppresses the 
expelling of damage associated molecular patterns (DAMPs). Activated protein C, recombinant 
throbomodulin and heparins bind to histones and neutralize their damaging effects EPCR: endo-
thelial protein C receptor; APC: activated protein C; Iia: thrombin; TM: thrombomodulin; HS: 
heparin sulphate; AT: antithrombin
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Sepsis [22, 24, 25]. TEG could be a potential instrument to evaluate the hepatic 
damage extension in endotoxemia and to evaluate the effectiveness of pharmaco-
logical intervention.

4.9  Why Is Coagulation Activated During Sepsis?

The fact that coagulation activation can be beneficial during infections was sug-
gested many years ago [81] and it’s proven by high quality data obtained in the last 
decade. Excellent critical revisions of studies that link coagulation to innate immu-
nity have been recently published [10, 82, 83].

Many studies suggest that coagulative proteins are necessary for the eradica-
tion of invading pathogens. It is today known that tissue factor triggers pathways 
of coagulation-independent signals mediated by Protease Activated Receptors 
(PARs) on immune cells [84]. These PAR-dependent signals evocate pro- and 
 anti- inflammatory pathways that regulate the migration and proliferation of immune 
cells, angiogenesis, endothelial adhesion, and many other components of the host 
response to infection [85, 86]. The PAR-dependent pathways are also activated by 
other hemostasis components such as Activated Protein C, Xa Factor and Thrombin, 
which increase the list of coagulative factors that regulate the immune function.

The contact system, formally known as initiator of coagulation intrinsic path-
ways, is also involved in the host response to pathogens. The kininogen, one of 
the contact system elements, is today recognized as an important source of anti-
microbial peptides released when this protein recognizes many microorganisms 
[87]. A study intended to search for positive selection’s genetic stigmata recently 
demonstrated that kininogen has been exposed to a strong selective pressure during 
the evolution [88]. Other hemostasis components, such as coagulation factors II, 
X, and fibrinogen, release antimicrobial peptides not necessarily involved in blood 
coagulation [82].

Coagulation activation contributes to the pathogen clearance through another 
mechanism. Precisely, coagulation activation forms a physical barrier that contains 
the infectious focus, facilitating pathogen clearance by immune cells. Today, this 
hypothesis [89] is supported by evidence indicating that the downregulation of 
hemostasis different components (such as fibrin and platelets) prevents pathogen 
clearance. A study on fibrinogen-deficient rats in a Listeria monocytogenes infec-
tion model demonstrated that fibrin can be protective during infections. The rats 
treated with warfarin—an anticoagulant that decreases fibrin formation—repro-
duced these results [90].

A similar strategy confirmed the thrombin and fibrin formation role in Yersinia 
enterocolitica [91]. Again, another study using an infection model with streptococ-
cus group A suggested damaged pathogens clearance in the fibrinogen-deficient rats 
[92]. Factor XIII—the most preserved coagulation factor in the evolution line 
[93]—seems to be important for pathogens clearance, as suggested by a study dem-
onstrating that pus-forming streptococci are immobilized and killed within the 
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fibrin clots, in a factor XIII dependent modality [94]. In addition, the fibrinolytic 
system—which regulates the hemostasis function through fibrin thrombus degrada-
tion when they are no more necessary—seems to be involved in the pathogen clear-
ance. It has been demonstrated that Sepsis is associated to an altered fibrinolysis, 
attributed to the fibrinolysis inhibitor’s (PAI-1) rapid increase in plasma [44, 95].

For many years, the hypofibrinolytic status has been considered as a cause of 
microvascular thrombosis and tissue damage. As alternative explanation, down-
regulating fibrinolysis, host is able to limit invading pathogens diffusion through 
more resistant fibrin clots. Studies on genetically modified rats support this the-
ory. Plasminogen “tissue type” activator deficient rats, which show an altered 
fibrinolysis, present a lower bacterial increase in the primary infectious site 
(lungs) in a gram-negative Sepsis model [96]. Accordingly, fibrinolysis and alfa-2 
antiplasmin inhibitor deficiencies (PAI-1) [97–99], both associated with an 
increased fibrinolytic activity, result in an altered pathogen clearance in bacterial 
and viral  infectious models.

As many other famous example show [100, 101], another significant  evolutionary 
characteristic derives from examples of pathogens virulence factors on proteases that 
degrade fibrin clots and from plasminogen activator generated by Yersinia pestis.

A low platelet count has been recognized as an important prognostic factor in 
Sepsis; platelets are a true biomarker for Sepsis severity. In this regard, it has been 
recently demonstrated that platelet turnover—measured by platelet immature 
 fraction—correlates with Sepsis severity [102]. However, recent studies indicate 
that platelets play an important role in host defense. Some researchers demonstrated 
that platelets interact with liver’s Kupffer cells to encapsulate pathogens contained 
in blood [103].

In another interesting study concerning a pneumonia Sepsis model, thrombocy-
topenia induced by antibodies resulted in a worse survival and in a proportional 
increase in bacterial growth [104].

NETs (Neutrophil Extracellular Traps) participation in host defense [105, 106] and 
platelet activation role in NET formation [107] provide evidence to the relationship 
between hemostasis and innate immunity. In spite of all these evidences, we have to 
keep in mind the complexity of the interaction between hemostasis, innate immunity, 
and pathogens. For example, for reasons which are still unknown, factor XI deficiency 
in rats, associated to a reduced fibrin formation, demonstrated to improve, rather than 
impede, the host response in different infection models [108, 109].

However, survival advantages observed in the coagulation factor deficient rats 
studies have not been always observed when different infection models were used 
[110]. In some situations, the so-called arms race between pathogen and host seems 
to have changed fibrin as an advantage, rather than a limitation for some pathogens. 
This complexity is well illustrated in many animal models by the heterogeneous 
effect of downregulation of the generation/thrombin clot strength in Sepsis outcome.

Clinical data support the idea that one of the activation coagulation levels could 
be beneficial for the pathogen clearance. This is because the initial studies that sug-
gested that coagulation inhibition would limit tissue damage during Sepsis were not 
proved in phase 3 clinical trial of anticoagulant agents [111–113]. Factor V Leiden 
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(FVL) impact—a procoagulative variant of coagulation factor V—in Sepsis mortal-
ity is still a matter of discussion. This has been analyzed in a phase 3 big population 
study. FVL-carrying participants presented a 28th day mortality significantly lower 
in respect of non-carrying participants [114]. Even if these data could not be con-
firmed by other studies [115], they question the concept of an effective coagulation 
activation damage during Sepsis.

Summarizing, from one side, the laboratory and clinical evidence goes towards a 
coagulation activation beneficial role during Sepsis. From the other side, new evi-
dences support the classic paradigm that coagulation activation can contribute to 
tissue damage during Sepsis.

Studies on in-vivo microvasculature images showed tissue perfusion disorders in 
septic patients that could be strongly improved by activated protein C anticoagulant 
use [116, 117]. Moreover, the negative results of anticoagulant agents in Sepsis 
clinical randomized trials have been recently questioned by recent systematic 
reviews and clinical trials [118, 119]. These clinical trials suggested a beneficial 
effect of this treatment strategy in septic patients sub-groups. If future trials and 
larger meta-analysis will confirm it, these results indicate the existence of a thresh-
old above which coagulation activation becomes damaging during Sepsis [120].

All these combined data suggest that coagulation activation is an important com-
ponent of the comprehensive answer against invading pathogens, and that the invad-
ing pathogen eradication could be considered as the ultimate cause of coagulation 
activation during infection and Sepsis. From this point of view, it is possible to 
understand why many hemostasis individual components are harmonized towards 
the thrombin formation increase during Sepsis, based on fibrin and platelets impor-
tance in host answer to infection. From this new perspective of evolutionary medi-
cine, coagulation activation analysis during Sepsis could also contribute to the 
explanation of why systemic anticoagulants usage has not been beneficial in large 
Sepsis trials, underlining the importance of identifying the precise moment during 
which the coagulation activation changes from being beneficial to being harmful 
during Sepsis. In this context, each treatment-target in Sepsis that limits coagulation 
activation should be oriented to preserve the function of host defense mechanisms 
that seems to exist from millions of years.

4.10  Thrombosis as Protective Mechanism During Sepsis 
(Immunothrombosis) (Fig. 4.5)

Our understanding of thrombosis and inflammation during Sepsis evolved during 
decades of research on animals and humans. The way the first studies on animals 
had been conducted help us understand our former erroneous reading of Sepsis. 
Rats model utilized intravenous administration of endotoxin or LPS or even live 
bacteria such as E. coli. Models of LPS and endotoxin infusion used to overestimate 
uniformly the pro-inflammatory response in host [121, 122]. The first efforts aimed 
to the mere inflammation as mediator during Sepsis and were not a success in the 
clinical setting.
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In the same way, the coagulation system inhibition had deleterious effects 
as showed by the highest mortality in patients that were hypocoagulant at the 
admission in Intensive Care and that show high tendency to bleeding [113]. 
These strategies totally ignored the protective compartmentalization mechanism. 
Compartmentalization involves the interaction of the acute phase of the pro- 
inflammatory response to the coagulation development, in an attempt to sequester 
invading bacteria or organisms.

Acute phase proteins, such as fibrinogen and Factor V, rapidly increase during 
acute Sepsis, determining the hyper-coagulant answer [123]. Simultaneously, two 
strong natural anticoagulants PC and AT are under-regulated. PC and AT could be 
seen as negative acute-phase proteins in these premature protective mechanism 
[124, 125]. The current Sepsis model is seen as both pro-inflammatory and anti- 
inflammatory or even as a mix (MARS). Following the bacterial invasion, we assist 
to the formation of extracellular chromatin strips as a fibrin net that contributes to 
host defense against microbial dissemination. They also facilitate platelet adhesion 

Fig. 4.5 Neutrophils accumulate and adhere to the vascular endothelium in collaboration with 
platelets during sepsis. There, neutrophils express Tissue Factor (TF), release TF-bearing neutro-
phil microparticles (NMP) and expel neutrophil extracellular traps (NETs) which initiate the coag-
ulation cascade. In addition, neutrophil derived granule proteins, expecially neutrophil elastase 
(NE) participate in thrombus formation by inhibiting tissue factor pathway inhibitor (TFPI) and 
anticoagulants such as antitrombin (AT) and activated protein C (APC). Both thrombi formation 
and endothelial damage lead to substantial microcirculatory damage and organ dysfunction if they 
occur systematically
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and platelet aggregation, damaging Protein C TM-dependent activation, and then 
ultimately they activate the coagulation process [91]. Coagulation activation con-
tributes to bacterial compartmentalization and reduces bacterial invasion [92, 94, 
126]. A premature inhibition of the fibrin formation by recombined AT or APC did 
not modify the inflammation and the increased pulmonary edema, and it exacer-
bated pathologic changes in lung in a model on rat with pulmonary injury induced 
by Pseudomonas aeruginosa [127, 128]. Therefore, the potential risk induced by 
coagulation inhibition in Sepsis premature stage should be always kept in mind.

4.11  The Problem of Anticoagulant Therapies Failure 
During Sepsis

Recombined Activated Protein C (rhaPC)—a natural anticoagulant used in Sepsis 
treatment—recent withdrawal from the market represents the last chapter of a story 
characterized by serial failures of large-scale clinical trials structured to test the 
generally accepted hypothesis that coagulation activation and microvascular throm-
bosis were the main determinants of tissue damage in Sepsis [129]. The first evi-
dences on coagulation activation role during Sepsis included the histologic 
demonstration of microvascular thrombosis in septic patients’ target organs and the 
progressive decreasing of platelet counts and of coagulation factors levels in tardive 
Sepsis stages, attributed to consumptive coagulopathy.

Indeed, in the previous years, the main experimental data indicated that Sepsis 
was associated to shift in hemostatic balance towards a pro-coagulative state. The 
most convincing data were the following: the demonstration that tissue factor 
expression in circulating leukocyte could be stimulated by pathogens; the acquired 
deficiency of endogenous anticoagulative proteins such as antithrombin and protein 
C in patients with Sepsis—with a strong increase in fibrinolysis inhibitors such as 
PAI-1–resulting in hypo-fibrinolysis [130]. All these data together supported the 
concept that coagulation activation was in case only partially responsible for organ 
failure observed in Sepsis. Coagulation manipulation in Sepsis animal models gave 
an additional support to this concept, demonstrating that organ failure and even 
mortality could be limited by hemostasis discrete elements block such as TF [131] 
and factor VII [132].

Built on this model, ambitious programs of clinical development of natural 
recombinant anticoagulants (AT, TFPI, and rhaPC) in septic patients have been car-
ried on. All programs arrived at phase 3 trial and in the rhaPC case, it arrived to 
market approval. Unfortunately, benefits of this strategy were not confirmed by 
these trials results, even if additional clinical trials and meta-analysis are useful to 
confirm that a definitive conclusion can be reached [120]. The animal models and 
the clinical design limitations are both considered as a potential explanation for the 
dissociation between pre-clinical and clinical data. We can also debate for a more 
preventive point of view on the direct cause-effect relationship between coagulation 
activation and MOF in Sepsis.
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Indeed, the presence of microvascular thrombosis in target organs in Sepsis has 
been demonstrated in studies with a limited number of patients that did not consider, 
in their analysis, the different phases in Sepsis [39, 133]. More recent studies on 
autopsies confirming these findings are unfortunately limited to few cases of patients 
with fulminant sepsis [134, 135]. Moreover, even if we do not want to debate against 
the presence of some grades of systemic hypercoagulable state in Sepsis—this con-
cept is supported by the recent demonstration of Sepsis as independent predictor of 
venous and arterial thrombosis [136, 137]—the presence of this phenomenon in the 
premature stages of Sepsis has been challenged by data generated using global 
hemostasis tests. These tests indicated a consistent “downregulation” of thrombin 
generation in premature Sepsis stages [138, 139]. In this context, a critical review of 
previous and current data using an evolutionary medicine setting [140] can improve 
our understanding on last and coming causes of hemostasis activation during Sepsis.

4.12  Therapies Directed to Sepsis Mediators 
and Anticoagulant Therapies

Therapies directed to coagulation which is activated in Sepsis should ideally re- 
balance inflammation and coagulation without influencing negatively host response 
to infection. Many trials failed to recognize inflammation as an important protective 
mechanism or they used a uniform therapy for patients with different Sepsis stages. 
Antibodies directed against TNF alpha, IL-1 receptors, and endotoxin failed to dem-
onstrate a reduction in mortality [141, 142]. Trials with anticoagulants failed to 
demonstrate their efficacy because: inclusion of patients without DIC; uncertainty 
on when to start the treatment; and tendency to underestimate the importance of 
developing specific diagnostic criteria for DIC that utilize composed score systems, 
advanced markers of DIC and TEM.

4.13  TFPI in Sepsis

TFPI is rapidly consumed in Sepsis. Former studies on TFPI replacement efficacy 
demonstrated that in patients with INR >1.2, mortality did not change and adverse 
bleeding increased [111]. However, the analysis of a sub-group of this study dem-
onstrated that in patients with CAP there was a tendency towards survival. In 2011, 
Wunderink et al. [143] published the results of a controlled placebo study in patients 
with CAP treated with Recombinant TFPI. This study does not show benefit in sur-
vival, even if there is an evident biological activity in the improvement of coagula-
tion parameters.

TFPI inhibits the activity of the complex TF/Factor VII and Factor X on the pro-
thrombinase complex, then suppressing the initial stages of thrombin generation 
[34]. Moreover, the anti-inflammatory effects of TFPI depend on its capacity to 
suppress intracellular inflammatory signals of Thrombin that bonds to PAR-1 
(Protease Activated Receptor–1). Many studies evaluated protective effects of 
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Recombinant TFPI (rTFPI Tifacogin) on Sepsis. These studies found out that rTFPI 
significantly decreases thrombin generation, but no conclusions had been verified 
by clinical trials of phase 1 or 2 [111, 144, 145]. A large scale randomized con-
trolled trial—the trial OPTIMIST (Optimized phase 3 tifacogin in multicenter inter-
national sepsis trial)—demonstrated absence of any possible improvement on 
mortality at 28 days in serious Sepsis after rTFPI treatment [111]. However, the 
explorative analysis revealed that rTFPi treatment improved survival in patients 
with severe community acquired pneumonia that were not receiving heparin at the 
same time [145]. Moreover, in CAPTIVATE, the other placebo controlled trial, 
intravenous tifacogin administration trial for the efficacy has been stopped in 
advance because there was no validation of beneficial trend [143].

4.14  Antithrombin in Sepsis

AT inhibits thrombin at a 1:1 ratio and it is maximally activated after interaction 
with receptor on endothelial surface [146]. AT shows anti-inflammatory properties 
through its inhibition of the thrombin-Factor X complex, which stimulates IL-1 and 
IL-6. Recently, JAAM DIC Committee evaluated the AT usage in a RCT perspec-
tival study. Patients with DIC with AT over a three-day treatment showed a more 
rapid recovery determined through DIC scores, while bleeding events did not 
increase [147]. Iba et  al., in a larger non-randomized study, determined that in 
patients with low basal AT activity and sepsis, a therapy with high dose AT 3000 IU/
day (AT 3000) was associated with an improved survival rate (AT 1500 65.2% vs. 
AT 3000 74.4%) [148]. These studies utilized DIC score systems to determine 
“overt DIC” disappearance and the appropriate time for anticoagulant therapy.

AT inhibits many serine proteases that induce FXa, IXa, XIa, and thrombin. It is 
a direct inhibitor 1:1 of thrombin that leads to thrombin/antithrombin complex for-
mation and to its following elimination. Moreover, its activity is maximized after 
the bond with glycosaminoglycans that act as co-factors on endothelial surface 
[146]. AT anti-inflammatory effects inhibit rolling and adhesion of leukocyte par-
tially activated due to prostacyclin release [149] and P-selectin suppression [150]. 
Moreover, after the bond to proteoglycan heparin sulfate on endothelial surface, AT 
impedes pro-inflammatory cytokine expression [151, 152].

AT levels decreased for consumption as a consequence of thrombin generation 
[153] and cytokine down-regulation induced of proteoglycans heparin endothelial 
sulfates in Sepsis [62]. Premature administration of strong doses of recombinant AT 
improves outcomes in experimental sepsis probably due to its combined anticoagu-
lant and anti-inflammatory effects [154].

A national study demonstrated that AT administration can be associated to a 
reduced mortality at 28 days in patients with serous pneumonia and DIC associated 
to Sepsis [155]. In patients with severe Sepsis, a maintenance dose of AT 1500 UI/
day induces a reduction in mortality, together with a strongly shorter recovery in 
Intensive Care and a lower incidence of new organ failure [156]. Moderate AT doses 
(30 UI/kg/day) improve DIC score, also incrementing recovery from DIC without 
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any bleeding risk in septic patients with DIC [155]. Unfortunately, high AT doses 
(7500 UI/day) did not have any effect on mortality at 28 days in adult patients with 
severe sepsis and septic shock in Kybersept trial [112]. However, in phase 3 
Kybersept trial, it has been demonstrated that a treatment with high dose of AT 
without concomitant heparin could result in a significant mortality reduction in sep-
tic patients with DIC [157].

Recently, results from a phase 4 study in septic patients with DIC indicate 
that a higher initial AT activity, a supplemental dose of 3000 UI/day and younger 
age are significant factors for a better survival without an increased bleeding risk 
[119, 148].

4.15  Activated Protein C in Sepsis

For many years, it has been recognized that a rapid PC decrease in Sepsis and low 
PC levels correlate with a worse prognosis. In 2001, PROWESS study showed 
promising results of lower mortality with APC usage (Xigris). However, Xigris 
has been later withdrawn from the market when the trial PROWESS SHOCK 
revealed that there was not any benefit in mortality at 28 and 90 days [113]. Since 
then, numerous clinical studies analyzed sub-groups of this population and deter-
mined that rAPC can be beneficial. Casserly et al. [158] evaluated 15,022 patients 
registered with Surviving Sepsis campaign and found out that groups treated with 
rAPC had a reduced morality (OR 0.76; P < 0.001). Even hospital mortality was 
significantly lower in patients with MOF in respect to those with a single organ 
failure (OR 0.82 versus 0.78). A meta-analysis carried out by Kalil in 2012 [118] 
demonstrated benefits in patients with the highest levels of diseases severity, 
but also higher percentages of adverse bleeding in respect to those reported in 
PROWESS trial.

The results of this study indicate that rAPC could be beneficial in appropriately 
selected populations of septic patients. PC is a vitamin K dependent protein. It is 
converted to its activated form (APC) by proteolysis on the thrombin–thrombo-
modulin complex. APC inactivates factors Va and VIIIa that further limit thrombin 
generation. As with thrombin, the main part of pro-fibrinolytic actions of APC 
are mediated by the bond with endothelial receptor of Protein C and inhibition of 
PAR1 [159].

In addition to this anticoagulant and profibrinolytic activity, APC has important 
anti-inflammatory effects: downregulation of proinflammatory cytokine and TF in 
activated leukocytes, antioxidant properties, antiapoptotic activity and stabilization 
of the endothelial barrier [160–163]. Moreover, APC puts in place additional cyto-
protective functions through histones degradation released in fibrin nets [164].

Based on these observations, rAPC Drotrecogin alpha was produced and, in 2001 
[165], this agent’s efficacy was tested in a single big scale RCT with demonstrated 
benefits in a unique subgroup analysis. Since then, Drotrecogin alpha was strongly 
promoted in SSC guidelines [166] and it was applauded as the most promising 
therapy in Sepsis therapy. However, there are doubts on its cost-efficacy and incon-
sistent results observed in more recent studies [167]. In 2011, rAPC production 
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and distribution was suspended after the PROWESS-SHOCK study revealed that 
mortality at 28 days did not have any significant improvement after treatment with 
rAPC in patients with septic shock [113]. Nevertheless, its analysis of sub- group 
reveals that the relative mortality risk is lower in patients with a more reduced activ-
ity in respect to PC at study entry.

However, more than one researcher felt unsatisfied with the withdrawal of rAPC 
from the market, given the results of a single RCT. Casserly et al. [158], analyzing 
the SSC database containing 15,022 registered cases, found out that the percentage 
of intra-hospital mortality was significantly lower in the group treated with rAPC 
with respect to the placebo group. The efficacy demonstrated by rAPC is statisti-
cally significant in cases complicated by multiple organ failure, but not in those with 
only a single organ dysfunction. The meta-analysis reported by Kalil and La Rosa 
[118] detects an 18% reduction in intra-hospital morality after rAPC treatment, 
even if serious bleeding incidence increases by 5.6%. The authors concluded that 
rAPC increases bleeding risk. Nevertheless, it improves outcome in serious Sepsis.

4.16  Thrombomodulin in Sepsis

Thrombomodulin (CD14) is a glycoprotein endothelial transmembrane that has 
many regulatory functions in hemostasis. Binding to thrombin, it prevents fibrino-
gen’s conversion into fibrin and it prevents thrombin interaction with platelets. The 
thrombin-thrombomodulin complex activates PC, which has a 100 times-increase in 
its activity as result [69]. rTM has been studied in DIC and Sepsis models, and in 
clinical trials as well. Hoppenstead and its collaborators [168] studied rTM in DIC 
and noticed that markers of thrombin production—such as TAT complex and 1.2 
fragment of Prothrombin—are sequentially reduced with rTM treatment. In a study 
on 234 patients that compared soluble thrombomodulin (ART 123) to heparin in 
treatment for DIC caused by tumor or infection, the percentage of DIC resolution 
was 66.1% with ART 123 versus 49.9% with heparin [169].

In this study, it was observed a statistically significant lower percentage of 
adverse bleeding events with ART 123. In another study of 86 patients with Sepsis 
induced DIC, lower mortality and better SOFA scores were associated with rTM 
infusion versus those who did not receive rTM (37% versus 58%, p = 0.038) [170]. 
This finding was later confirmed in a 750 septic and DIC patients study; patients 
treated with ART 123 were associated with better mortality at 28 days [171]. The 
definition of the optimal timing for this DIC treatment will be pivotal.

TM binds to thrombin and then it converts PC in APC, giving a critical negative 
feedback regulation of thrombin generation [172]. Independently from anticoagu-
lant activity, its antinflammatory effect is considered through interference with the 
activation of complement, LPS neutralization and suppression of the interaction 
between leukocyte and endothelium [173, 174].

When compared with heparin therapy, a phase 3 study revealed that Recombinant 
TM therapy (ART 123) had more significant improvement in DIC recovery and 
bleeding symptoms alleviation in patients with DIC with hematological tumors or 
infections [169]. Moreover, phase 2b studies validated the hypothesis that TM 
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downregulated the mediators/markers of thrombin generation in septic patients with 
associated DIC without a serious increase in hemorrhage risk [168, 171]. The sub- 
group analysis revealed that benefits on survival are higher in patients combined 
with respiratory or cardiac dysfunction and coagulopathy. According to these 
results, a phase 3 study is actually ongoing in the United States on patients suffering 
severe Sepsis with coagulopathy.

A significant number of adverse bleeding effects have been observed in random-
ized trials that tested all these anticoagulants. The bleeding events’ frequency in the 
treatment group is 1.7 times higher in the PROWESS APC and in the Kybersept AT 
trials. This is not surprising, since anticoagulants suppress thrombin generation. 
However, at the same time, we learnt that the adverse event frequently counterbal-
ances the anticoagulants beneficial effects.

It is important to know that many randomized trials of TFPI, AT, and APC were 
studied to include septic patients without any criteria of coagulation activation and 
without any concern on temporal sequence. For the most severe patients, the “overt 
DIC” criteria were already defined at the time of the inclusion in the study. Moreover, 
a significant reduction in mortality has been observed in the AT or Recombinant TM 
open trials, when “overt DIC” was required for inclusion [175, 176]. In contrast, the 
patients with less serious diseases and without an excessive coagulation activation 
do not show a beneficial effect or even show an increased mortality. It is suspected 
that a possible adverse effect of anticoagulants—when used in advance—deletes the 
favorable effect on DIC.

4.17  Heparin in Sepsis

We expect heparin to modulate hemostatic abnormalities through AT maximization 
effect in the septic DIC treatment. A retrospective analysis demonstrated that the 
mortality percentage tended to be lower in septic patients treated with low dose 
heparin compared to placebo patients [177]. Moreover, the low heparin dose 
improves the Sepsis hypercoagulative state, later reducing DIC or MODS incidence 
and decreasing Intensive Care recovery days [178]. However, the unfractionated 
heparin administration is not generally recommended for patients with bleeding 
tendency. A meta-analysis demonstrated that heparin can reduce mortality at 28 days 
in patients with severe Sepsis, while there is not increase in bleeding risk in the 
heparin treated group [179].

4.18  Apoptosis in Sepsis

Studies with IL-7 on septic rat models demonstrated a benefit in reduction of apop-
tosis of T cells CD4 and CD8, improving immune function. IL-7 seems to have anti-
apoptotic functions essential for leukocytes survival [180, 181]. The programmed 
cellular death can play an important role in reducing inflammatory histones and 
HMGB-1, that are released in the systemic circulation of septic patients [182, 
183]. Similar studies on immuno-modulation reinforce the strong linkage between 
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coagulation and inflammation. Host defense to infectious invasion is a strongly reg-
ulated process that involves inflammatory and anti-inflammatory processes. In an 
attempt to compartmentalize the invasion, the host creates hemostatic barriers with 
thrombin and thick fibrin nets. Pathologically, these fibrin depositions can generate 
a microvascular thrombus and result in organ ischemia. The first step to build new 
therapeutic trials is to establish an operating definition of Sepsis and DIC that is 
announced by biological markers. To conclude, we have to improve patients stratifi-
cation and staging to determine the optimal time for interventions [77].

4.19  Conclusions and Take Home Messages

Hemostasis activation induced by Sepsis is modulated by acute changes in inflam-
matory proteins synthesis and regulation. The excessive coagulation activation and 
the strong decrease in natural anticoagulants levels are correlated with mortality and 
organ failure. Unfortunately, the real possibility that coagulation activation and 
fibrinolysis inhibition could play a role in the host defense against microbial dis-
semination in the human body has not been taken into account into the design of the 
different therapeutic trials with anticoagulants.

Although, it had been universally accepted that coagulation inhibition should 
have been started as early as possible with sufficiently high doses of inhibitor to 
block fibrin formation, and then modulating inflammation. The anti-inflammatory 
properties of natural inhibitor were considered the highest benefit procured by these 
therapies. The high doses were justified by the will to make these properties even 
more evident. This was supported by studies on animals that demonstrated that only 
over normal plasmatic levels were able to modulate inflammation, leukocyte adhe-
sion, micro-circular changes, and apoptosis [149].

Moreover, there was another justification for the high early doses: the three natu-
ral inhibitors were considered dysfunctional. More than for the synthesis adaptive 
downregulation—induced by Sepsis—the early and acute decreasing in AT plas-
matic levels was explained by its consumption, by its inhibition induced by prote-
ases and by extravascular loss due to endothelial incremented permeability [146, 
184]. As far as Protein C system is concerned, TM expression downregulation was 
considered the main mechanism to explain the decreased synthesis of Activated 
Protein C [185].

Following the same paradigm, the same measurement was adapted to all situa-
tions no matter the septic process stage, the bacterial in action, or the coagulation 
activation stage; the same inhibitor, with the same high dose and during the same 
period of time, was administered to all patients. PC therapeutic usage was excluded 
since its endothelial activation was considered dysfunctional, insufficient or unpre-
dictable, in absolute contrast with clinical evidences demonstrating that a significant 
PC activation level remained and it could have induced significant APC levels [186].

The possibility that hemorrhagic adverse effects could have been decreased by 
AT concentrates or by PC concentrates has never been taken into account. The asso-
ciation of AT with heparin was allowed to facilitate inclusion in studies of patients 
by medical doctors utilizing this preventive or even therapeutic anticoagulation. All 
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randomized TFPI, AT, or APC trials were designed to include patients without any 
criteria on coagulation activation and no matter its temporal sequence. Except for 
the first study PROWESS, all these trials failed, but their critically reviewed results 
bring a strong support to the chance that coagulation inhibitors could remain a use-
ful treatment.

In all documented studies, post hoc analysis demonstrated that overt coagulation 
activation was strongly associated with mortality or with organ failure, even with 
the best inhibitor therapeutic effect [157, 187–190]. An analysis following 
PROWESS and other APC trials demonstrated a relationship between the drug’s 
effect and its administration. However, in most severe patients that benefited from 
the treatment, overt DIC criteria were already present at the inclusion. On the con-
trary, no effect or even a trend towards incremented mortality was documented in 
less serious patients that did not show an excessive coagulation activation. This is in 
line with a possible adverse effect of APC when it is preventively used in contrast 
with its favorable effect in DIC.

Even more interesting is the observed significant mortality reduction in open AT 
and recombinant TM trials when an overt DIC diagnosis for the inclusion in the 
trial was requested by protocol. Stopping fibrin generation in the early Sepsis phase 
impedes a strong innate defense host mechanism against bacterial dissemination. 
The initial coagulation activation and the transitory fibrinolysis inhibition should 
be respected to foster bacterial compartmentalization. The preventive treatment or 
the treatment on patients that do not show an excessive coagulation activation could 
worsen their situation. Specific studied should be conducted to document opera-
tive characteristics of methods that allow a biologic monitoring of coagulation and 
fibrinolysis.

Sequential measurements of thrombin generation and of plasmatic levels of 
fibrin monomers could better document the excessive coagulation activation. The 
new JAAM scoring system for DIC seems to be the most valid test to diagnostic 
DIC in septic patients and it can be useful in anticoagulation treatment strategies 
customized on the single patient [30] (Figs. 4.6–4.8). A DIC diagnosis with this new 
scoring system is a strong predictor of adverse outcome. A further improvement in 
DIC diagnosis can be related with the best evaluation hypercoagulability tests, pref-
erably with instruments with critical care characteristics. As thromboelastography 
showed, hypercoagulability correlates with mortality in many studies [191, 192], 
although its superiority on conventional tests does not have all necessary evidence 
yet [193].

Thromboelastography could give a reliable evaluation of fibrinolytic state. Up to 
today, a reduced anticoagulant activity within two days could be used as an appro-
priate temporal window for the treatment. Since the fibrinolysis secondary recovery 
by plasminogen activators can induce high bleeding risk, DIC treatment should be 
primarily directed against overt coagulation. Since anti-inflammatory efficacy is not 
confirmed, supra-normal doses and activated anticoagulants should not be used to 
limit bleeding risk. Anticoagulant therapies should use the natural anticoagulant 
replace at daily-programmed doses to rebalance the excess of coagulation activa-
tion, together with JAAM DIC score monitoring [194] (Fig. 4.9).
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Fig. 4.6 HIST overt DIC scoring system
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Fig. 4.8 JAAM score and revised JAAM score

Table 1. Scoring system for disseminated intravascular coagulation (DIC)
by the Japanese Association for Acute Medicine

Table 2. Revised scoring system for disseminated intravascular coagulation (DIC)
by the Japanese Association for Acute Medicine
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Fig. 4.9 Sepsis, coagulation and fibrolysis, dead end or one way? Is there still room for 
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5Atrial Fibrillation in the Perioperative 
Period

Franco Cavaliere and Carlo Cavaliere

Atrial fibrillation (AF) is the most common cardiac arrhythmia in the general 
 population. Its incidence increases with age so that in next years the number of 
subjects affected is likely to grow due to the elongation of average life expectancy. 
AF is an arrhythmia that poses major health problems because it is associated with 
greater incidence of arterial thromboembolism, stroke, heart failure, and higher 
overall mortality [1–6].

5.1  Epidemiology and Classification

A recent study has shown that AF has a prevalence of 1.8% in the Italian  population 
over 15 years of age. Similar percentages, around 2%, were detected in England, 
Germany, and Sweden. In the USA, this arrhythmia affects 3–6% of hospital-
ized patients. Prevalence is higher in Caucasians and increases in the presence of 
 congestive heart failure, valvulopathies, arterial hypertension, atrial tachyarrhyth-
mias (returning nodal tachycardia, WPW syndrome), various thoracic diseases, 
 sepsis, and conditions that increase the cardiovascular risk (diabetes mellitus, 
 obesity, smoking).

AF is classified as: (a) persistent, if it lasts for longer than 7 days; (b) paroxys-
mal, if it reoccurs in less than seven days after being resolved, spontaneously or as a 
result of a therapeutic intervention; (c) long-standing persistent, if it lasts more than 
12 months; (d) permanent, if the doctor and the patient decide to stop the attempts 
to resolve the arrhythmia. Valvular AF refers to patients with mitral stenosis or 
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artificial heart valves; North American guidelines include valve repair in this group. 
In comparison with non-valvular ones, valvular AF may be associated with a higher 
risk of stroke and needs a specific prophylactic approach.

5.2  Etiology and Pathogenesis

AF pathogenesis is complex and not yet completely clarified. At the basis of this 
arrhythmia, there are some electrical alterations of the atrial myocardium. They 
include inhomogeneities of the refractory period that facilitate the onset of re-entry 
mechanisms; after-depolarizations (oscillations) that intervene during early or late 
reuptake phases, promoting the onset of extrasystoles; ectopic focal depolarizations, 
which often originate from pulmonary vein confluence areas in the left atrium. 
Finally, some studies have shown a correlation between the incidence of postopera-
tive AF and the duration of P wave on the ECG.

The abovementioned electrical alterations can be induced by different factors. 
Genetic abnormalities are often the basis of isolated AF that is not associated with 
other cardiac disorders and occurs in subjects less than 60 years old. In most cases, 
however, the onset of AF is the consequence of structural alterations of the atria, 
which include fibrosis, dilation, hypertrophy, ischemia, and infiltration. Fibrosis, 
which manifests itself with an increase in the amount of collagen, is a process that 
progresses with age and is considered to be the primary responsible for the high 
incidence of AF in the elderly. Atrial dilation occurs during the natural history of 
mitral valvulopathy and left ventricular dysfunction. In the intra- and post-operative 
period, the atria may dilate acutely, for fluid mobilization or excessive intake; in 
addition, atriotomy performed in cardiac surgery represents an important mecha-
nism of stimulation. In the perioperative period, the hyperactivity of the autonomic 
nervous system and the increased levels of mediators of inflammation, and oxidiz-
ing agents have a marked influence on atrial activity, favoring the onset of 
AF. Sympathetic hyperactivity also facilitates the occurrence of ectopic outbreaks 
and re-entry circuits, and shortens the refractory period. As a result, pain, agitation, 
and in general all factors that stimulate sympathetic activity may favor the onset of 
AF. A similar effect may be caused by the reduction of parasympathetic tone, while 
parasympathomimetic drugs as opioids may have a protective action.

5.3  Presentation and Diagnosis

The onset of AF is often felt by the patient for heart rate irregularity. In some cases, 
the arrhythmia manifests itself directly with an embolic episode. At clinical exami-
nation, AF can be suspected for irregularities of the arterial pulse and cardiac tones. 
Diagnosis is confirmed by the electrocardiographic detection of an absolute irregu-
larity of the RR intervals, of the absence of the P wave or of an atrial cycle duration 
(when visible) irregular and less than 200 ms (corresponding to a frequency higher 
than 300 bpm). In the case of paroxysmal AF, which alternates with sinus rhythm 
periods, it is often necessary to resort to Holter monitoring.
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Predisposing causes should be recognized and, if possible, treated. Electro-
cardiogram can show the presence of various electrical abnormalities, left ventricular 
hypertrophy, branch blocks, signs of myocardial infarction. Ashman’s phenomenon 
consists in an aberrant intraventricular conduction (broad QRS complexes) in beats 
associated with a short RR cycle preceded by a longer RR one; it originates from 
the prolongation of the refractory period that follows long RR cycles. Transthoracic 
echocardiography (TTE) allows to evaluate valve function, contractility, chamber 
dimensions and wall thickness; systolic pulmonary pressure can often be estimated 
and the presence of endocavitary thrombi assessed. On this purpose, however, trans-
esophageal echocardiogram (TEE) is more effective. AF is sometimes associated 
with thoracic diseases that can be diagnosed or suspected based on chest X-ray. 
The presence of extra cardiac diseases associated with a higher incidence of AF, as 
hyper- or hypothyroidism, should also be investigated.

5.4  Treatment

5.4.1  Prevention of Atrial Thrombosis and Thromboembolism

Three classes of drugs are used: vitamin K inhibitors, new oral anticoagulants, and 
platelet antiaggregates [7–10]:

 1. Sodium warfarin (Coumadin®) and acenocoumarol (Sintrom®), known as vita-
min K inhibitors or dicumarolics, hinder the hepatic synthesis of coagulation 
factors II, VII, IX, and X, and of proteins C and S. Vitamin K inhibitors are the 
gold standard for prevention of thromboembolism, but their narrow therapeutic 
range requires frequent controls of coagulation parameters and entails a greater 
risk of hemorrhagic complications. Their anticoagulant effect is assessed with 
the International Normalized Ratio (INR), the ratio between the prothrombin 
time of the patient and that of standard plasma blends. INR should be maintained 
between 2 and 3 or between 2.5 and 3.5 depending on the thrombogenic risk that 
characterizes the patient. The activity of this class of drugs is influenced by liver 
function, but not by renal function; besides, it can be influenced by the intake of 
numerous drugs and certain foods. In the initial phase of the therapy, INR should 
be dosed at least once a week; successively, dosages can be performed once a 
month. In the case of overdose or of the need to restore normal coagulation, the 
anticoagulant effect can be inhibited by the administration of vitamin K 
(Konakion®, 5–25  mg intravenously, possible allergic reactions) or, in urgent 
cases, of fresh frozen plasma (15 mL/kg) or concentrated prothrombin complex 
(30–50 units/kg).

 2. New oral anticoagulants are the direct thrombin inhibitor dabigatran (Pradaxa®), 
and the two factor X inhibitors, apixaban (Eliquis®) and rivaroxaban (Xarelto®). 
Dabigatran is a competitive thrombin inhibitor and prevents the conversion of 
fibrinogen to fibrin. Apixaban and rivaroxaban are selective inhibitors of factor 
Xa. This factor intervenes at the point of convergence between intrinsic and extrin-
sic pathways of coagulation; its inhibition blocks the conversion of  prothrombin 
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into thrombin. Unlike vitamin K inhibitors, these drugs do not require routine 
monitoring of coagulation parameters. Their blood levels increase in the pres-
ence of kidney failure which, when severe, contraindicates their use. Moderate 
renal function impairment requires a reduction in dosage. The relatively short 
half-life, 12–17  h for dabigatran, 5–9  h for rivaroxaban, and 12  h for apixa-
ban, is the basis of the risk of thromboembolic episodes shortly after the acute 
suspension of these drugs. If dabigatran is to be discontinued and substituted 
with vitamin K inhibitors, the latter should be initiated 3 days before the last 
dose of dabigatran. In case of severe bleeding, the suspension of these drugs is 
recommended as well as the administration of coagulation factors, in particular, 
prothrombin complex concentrates. Specific antidotes for this class of drugs are 
now available. Idarucizumab is a humanized mouse monoclonal antibody frag-
ment that reverses the effects of dabigatran and Andexanet alfa is a recombinant 
modified human factor Xa decoy protein that binds factor X inhibitors.

 3. Platelet antiaggregants like acetylsalicylic acid, ticlopidine, and clopidogrel are 
relatively safe drugs, but their efficacy on thromboembolism is definitely lower 
than that of anticoagulants.

Prophylaxis of thromboembolism should be performed regardless of the type of 
AF, paroxysmal, persistent or permanent, but does not eliminate the risk of throm-
bosis. Vitamin K inhibitors, which provide the greatest protection, assure a reduc-
tion in embolic episodes of 60–70%. Of note, not all patients with AF have the same 
degree of risk of thromboembolism. Numerous indices expressing the risk of throm-
boembolism are available; CHA2DS2-VASc is the one suggested by the American 
Heart Association guidelines (Table 5.1). The score obtained with this index varies 
from 1 to 10. A value of zero is associated with a very low-risk and requires no 
therapy or, at most, the administration of platelet antiaggregates. A value of one 
suggests the need of platelet antiaggregates. Scores of two or more indicate the use 
of new oral anticoagulants or dicumarolics. The choice of prophylaxis modalities 
also depends on which heart disease is associated to AF.  In patients affected by 
valvulopathies, only dicumarolics are indicated for the particularly high risk of 
thromboembolism. In cases where dicumarolic therapy is indicated, anticoagulation 

Table 5.1 CHA2DS2-VASc score utilized to quantify the risk of thromboembolism in patients 
affected by AF

C Congestive Heart Failure History 1
H Arterial Hypertension History 1
A2 Age ≥75 years 2

D Diabetes 1
S2 Stroke/TIA/Thromboembolism History 2
V Vascular Diseases History (i.e., obliterating arteriopathy, myocardial 

infarctum, coronary artery disease)
1

A Age 65–74 years 1
Sc Female Sex 1

The final score is obtained by adding partial scores. The zero value corresponds to low-risk; the 
value of one corresponds to low-moderate risk; values of two or greater correspond to moderate- 
high risk (modified from [2])
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should be initiated as soon as possible with unfractionated heparin (an initial bolus 
of 80 UI/kg, followed by the infusion of 18 UI/kg/h, titrated to obtain an aPTT of 
45–60 s) or with low molecular weight heparin (100 UI to 1 mg/kg every 12 h).

5.4.2  Rate Control vs Rhythm Control Strategies

Apart from the thromboembolic risk, AF poses two main problems: the loss of the 
atrial pump to ventricular filling and the onset of too high or low ventricular rates. 
These alterations are particularly damaging in patients with left ventricle diastolic 
dysfunction or mitral stenosis. The therapeutic goal can be limited to maintain ven-
tricular rate within an acceptable range (rate control) or aimed to restore sinus 
rhythm (rhythm control). Although the second approach may appear as the best one, 
it should be considered that 50% of recent-onset AFs spontaneously convert to the 
sinus rhythm and that from the point of view of survival and morbidity, no signifi-
cant difference has been observed between the two strategies.

5.4.2.1  Rate Control
In AF, the average ventricular rate depends on the length of the refractory period of 
the atrioventricular node, which blocks most of the electrical impulses that arrive 
from the atria at a frequency greater than 300 bpm. A too high rate may compromise 
ventricular filling and cause myocardial ischemia. On the other hand, bradycardia 
can interfere with the function of the left ventricle both in systolic and diastolic 
dysfunction. In the former, tachycardia represents a compensation mechanism; in 
the latter, diastolic stiffness limits the volume of blood that the left ventricle can 
accept in diastole. The rate control strategy aims to keep the average ventricular rate 
at rest below 80 bpm. In acute cases with good hemodynamic compensation, an 
initial goal may be to maintain the rate below 110 bpm. In order to control ventricu-
lar rate, the refractory period of the atrioventricular node is increased to reduce the 
number of atrial excitations transmitted through the conduction system. For this 
purpose, some drugs can be used:

• Beta-blockers act by reducing the effects of sympathetic hyperactivity; further-
more, they are particularly effective to prevent myocardial ischemia. Their pro-
phylactic activity against AF has been proved in at least two conditions: 
paroxysmal AF induced by sympathetic hyperactivity and postoperative AF that 
occurs in 30% of patients after cardiac surgery. Main contraindications are the 
severe systolic dysfunction of the left ventricle and bronchial obstruction. Several 
molecules are used, including atenolol, bisoprolol, carvedilol, metoprolol, nado-
lol, propranolol, and timolol. Metoprolol is administered acutely at the dosage of 
2.5–5 mg every 5 min up to 10–15 mg; oral dosage varies from 25 to 100 mg 
every 12 h. A special role is played by esmolol, which is particularly valuable in 
critically ill patients because of its short half-life of about 10 min. The dosage is 
0.05–0.2 mg/kg/min after an initial bolus of 0.5 mg/kg.

• Non-dihydropyridine calcium antagonists (verapamil, diltiazem) prolong atrio-
ventricular node conduction and refractory period. They have negative inotropic 
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and vasodilator effects, which contraindicate their use in ventricular systolic 
 dysfunction and in arterial hypotension. They should also be avoided in patients 
with Wolff–Parkinson–White (WPW) syndrome. Verapamil can be administered 
intravenously as a bolus, 5–20 mg, and in rare cases as an infusion, at a rate of 
5–10 mg/h. Orally, the dosage is 40–80 mg every 8 h.

• Amiodarone is a class III antiarrhythmic drug (K channel blockers) according to 
Vaughan Williams classification, and is effective both to reduce mean ventricular 
rate and to restore sinus rhythm. This drug is particularly useful in patients with 
cardiovascular instability and/or systolic dysfunction because of its modest nega-
tive inotropic effect; the vasodilator effect is also mild and is clinically apparent 
only during rapid intravenous infusion. Amiodarone may cause phlebitis and 
prolongation of QT with potential induction of polymorphic ventricular tachy-
cardia (torsades de pointes); it is also contraindicated in WPW syndrome. 
Intravenously, an initial injection of 300 mg is given as a slow injection in 10 min 
(risk of hypotension by vasodilatation) or as an infusion in 2 h, followed by a 5-h 
infusion at a rate of 75 mg/h, and finally by a constant-rate infusion at 18 mg/h. 
Orally, the dosage is 200–400 mg daily.

• Digitalis slows down the average ventricular rate in the presence of AF because 
it increases the parasympathetic tone. For this reason, it may be ineffective in 
conditions characterized by an increased activity of sympathetic hyperactivity, as 
is often the case in the perioperative period. Digoxin is contraindicated in WPW 
syndrome. In the attack phase, the loading dose is 0.5–1 mg iv, followed by a 
maintenance dose of 0.25 mg orally.

The choice of the drugs to be used for heart rate control is partly based on associ-
ated pathologies. For instance, beta-blockers and calcium antagonists are indicated 
for the presence of coronary heart disease and arterial hypertension, digitalis in the 
presence of heart failure. A particular case is that of patients with WPW syndrome. 
Drugs such as calcium antagonists, amiodarone, and digitalis increase the refractory 
period of the atrioventricular node. In case the refractory period of the accessory 
bundle is shorter than the atrioventricular node, electric impulses can be transmitted 
from the atria to the ventricles through the former and high ventricular rates can 
occur. In patients with WPW, rate control approach is therefore based on the admin-
istration of beta-blockers, but rhythm control is recommended.

5.4.2.2  Rhythm Control
The decision to pursue AF conversion to sinus rhythm in emergency conditions is 
generally based on the presence of hemodynamic instability, too high or low ven-
tricular rates, and myocardial ischemia. Otherwise, it is reasonable to follow the rate 
control strategy and to shift to the rhythm control only after a few days, when a 
spontaneous cardioversion becomes unlikely. The sinus rhythm can be restored by 
an electrical or pharmacological cardioversion. The former is recommended in 
patients with WPW syndrome.

• Electrical cardioversion. Its main advantage is the very high percentage of 
success, even in persistent AFs. Disadvantages are the need for sedation, the 
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risk of thromboembolism, the proarrhythmic effect, possible skin lesions, and 
 potential interference with medical devices, such as pacemakers and Implantable 
Cardioverter Defibrillators.

In electrical cardioversion, a monophasic or biphasic, synchronous shock is 
applied with an initial current intensity of 100–200 J. The classic position of the 
plates is that the sternal one is placed to the right of the sternal margin and immedi-
ately below the collarbone, while the apex one is positioned at the height of the left 
nipple at the midaxillary line. In cases of failure, in addition to testing for greater 
current intensity, the plates can be positioned in the antero-posterior position (left 
parasternal, left subscapular), which would favor the passage of a larger amount of 
current through the atria. The success of cardioversion depends on the amount 
of current that crosses the heart. A high body mass index (BMI) reduces the chances 
of success. The contact between the plate and the skin is particularly important 
because the air is an electrical insulator. In addition to the use of conductive pastes, 
gels, or adhesive plates, it is useful to exert pressure on the plates themselves. Some 
authors suggest to reduce electrical impedance by performing a trichotomy in areas 
where plates will be applied. The shock should be administered during exhalation 
when the chest impedance is lower. Furthermore, a second electric shock has more 
chances of success after an ineffective result because the electric impedance is 
reduced; the optimum lapse of time would be around 3 min.

Administration of some antiarrhythmic drugs influences the success of the 
attempt of electric cardioversion. Atropine given immediately before the electric 
shock could increase the rate of success. Verapamil, amiodarone, quinidine, and 
propafenone may be effective in preventing a new onset of AF after efficacious 
cardioversion. The incidence of recurrences is greater in AFs that last for more than 
a year and in those associated with not well-controlled hyperthyroidism, mitral 
valve diseases, congestive heart failure, and generally with an enlargement of the 
left atrium (diameter greater than 5 cm).

• Pharmacological cardioversion does not require sedation and, in case of failure, 
can facilitate the success of electrical cardioversion. On the other hand, it may 
require hospitalization and cardiovascular monitoring; it is proarrhythmic, 
involves the risk of thromboembolism, and is characterized by limited success 
rates for long-term AFs. Pharmacological cardioversion is indeed more effective 
in recent atrial fibrillations. In those less than seven days old, the percentage of 
success within 24 h from the beginning of antiarrhythmic therapy varies from 34 
to 95%. Over seven days, the percentage falls below 40%, and often it is neces-
sary to resort to electrical cardioversion.

Various antiarrhythmics may be used, including flecainamide 2 mg iv or 200–
300  mg/os, propafenone 2  mg iv or 450–600  mg/os, amiodarone at the dosage 
reported above, ibutilide, dofetilide. Flecainamide and propafenone can sometimes 
convert AF into flutter and therefore require calcium antagonists or beta-blockers to 
slow the pulse transmission at the atrioventricular node level. In the patient who 
develops AF after surgery, the classic choice is that of amiodarone, especially when 
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there is a basic heart disease. Vernakalant is a new antiarrhythmic agent indicated 
for the treatment of AF that occurs in the postoperative period after cardiac surgery. 
Given within three days from the onset of arrhythmia, the drug is administered 
intravenously at a dose of 3 mg/kg over 10 min and has a 50% success rate within 
90 min from the administration (far greater than that of amiodarone). It is contrain-
dicated in case of bradycardia, hypotension, marked prolongation of QT, severe 
valvulopathies, congestive heart failure.

5.4.2.3  Anticoagulant Therapy and Cardioversion
Whether cardioversion is performed electrically or pharmacologically, it exposes 
the patient to the risk of mobilization of any thrombi formed within the atria. In 
addition, even after sinus rhythm restoration, there is a temporary risk of formation 
of thrombi due to the persistence of transient atrial dyskinesias and generally to the 
risk of AF recurrence. In accordance with current guidelines, the prevention of these 
complications should be based on the time elapsed from the onset of arrhythmia:

 (a) Patients in AF for less than 48 h:
• High embolic risk: cardioversion is followed by anticoagulation for at least 

4 weeks, started with unfractionated heparin or low molecular weight hepa-
rin and continued with dicumarolics.

• Low embolic risk: cardioversion is followed by one options among heparin, 
low molecular weight heparin, new oral anticoagulant (dabigatran, rivaroxa-
ban, or apixaban), or no therapy.

 (b) Patients in AF for 48 h or more or for an unknown time period:
• Non-urgent cardioversion: anticoagulation with dicumarolics (INR from 2 to 

3) is performed three weeks before and 4 weeks later; new oral anticoagu-
lants (dabigatran, rivaroxaban, or apixaban) can also be utilized. Alternatively, 
it is reasonable to proceed to cardioversion if transesophageal echocardiog-
raphy excludes the presence of thrombi in the left atrium (particularly in the 
auricula) provided that anticoagulation is achieved before cardioversion.

• Urgent cardioversion: electrical cardioversion and anticoagulation for the 
next four weeks initiated as soon as possible (low molecular weight heparin 
or heparin followed by dicumarolics)

5.5   Some Further Points

During the perioperative period, the anesthetist is called, in collaboration with other 
specialists and in particular with the cardiologist, to handle three main issues.

In patients affected by AF, the anticoagulant treatment should be discontinued 
during surgery and in the immediate postoperative period. After the interruption of 
oral anticoagulants, the recovery of an INR <1.5 is expected after at least 4–5 days. In 
the case of dabigatran, suspension should occur 1 or 2 days before surgery in patients 
with normal renal function and up to 4 days before in patients with creatinine clear-
ance between 30 and 50  mL/min and undergoing high-risk hemorrhagic surgery. 
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In the lapse of time from the end of oral anticoagulants to surgery, treatment depends 
on the degree of thromboembolic risk assessed by the above-described scores:

• In patients with high thromboembolic risk, non-fractionated heparin or low 
molecular weight heparin is administered at therapeutic doses up to 12 h before 
surgery

• In patients with moderate thromboembolic risk, non-fractionated heparin or low 
molecular weight heparin is administered at therapeutic or prophylactic doses

• In patients with low-thromboembolic risk, low-molecular-weight heparin is 
given at prophylactic doses or not at all.

In patients who develop AF during the perioperative period, the treatment is 
based on the choice between rate control and rhythm control strategies. In cardiac 
or thoracic surgery, where the incidence of AF in the postoperative period is 
around 30–40%, high ventricular frequency should be preferably treated with beta 
blockers, provided there are no contraindications to their use. If the ventricular 
rate is not adequately controlled, a non-dihydropyridine calcium antagonist (vera-
pamil, diltiazem) should be associated. Sinus rhythm restorative attempts can be 
performed with ibutilide or with cardioversion if AF persists. Anticoagulant ther-
apy should be initiated and maintained according to the criteria used in non-sur-
gical patients. Some drugs have prophylactic action against perioperative AF, and 
their use should therefore be considered in high-risk subjects. Beta-blockers could 
reduce the incidence of AF to 19% in cardiac surgery. Other therapeutic options 
are amiodarone and sotalol; colchicine is used because of its anti-inflammatory 
action.

During trans-catheter ablation, anesthesia support for patient sedation/anesthe-
sia is often required. The procedure involves electrical separation of the entry point 
of the pulmonary veins from the rest of the atrium. This separation is obtained by 
causing an atrial wall injury by application of low temperatures (cryoablation) or 
radiolabel, resulting into the formation of a fibrous scar. In last few years, radio 
anatomic mapping systems have been introduced to create a three-dimensional rep-
resentation of the atrium and the areas under ablation during the procedure. Such 
systems have considerably increased the effectiveness of ablation procedures, but 
have also prolonged the duration. Moreover, they are extremely sensitive to patient 
movements. It is therefore generally necessary to perform the procedure under 
sedation (usually midazolam and fentanyl), deep sedation (usually propofol and 
fentanyl), or general anesthesia. Each technique has advantages and disadvantages. 
General anesthesia and deep sedation ensure the patient’s immobility even for long 
periods, but may in part hinder the recognition of some complications. These 
include perforation of the atrial wall which results in hemopericardium, onset of 
conduction blocks, formation of atrio-esophageal fistulas, paralysis of the phrenic 
nerve. In the last case, for example, the use of myorelaxants inhibits the detection 
of diaphragmatic contractions, which result from nerve stimulation and precede 
nerve damage. Similarly, general anesthesia abolishes the feeling of intense pain 
that often precedes atrial wall perforation.

5 Atrial Fibrillation in the Perioperative Period
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6Haemodynamic Monitoring During 
Anaesthesia

Giulia Frasacco and Luigi Tritapepe

Growing complexity of surgical and anaesthetic procedures requires a careful 
 evaluation of the pre-operative patient status and an accurate intra-operative hae-
modynamic monitoring, considering the progressive increase of fragile and elderly 
population undergoing surgical procedures.

There are no doubts that intraoperative monitoring of heart rate, body tempera-
ture, pulse oximetry, end-tidal CO2, depth of sedation (complicated to assess objec-
tively through reliable tools), depth of neuromuscular blockade, systemic invasive 
and non-invasive blood pressure have led to increased safety in the operating 
room. However, anaesthesiologist’s interpretation of these parameters is of great 
importance.

Modern monitoring system allows clinicians/anaesthesiologists to achieve thera-
peutic goals, minimizing complications and improving patient outcomes.

Haemodynamic monitoring is not only an alert system avoiding misunderstand-
ing errors (passive monitoring), but also a decision-making instrument for haemo-
dynamic disarrangement evaluation (targeted or active monitoring) which allows 
prompt action.

Haemodynamic monitoring is necessary for the global patient status assessment, 
both in the operating room and in intensive care unit.

Monitoring devices are employed in an increasingly invasive and complex steps 
based on clinical examination and on the patient’s response to treatment. Obviously 
every device could lead to some adverse events (infection, bleeding, etc.).

Appropriate and early application of diagnostic information from haemody-
namic monitoring has been shown to reduce mortality and to improve outcome. 
Data obtained by patient’s monitoring are used to manage a clinical plan, according 
to specific algorithm like the Goal Directed Therapy strategy.
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At the bedside, in the operating room and in intensive care unit, a rapid and easy 
way to assess fluid responsiveness is to give fluid, called a “fluid challenge”. More 
recently, less invasive monitoring improved the assessment of fluid responsiveness 
(e.g. pulse pressure variation, PPV, systolic pressure variation, SPV, stroke volume 
variation SVV) rather than a more invasive pulmonary artery catheter monitoring.

Monitoring system devices are getting more and more innovative, with the use of 
new technologies and advanced assessment devices which can lead to a better com-
prehension of physiological evaluation in critically ill patients.

Haemodynamic monitoring is the cornerstone of the perioperative patient status 
evaluation. In an unconscious patient it could offer information regarding cardiac 
output, fluid challenge status, organ and tissue perfusion, with indirect information 
about depth of sedation and pain control (hyperdynamic status).

Actually, a new challenge for the anaesthesiologist is to select the appropriate 
monitoring system for that specific patient in that specific setting.

There are no monitoring systems which can provide a complete evaluation of the 
patient haemodynamic status, at the same time. On the other hand, it does not seem 
adequate using several monitoring systems simultaneously.

In this chapter we will focus on different types of haemodynamic monitoring 
systems in the operating room setting, evaluating different diagnostic information 
derived from every single system and providing tools to choose the most adequate 
one for a specific clinical situation.

6.1  Introduction

The SIAARTI Study Group for the security in anaesthesia has developed the doc-
ument called “Standards for monitoring during Anaesthesia” (ed. 2012; a next 
publication actually in review) dealing with the haemodynamic monitoring (cardio-
vascular function monitoring). In this document there are some generic information 
regarding:

6.1.1  Cardiovascular Assessment

Rationale: to assess an adequate cardiovascular function during anaesthesia.

 1. ECG (electrocardiographic) and HR (heart rate). All patients should have a con-
tinuous ECG and HR monitoring during anaesthesia (loco-regional or general), 
with low and high values alarmed.

 2. Arterial blood pressure (AP). All patients must have a non-invasive systolic 
and diastolic blood pressure monitoring, every 5 min interval or more frequent, 
according to the attending physician. The time of measurements will sign on 
medical record.

 3. According to the clinical patient condition and the type of surgical procedure, the 
anaesthesiologist could increase the level of monitoring system, using invasive 
or non-invasive techniques, completed by echocardiography. Invasive arterial 
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blood pressure, central venous pressure, cardiac output or myocardial function 
parameters could be recorded.

Our challenge is to achieve the most adequate haemodynamic monitoring for a spe-
cific setting, optimizing the cardiovascular function and improving patient outcome.

Haemodynamic monitoring provides dynamic measures of cardiovascular sys-
tem changes, in real time.

During anaesthesia, monitoring target is to guarantee an adequate tissue perfu-
sion and oxygen delivery; predict and correct all causes of instability, avoiding irre-
versible organ failure and formulate the next step of therapy.

Different conditions could lead to haemodynamic instability: heart failure, fluid 
shift, hypovolemia and vascular tone modification.

In simple terms, we use dynamic measures to determine if the cardiac output 
(CO) is adequate or not and if it will increase with specific treatments (fluid admin-
istration, vasoactive or inotropic drugs use). Timely an adequate therapeutic strat-
egy is started, the monitoring tool can assess the answer to therapy.

A combination of clinical examination, prior assessment of therapeutic  strategy 
and the treatment response is often called “dynamic or functional  monitoring” [1].

Haemodynamic basic measures and CO monitoring can provide information 
regarding the depth of anaesthesia and the pain control adequacy (ex: sudden 
increase in blood pressure and heart rate). Perioperative dynamic monitoring (GDT) 
involves the optimization of tissue oxygen delivery and allows to decrease the inci-
dence of complications, in-hospital length of stay and mortality [2–4].

Despite improvements in technologies, at the moment there is not a haemody-
namic monitoring device which can quantify/measure the whole haemodynamic 
patient assessment.

Many different tools are available. Every system has its own features and also 
limitations.

Devices which measure systemic blood pressure, heart rate and cardiac output 
can be extremely basic and non-invasive, but less accurate for some critical setting 
(ex: poor peripheral perfusion and vasoconstriction).

Minimal invasive (arterial catheter) and more invasive (central venous line and 
pulmonary artery catheter) devices directly allow measuring cardiac output. They 
can require time for positioning and lead to some complications.

Between these two categories of devices there are some monitoring systems 
which indirectly measure the CO and the fluid responsiveness. They can be used in 
less critical patients providing cardiac output monitoring, during anaesthesia.

6.1.2  Non-Invasive Arterial Blood Pressure and Heart Rate 
Measurement

Measuring arterial blood pressure (AP) is a cornerstone of haemodynamic 
assessment.

Blood pressure may be measured non-invasively with a cuff placed around a limb 
and attached to a sphygmomanometer or an oscillometric device. The oscillometric 
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device measures systolic and diastolic pressure and the mean arterial blood pressure 
(MAP) through an algorithm. These devices correlate with the old mercury column 
system. Oscillometric techniques are less accurate in patients with arrhythmia or 
if the limb cuff is not well positioned; too small or too tight cuff can overestimate 
pressure values, on the other hand too wide and too big cuff can underestimate it [5].

Despite being easy to perform, the arterial pressure and the heart rate measures 
are very difficult to examine. Even if a very low value of blood pressure is often 
matched with a tachycardia, a normal blood pressure value is not always a haemo-
dynamic stability index [6].

Hypotension can be due to an autonomic nervous system inability to balance the 
decreased cardiac output and the anomalous oxygen delivery.

The degree of the hypotension value can be different according to patient age, 
depth of anaesthesia, anaesthetic drug effect on haemodynamic status, pain control, 
and patient comorbidities. Under general condition, if CO decreases, baroreceptor 
activity tries to increase the sympathetic tone, leading to an increase in heart rate 
and vascular tone to restore the mean arterial pressure. So patient could have a sud-
den haemodynamic instability with a low CO, before hypotension appears [7].

Arterial blood pressure alone is a late marker of haemodynamic instability; if we 
consider simultaneously the heart rate, we can have information of the haemody-
namic status.

During low blood flow or fluid loss, HR and non-invasive AP can detect haemo-
dynamic changes.

Recent clinical trials evaluated the accuracy of less invasive devices which can 
continuously monitor the non-invasive blood pressure [8] and the cardiac output 
measured by arterial waveform or plethysmography analysis, in the operating room 
during anaesthesia [9].

Clinical trials suggest that non-invasive devices with more complex algorithm 
have a better performance and can be used in selected cases [10].

The gold standard for the arterial blood pressure monitoring is the invasive 
measure, especially in patients with haemodynamic derangement, needing con-
trolled hypotension or increased organ perfusion or multiple arterial blood gas 
analysis [11].

Radial artery is the most used for cannulation, because it is rapid to detect and it 
has lower complications. You need a 20 G artery cannula with Seldinger technique 
or ultrasound-guidance or direct cannulation.

Allen test can be performed to evaluate the collateral arterial circulation, but with 
low sensitivity. Complication of this procedure can be: thrombosis, arterial spasm, 
distal embolism, infection, blood loss, and accidental drug injection.

The arterial blood pressure measurement is done by a non-squeezable closed 
circuit with a pressure transducer which transforms mechanical pulse in electrical 
one, visible on monitor screen. The zero of the system is done with the transducer 
at atmosphere pressure, positioned at the right atrium level or at the Willis circle 
(surgical procedure in sitting position) [12].
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6.1.3  Intravascular Catheter

Central venous catheter and especially the pulmonary artery catheter (PAC) are the 
most invasive system of monitoring. They provide characteristic haemodynamic 
information as no other system can do. PAC is inserted through a central venous 
access (generally right internal jugular or left subclavian vein) and air inflation 
into the cuff on the tip of the catheter let it sail through the right heart till the 
 pulmonary artery.

Complications are due to attempt of venous punctures and the passage in the 
right heart sections. The correct positioning in a pulmonary arterial branch is 
 confirmed by the waveform on the monitor (pulmonary capillary Wedge Pressure 
Waveform—Pcwp).

Although not perfect, the pulmonary artery catheter has long been considered the 
optimal form of haemodynamic monitoring. Recent clinical trials have not con-
firmed the clinical effectiveness of its use [13, 14].

However in these trials no clinical target was selected and data have been often 
misunderstood. It is important to emphasize that the PAC insertion did not affect 
patient mortality [15] and it is the unique system that can continuously monitor the 
cardiac output, the mixed venous oxygen saturation (SvO2), the intra-thoracic vas-
cular pressure and the oxygen delivery (DO2).

Shoemaker proposed a pre-operative optimization of haemodynamic values to 
improve post-operative outcomes, based on DO2 600  mL/min/m2, haemoglobin 
11  g/dL, Pcwp 12  mmHg and targeted inotropic drugs to maximize the oxygen 
delivery [16–19].

However elevation of DO2 values to improve haemodynamic status is not always 
resolving strategy and it can also be harmful [20–22].

Assessing a peri-operative optimization, PAC has to answer the question: could 
cardiac output provide an adequate oxygen delivery to satisfy metabolic tissue 
demand? If DO2 is inadequate, tissue oxygen extraction is increased, with a con-
sequent SvO2 reduction (<70%). In this setting, low SvO2 and high intra-thoracic 
vascular resistances, the cardiac output detects the instability status, leading to a 
specific therapy. A high CO value with low MAP can show a distributive shock 
status. On the other hand, a low cardiac output shows: hypovolemic shock (low 
right atrial pressure CVP and low Pcwp), cardiogenic shock (high CVP and high 
Pcwp), obstructive shock (CVP > Pcwp and high main pulmonary artery pressure 
MPAP).

In the presence of haemodynamic instability, the key point is to determine if the 
cardiac output will increase with fluid administration (preload dependent patient).

The assessment of preload and fluid responsiveness is crucial also in cardiogenic 
shock [23].

Static pressure (CVP and Pcwp) traditionally have been used to guide fluid man-
agement, but they are a poor predictors of fluid responsiveness: low value shows a 
“poor fluid filling” and high value an “adequate fluid filling”.
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Since they were rigorously designed, pulmonary artery occlusion pressure and 
central venous pressure fail to predict ventricular filling volume or fluid responsive-
ness, with a 50% reliability [24, 25].

The authors suggest that intra-operative or intensive care unit monitoring, with a 
single measurements of CVP, is not predictive of the patient’s volemic status and it 
should not be used [26].

Even if the pulmonary artery catheter can predict the relationship between car-
diac output and metabolic demand, it cannot predict the fluid challenge response.

Dynamic measures such as Stroke Volume Variation (SVV) are more accurate 
than static measurements for assessing fluid responsiveness in mechanically venti-
lated patients, during anaesthesia.

Stroke volume is the difference between the maximum and the minimum stroke 
volume over the main stroke volume measured at the same time, over consecutive 
mechanical breath. During positive pressure inspiration, the increased intra-thoracic 
pressure is associated with decreased venous return to the right ventricle (RV) and 
consequent RV cardiac output reduction (RV is preload-dependent). After 2–3 beat 
time, left ventricle (LV) stroke volume decreases due to reduced RV filling. These 
changes in LV stroke volume are most marked when a patient is hypovolemic. 
Given that the pulse pressure variation (PPV) varies beat-to-beat according to the 
SVV, PVV measure reflects the stroke volume variation [27–29].

Stroke volume variation and pulse pressure variation are specific and sensitive 
predictor of fluid responsiveness.

An SVV>15% in patients during mechanically ventilation with tidal volume 
>8  mL/kg or >10% with tidal volume 6  mL/kg predicts a fluid responsiveness 
[30–32].

Pulmonary artery catheter cannot quantify the SVV, and in the operating room, 
clinicians can use two alternative devices to get these information: pulse contour 
analysis (arterial waveform analysis) and oesophageal-Doppler.

6.1.3.1  Pulse Contour Analysis
Pulse contour analysis requires positioning an arterial line/catheter, generally in the 
radial or femoral artery. There are five devices providing continuous CO measure-
ment using the arterial pressure waveform. Three of these systems require calibra-
tion with the thermodilution method. These monitoring tools assume that the pulse 
pressure is linked to the stroke volume. However this relationship is not easy and the 
amplitude of the differential pressure, in a specific stroke volume, depends on the 
aortic compliance (which has not a linear trend).

After years of study, available data seem sufficient to characterize the relationship 
between the pressure and the aortic compliance, but only recent technologies have 
allowed the construction of functional devices that use complex algorithms to ana-
lyze the pulse pressure waveform which correlates to the stroke volume. Such algo-
rithms are needed to explain the influence of the reflected waves from the periphery, 
the magnitude of which is influenced by the systemic vascular resistance [33].

Different monitoring tools, with different algorithms and with or without an ini-
tial calibration, use this technology for the measurement of CO, the SVV and PPV.
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6.1.4  Calibrated Systems

The more experienced calibrated device uses the transpulmonary thermodilution. 
A bolus of 20 mL cold saline (<8 °C) is injected into the right atrium via a venous 
central line and the thermal profile is registered in a central artery (femoral). This 
calibration method does not recommend the use of the radial artery, so the catheter 
must be placed in the femoral, axillary or brachial artery.

This system provides the measurement of the CO, the global end-diastolic vol-
ume (GEVD), dynamic indices (PPV and SVV). Although some studies have shown 
that GEDV can be superior to other pressure static measurements in predicting 
response to preload [34, 35] other studies have however shown a lower correlation.

However, the effectiveness of SVV and PVV in the intraoperative fluid- 
management has been confirmed [36]. To ensure the accuracy of the continuous 
measurement of CO, it is important to calibrate the system every 8 hours or if 
changes in clinical status occur.

An alternative method to measure the cardiac output is using the lithium dilution 
to calibrate this device. Unlike the transpulmonary thermodilution techniques, the 
dilution with lithium does not require a central line. Strictly speaking, this method 
uses the analysis of the pulse oscillatory power to provide continuous cardiac 
 output data.

The analysis of the pressure waves power converts the arterial wave form into a 
“volume-time wave” using an autocorrelation to determine the stroke volume [37]. 
The analysis of the pulse power is less influenced by the reflected waves and by the 
variations in the transducer set-up because it is less dependent on the pulse wave form.

The system needs a catheter in the radial artery, allowing for monitoring from 
more conventional arterial access site. As for transpulmonary system, you can mea-
sure the CO, the PPV and SVV and the system should/must be recalibrated after 8 h.

The last calibrated device based on the pulse contour analysis is a new hemody-
namic platform that uses the transpulmonary thermodilution tool for calibration. It 
provides the same parameters than other devices, despite its greater precision in the 
measurement of some pulmonary hemodynamic parameters (extravascular lung 
water) [38].

6.1.5  Non-Calibrated System

Among non-calibrated systems, that achieved success for their easy use, a special 
mention is for the system provided by a transducer, easily and quickly connectable 
to any arterial line already placed, allowing the measurement of CO.  It does not 
need calibration for calculating the CO, but it is necessary to insert patient’s age, 
height, sex and weight into the system, to determine the cardiac output from the 
pulse contour analysis.

Not surprisingly, in critical situations/setting, a non-calibrated system is not so 
reliable [39], although the third generation software shows a marked improvement in 
performance [40]. The measurement of SVV and PPV does not depend on accurate 
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calibration, but when it is used to guide the perioperative fluid  administration, 
 non-calibrated system reduces complications in major surgery [41, 42].

The second not-calibrated device records the pressure value with analytical 
method. It is a technique designed for the continuous CO monitoring, derived from 
the blood pressure without initial calibration or central venous catheterization. 
Therefore, the system requires only an arterial line without a dedicated pressure 
transducer.

The technology of this system is based on the principle that in a vessel the vol-
ume variations mainly occur due to the radial expansion of pressure variations; so 
alterations of the systolic portion of the area under the pressure curve reflect the 
stroke volume variations [43].

This technique calculates the CO by physical parameters, such as left ventricle 
ejection strain, arterial impedance opposing the blood flow pulsatility, arterial com-
pliance and peripheral vascular resistances [44]. The sampling frequency of this 
system is 1000 Hz, compared to other methods that sample at 100 Hz. The system 
captures 1000 times/s, compared to other methods that capture 100 times/s. A higher 
sampling frequency should allow for a greater precision of the measured data (CO, 
SVV, PPV and SVR).

Overall, these devices are very effective in predicting the preload responsiveness 
and protocols guided by SVV or PVV for the haemodynamic optimization, all lead 
to improvements in surgical outcome [45, 46].

However, it is important to remember that the SVV and PPV require the chest 
to be closed, to predict the preload responsiveness, although the one-lung ventila-
tion in thoracic surgery does not compromise the predictive ability of these 
 techniques [47].

The presence of arrhythmias or atrial fibrillation is a bias in the measurement of 
SVV and PPV; in fact, they seem to be a result of cyclical changes in the ventricular 
filling, rather than a cyclical changes due to mechanical ventilation. In these situa-
tions, the dynamic indices/parameters are unable to predict the preload/fluid respon-
siveness. Unlike non-calibrated systems, calibrated monitoring tool provides CO 
measurements that correlate with PAC measures [48, 49].

6.1.6  Oesophageal Doppler

The oesophageal Doppler is an alternative technique capable of measuring the SVV 
and CO. The Doppler can measure the blood velocity in the descending aorta, which 
can be converted into a volume, if the aortic diameter is measured. Some devices 
use nomograms based on patient’s age, height and weight, while others use 2D 
ultrasound to measure the aortic diameter. The small ultrasound probe is

advanced into the oesophagus of the anesthetized patient until mid-oesophageal 
level.

The waveform profile will indicate the correct position and orientation of the 
probe.
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The variations of the Doppler-waveform during the ventilatory cycle can be used 
to determine the SVV, with the same value/meaning of that derived from the pulse 
contour analysis. Despite the sampling corner that may affect the measurement of 
CO, the Stroke Volume Variation will be able to predict the fluid response. 
Optimization strategies based on SVV measurements with oesophageal Doppler led 
to improved surgical outcomes, in a wide variety of procedures [50, 51].

6.1.7  Totally Non-Invasive Systems

A completely non-invasive system, providing a continuous cardiac output (CCO) 
measures, uses an inflatable cuff put on the patient’s finger to measure the blood 
pressure and to determine the stroke volume through the systolic single-beat pulse, 
calculated on impedance. Some authors [52] have shown how this system provides a 
reliable method, when compared to invasive systems for the determination of cardiac 
output, absolutely to prefer in specific clinical setting (ex. Intermediate-risk pregnant).

Another non-invasive monitoring system is the plethysmographic variability 
index (PVI) used as a continuous measure of vascular reactivity volume, with the 
highest values corresponding to a greater reactivity. The examination of the plethys-
mographic trace, using a modified pulsossimetric probe, allows the determination of 
the perfusion index. The perfusion index (PI) is a numerical value determined by the 
strength of the detected infrared signal. The signal strength correlates with the 
amount of volume at the sampling site. Changes in that index may indicate regional 
changes of volume status.

It has been suggested as a non-invasive monitoring to evaluate the fluid respon-
siveness and as a measure of the volemic status, continuously sampled in the low 
output state, in severe peripheral vascular disease or in spontaneous ventilation. 
(Pleth Variability Index (PVI)% = [(PImax − PImin)/PImax] × 100%) [53, 54].

6.2  EtCO2

Even often forgotten as a hemodynamic monitoring, the measurement of carbon 
dioxide at the end of exhalation (EtCO2) represents a simple and effective haemody-
namic monitoring. It is ubiquitously present as monitoring in all operating rooms. 
This parameter is normally used to ensure an adequate minute ventilation, but a 
change in the EtCO2 without a corresponding change in the minute-ventilation 
implies a change in the pulmonary/lung hemodynamic status. An unexplained fall 
in EtCO2 represents an increase of dead space as occurs in pulmonary embolism 
[55]. Therefore a reduction of EtCO2, not explained by an increase in minute- 
ventilation should guide to a prompt assessment of the hemodynamic status.

On the contrary, an unexplained increase in EtCO2 implies an increase in the 
transport of CO2 to the lungs. This could occur as a result of the development of 
distributive shock in early sepsis.
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6.2.1  Electrical Impedance Cardiography

This technology assumes that the impedance (or resistance) to a current flowing 
through a conductor is related to the volume of the conductor itself [56]. Impedance 
variations result in volume changes, therefore, applying a constant current through 
the thorax, we can determine the voltage variability through lower resistance way, 
determined by the great vessels in the thorax and to obtain information regarding 
the modification of their volume.

This volume variation in the thoracic aorta can be converted into stroke volume 
by impedance wave-form analysis, using a similar algorithm of/as the pulse contour. 
However, many problems have to be solved to make this technology useful in the 
operating room.

6.2.1.1  Bio-Reactance-Based Non-Invasive Monitoring
To overcome the limitations of a bio-impedance systems, alternative methods have 
been developed.

The Bio-reactance system is based on the analysis of relative phase shifts (fre-
quency modulation) which occurs when an oscillating current goes through the tho-
rax, by detecting the pulsatile flow, rather than the fluid volume in the chest, resulting 
in a better signal.

A receiving amplifier records the transthoracic voltage in response to the injected 
current and circuitry for determining the relative phase shift from which the stroke 
volume, heart rate and CO are derived. Signals are applied to and recorded from the 
left and the right sides of the thorax and these signals are processed separately and 
averaged after digital processing.

Recent studies evaluated the accuracy and reliability of this system compared to 
PAC for CO monitoring, also in the variations over time and in CO changes induced 
by passive leg raising [57–59].

Recently, the system was also validated in surgery [60], but data are still not 
consistent to draw conclusions.

6.2.2  Ultrasound

The transthoracic echocardiography easily allows to identify a pericardial or pleural 
effusion, to assess volume status, to assess right and left ventricles contractility and 
the presence of hypokinesia caused by ischemia, to identify any valve abnormalities 
or obstructive heart failure which lead to hemodynamic impairment. With more 
experience, clinicians can make a general assessment of the ejection fraction and 
the volume status.

It is a perioperative diagnostic system rather that an intraoperative monitoring 
tool. Nevertheless, the evaluation of the inferior vena cava (ICV) has been used, 
even during anaesthesia, as a measure of volume status and as a predictor of preload 
responsiveness.
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The diameter of the ICV can be easily measured; measures less than 2 cm, with 
a greater inspiratory collapse of 50% are related to intravascular volume deple-
tion, while measures greater than 2 cm, with a less than 50% inspiratory collapse 
suggest an adequate volume or the inability of the right heart to accept further 
volume [61].

A transient and reversible increase in preload (passive leg raising), demonstrated 
by the distensibility of the ICV, can be used as a surrogate of a fluid challenge. 
(Distensibility Index (DI): (ICVmax − ICVmin)/ICV(max) = DI% × 100).

A DI> 18% identifies patients responding to fluids challenge with a sensitivity 
and specificity of 90% [62].

Some limitations related to the echocardiographic technique include: the inabil-
ity to obtain adequate projections because of patient habitus or positioning and 
because of the operator skills.

Transesophageal echocardiography (TEE) is not a conventional monitoring 
device. It needs to be performed by an experienced sonographer and it may require 
a specialized cardiologist evaluation.

A standard TEE examination is based on 20 tomograms for the assessment of the 
global ventricular function, the volume status, the valve evaluation, the aorta vessel, 
the pericardium and the pleura evaluation [63].

TEE assessment is crucial for routine intraoperative monitoring in cardiac sur-
gery and it should be also used in high-risk patient with hemodynamic instability 
and undiagnosed pathology. However, the use of TEE may change with the routine 
use of a miniaturized transesophageal probe [64] which allows left ventricular func-
tion and filling status assessment, through the trans-gastric left ventricle short axis.

6.2.2.1  Goal-Directed Therapy
The Goal-directed therapy (GDT) is a strategy of hemodynamic management. This 
term describes a potentially effective method to determine the optimal dose of fluid- 
therapy, vasopressors and inotropic drugs to use. It is based on clinical algorithms 
to optimize the cardiac output (CO) and the tissue oxygen delivery, avoiding tissue 
hypoperfusion.

This setting involves the use of more-invasive or less-invasive hemodynamic 
monitoring, according to the severity of patient condition and the complexity and 
duration of surgical procedures. The main reason to perform this approach (targeted- 
therapy and target-control) is that it can improve outcomes in terms of survival and 
quality of life, as evidenced by recent meta-analysis [4] and by studies examining 
long-term complications [65].

The importance of perioperative hemodynamic optimization has increased over 
the past decade and it has developed with the evolution of hemodynamic monitoring 
technologies [66], relegating the use of pulmonary artery catheter only in cardiac 
surgery and rarely to high-risk patients. From the over-physiological hemodynamic 
targets (CO and DO2) we moved to the evaluation of the so-called functional hemo-
dynamic monitoring parameters (SVV, PPV)1, although recently a meta-analysis 
showed doubts related to the GDT with targeted-DO2 [67].
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A recent meta-analysis has enrolled adult patients undergoing non-cardiac 
 surgery (elective or emergency surgery) managed with intra-operative Gold 
Directed- Therapy and with an algorithm of post-operative GDT. It showed benefits 
in terms of complications and mortality [68].

 Conclusions
There are several devices for hemodynamic monitoring in anaesthesia.

In low risk surgery, when brief cases without blood loss are scheduled, 
monitoring of non-invasive blood pressure, heart rate and EtCO2 will be able to 
provide sufficient data to diagnose an unexpected hemodynamic instability. In 
high-risk patients or in intermediate-risk surgery it may be sufficient the SVV 
monitoring to guide the hemodynamic optimization and the patient's preload 
management. In major and complex surgical procedures, where “mixed shock” 
can occur (for example in abdominal emergency surgery or in a patient with 
pre-existing cardiomyopathy or valve disease or pulmonary hypertension), com-
plete and more invasive hemodynamic assessment must be performed with a 
calibrated device for the cardiac output measurement or a combined PAC with 
an SVV measuring tool.
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Assisted Ventilation in the ICU: When 
and to Whom?

Rosa Di Mussi and Salvatore Grasso

Mechanical ventilation is a life-saving therapy for most critically ill patients [1]. We 
can distinguish between:

Controlled mechanical ventilation: during controlled mechanical ventilation, the 
patient has no role in the gas delivery process. Spontaneous respiratory muscle 
activity needs to be abolished.

Assisted mechanical ventilation: assisted mechanical ventilation involves a deep 
interaction between the patient and the ventilator machine. During this process, 
the patient’s spontaneous respiratory effort is recognized by the ventilator and 
assisted with positive pressure applied at the airway open. In this way, the work 
of breathing (WOB) is shared between the patient and the ventilator. Ventilator’s 
assistance needs to be synchronized with the patient’s inspiratory effort. 
Breathing pattern should ideally remain totally under the patient control. 
Respiratory rate (RR), tidal volume (VT), inspiratory time and inspiratory time/
expiratory time ratio (I:E ratio) should be variable on a breath by breath basis.

7.1  When Do We Use Controlled Mechanical Ventilation 
in the Intensive Care Unit (ICU)?

During controlled mechanical ventilation, patient’s spontaneous respiratory effort 
should be absent due to pathological conditions or pharmacologically abolished for 
clinical reasons. Controlled ventilation is often used to rest the exhausted 
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respiratory muscles immediately after the institution of invasive mechanical ventila-
tion in dyspnoeic patients. It is mandatory in pathological conditions deeply affect-
ing the chain of respiratory impulse transmission from the respiratory centres to the 
respiratory muscles. The need to use deep sedation and eventually paralysis (such as 
in brain-injured patients) is another classical indication for controlled mechanical 
ventilation.

The duration of the controlled mechanical ventilation period should be ideally to 
be as short as possible since it is hampered by several side effects:

 – Ventilator-induced diaphragm disfunction: according to Levine and co-workers, 
diaphragm atrophy may occur after only 18–69 h of controlled mechanical ven-
tilation. The resulting diaphragm dysfunction is one of the commonest causes of 
weaning failure [2–4].

 – Reduced aereation of lung tissue: diaphragmatic inactivity affects alveolar aera-
tion by generating actelectasis in the dependent lung regions. Abnormally high 
intra-abdominal pressures worsen this scenario [5].

 – Haemodynamic impact: in general, positive pressure mechanical ventilation has 
a double haemodynamic impact [6], the “preload” and the “afterload” effect. The 
first one is due to the reduction of venous return (RV). During spontaneous inspi-
ration the right atrial pressure falls, following the negative pleural pressure. The 
resulting pressure gradient favours the RV. On the contrary, during positive pres-
sure mechanical ventilation, the continuous positive intrathoracic pressure 
increases the right atrial pressure, negatively affecting the RV. On the other hand, 
mechanical ventilation has the potential to increase pulmonary vascular resis-
tance by compressing the alveolar vessels. Pulmonary vascular resistances are 
the main determinant of the right ventricle afterload (afterload effect). Finally, 
positive intrathoracic pressure causes a decrease in the transmural aortic pressure 
and therefore in left ventricle afterload. The interplay between the preload and 
the afterload effect with specific pathological conditions such as hypovolemia, 
ARDS, the use of high PEEP or VT levels, the effects of drugs acting on the 
cardiovascular system or pre-existing cardiac or pulmonary diseases, determines 
the overall impact of mechanical ventilation on cardiovascular function. The 
controlled mechanical ventilation mode specifically amplifies the “preload 
effect” because it implies the absence of diaphragm contraction.

By definition, since assisted ventilation preserves and promotes diaphragmatic 
contraction, as compared to controlled ventilation, it should improve aeration in the 
dependent regions, attenuate the haemodynamic impact and, obviously, decrease 
the risk of ventilator-induced diaphragm atrophy. This is true if one thinks to the 
myriad of physiological studies on the assisted ventilator modes [1, 7, 8]. However, 
we lack randomized controlled trials to demonstrate the impact of assisted ventila-
tion on clinically meaningful outcome parameters. Nevertheless, assisted ventila-
tion is extensively used in clinical practice to reduce mechanical ventilation duration, 
ICU length of stay, ventilator acquired pneumonia, improve patients comfort and 
decrease the need of sedation.

R. Di Mussi and S. Grasso
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7.2  How Does Assisted Ventilation Work?

Pressure support ventilation (PSV) is the prototype mode of assisted mechanical 
ventilation [9]. The two newer assisted modes, neurally adjusted ventilator assist 
(NAVA) and proportional assist ventilation (PAV), that have been recently intro-
duced in clinical practice are called “proportional modes”. They deliver a support 
that is proportional, on a breath-by-breath basis, to the patient’s inspiratory 
effort [10–12].

7.3  Pressure Support Ventilation (PSV)

During PSV, every breath is patient-started and patient-terminated. The support 
level (i.e. the amount of positive pressure that the ventilator will apply at the airway 
opening to assist the spontaneous inspiratory effort) is fixed. All the breathing pat-
tern parameters (VT, RR, inspiratory and expiratory time) depend on patient’s spon-
taneous respiratory activity.

Pressure support assistance is delivered throughout three different phases (see 
Figs. 7.1 and 7.2):

 1. Recognition of the start of patient’s spontaneous inspiration (inspiratory trigger): 
during this phase, the ventilator shifts from the expiratory to the inspiratory phase.

Fig. 7.1 Pressure support ventilation (PSV) algorithm: each patient’s effore troggers the ventilator 
(yellow arrows). The ventilator assists the spontaneous inspiratory effort with a pre-set constant 
level of pressure (dotted red line). The interplay between the ventilator assistance and the sponta-
neous effort generates an ispiratory flow peak (dotted red circles) that ts different on a breth by 
breath basis. Once the inspiratory flow decays below a prefixed threshold (expiratory trigger, blue 
arrows) the ventilator cycles off into the expiratory phase

7 Assisted Ventilation in the ICU: When and to Whom?
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 2. Pressurization: during this phase, the ventilator maintains the preset level of 
positive pressure at the airway opening.

 3. Recognition of the end of the inspiratory phase and start of the expiratory phase 
(expiratory trigger).

Generally, during PSV, the breaths are flow triggered but the pressure trigger 
mode can be used too.

With the pressure trigger, the ventilator starts to deliver the assistance when the 
patient’s spontaneous respiratory effort generates a negative pressure inside the ven-
tilator circuit. Instead, if the flow trigger is used, the assistance starts when the 
patient subtracts a predefined portion of a continuous gas flow (“bias” flow) that 
circulates in the circuit at end expiration. Any delay in the delivery of the assistance 
is named “inspiratory trigger delay”. The amount of delay is greatly influenced by 
the technical features of the single ventilator but depends also on several clinical 
parameters, mainly patient’s breathing pattern and the presence of dynamic hyper-
inflation [13].

The positive pressure applied by the ventilator to assist the spontaneous inspira-
tory effort is constant throughout the whole pressurization phase. During this phase, 
the ventilator maintains the preset level of positive pressure at the airway opening 
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Fig. 7.2 Flow (red trace), airway opening pressure (PAO- yellow trace) and transdiaphragmatic 
pressure (PDI- green trace) during PSV. The dotted white line A indicates the inspiratory trigger 
phase. The dotted white line B indicates the expiratory trigger phase
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by replacing (virtually in real time) moment by moment the volume delivered to 
the patient. In most ventilators it is possible to adjust the pressurization rate (the 
time needed to reach the pressure support level, i.e. the slope of pressurization). 
In the common practice, the pressurization slope is set at 0.1–0.2 s. A peak and a 
subsequent approximately exponential decay characterize the inspiratory flow pro-
file. The peak flow is greatly influenced by the slope of pressurization and by the 
early inspiratory effort. The subsequent flow rate decay depends on the interplay 
between the inspiratory efforts, the mechanical properties of the respiratory system 
and the amount of volume delivered to the patient. Ideally, until the inspiratory 
effort is active, after the inspiratory flow peak there will be a sustained, slowly 
decaying flow. When the inspiratory effort comes to an end, the inspiratory flow 
sharply decreases. The expiratory trigger is generally activated when the inspiratory 
flow decays below a given threshold, suggesting that the patient is no longer active 
in generating the inspiratory effort. Usually the expiratory trigger threshold is not 
fixed but is a percentage of the previous flow peak. For example, if the threshold is 
30% of the inspiratory flow peak rate, the cycle will occur at 0.3 L/min if the peak 
flow is 1 L/min. In most ventilators, the expiratory trigger threshold is adjustable 
from 70 to 10% of the flow peak.

Figure 7.1 shows a typical ventilator screen during PSV. We can see pressure 
(PAO) and flow curves. The yellow arrows indicate the inspiratory trigger activa-
tion. The red dotted line represents the pressure support level. Note that the inspira-
tory time changes breath by breath (red arrows). The flow peak is also variable as 
indicated by red dotted cycles. The blue arrows indicate the expiratory trigger 
activation.

Figure 7.2 illustrates an ideal PSV breath. The diaphragmatic electrical activity 
(EAdi) trace (green line) is also visible. In this ideal situation, the diaphragm contrac-
tion activates the inspiratory trigger and the pressurization phase starts (PAO- yellow 
trace). Letter A indicates the flow peak. At the end of diaphragmatic contraction, the 
flow reduces and, at last, it decays to the expiratory trigger threshold.

In clinical practice, the level of support is titrated to obtain a VT between 5 and 
8 ml/predicted body weight (PBW) and a RR between 15 and 30 breaths/min [9, 
14]. That’s why, according to physiological studies, a VT higher than 8 ml/PBW and 
a RR lower than 15 bpm are generally signs of over-assistance while, on the con-
trary, a VT lower than 5 ml/PBW and a RR higher than 30 bpm are signs of under- 
assistance [15].

Several physiological studies demonstrated the PSV ability, as compared with 
controlled mechanical ventilation, to reduce the adverse effects of prolonged seda-
tion and ventilator-induced diaphragm dysfunction [5, 7, 9, 15]. Despite these posi-
tive reports, however, poor patient-ventilator interactions frequently occur during 
PSV.  To understand why this occurs, it is convenient to introduce the “neuro- 
ventilatory coupling” concept [10] (Fig. 7.3). In healthy subjects, small changes in 
the respiratory effort determine high variations of flow and VT, and the physiologi-
cal effort is about the 20–30% of the maximum inspiratory capacity (green line, 
Fig. 7.3) [16]. Whenever the neuro-ventilatory coupling is impaired, the slope and 
the variability of the neural output/VT or neural output/inspiratory flow relationship 
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decrease (red line, Fig.  7.3). Considering a patient with an impaired neuro- 
ventilatory coupling ventilated in PSV, the slope of the neuro-ventilatory coupling 
remains a pathological one, but the inspiratory assistance provides a bust that trans-
lates each point of the line toward a higher VT and inspiratory flow. Accordingly 
there will be only one point (red point, Fig. 7.3), where the neuro-ventilatory cou-
pling is “normal”. This may explain why the over-assistance phenomenon fre-
quently occurs during PSV.  Over-assistance may reduce assisted mechanical 
ventilation advantages and side effects, generally associated with controlled 
mechanical ventilation, may prevail.

Over-assistance may frequently occur during PSV. Since the level of assistance 
is fixed and doesn’t change with the patient’s spontaneous effort, if the patient effort 
is weak and ceases very early, the ventilator inflates the passive patient up to the 
expiratory trigger threshold. Accordingly, the combination of high levels of PSV, 
weak and short inspiratory effort and low expiratory trigger threshold easily gener-
ates over-assistance during PSV. If the patient just triggers the ventilator and imme-
diately ceases the inspiratory effort, the assistance delivery will be independent by 
the patient effort, and VT depends entirely on the level of assistance and the 
mechanical properties of the respiratory system. During over-assistance, the inspi-
ratory mechanical time (Timech) is longer than the neural inspiratory time (Tineur).

In most cases, as said above, when a patient is over-assisted, the VT is higher 
than 8–10 ml/Kg predicted body weight (PBW), and/or the RR is lower than 15 
breaths/min. However, recent studies point out that, interestingly, over-assistance 
may occur even if RR and VT are in the suggested clinical range. Figure  7.5, 
adapted from ref. [17], shows the VT, RR and diaphragmatic WOB trend in 12 
patients ventilated in PSV for 48 h [17]. Note that the diaphragmatic WOB was 
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constantly under its physiological range throughout the period despite the PSV set-
tings were in line with the clinical best practice, i.e. the PSV level was titrated to 
obtain a VT between 5 and 8 ml/PBW and RR between 15 and 30 breaths/min. Our 
group recently recorded the diaphragmatic electrical activity (EAdi) during pro-
longed PSV (12  h), in 17 patients (unpublished data). The EAdi represents the 
neural ventilator output and is strictly related with diaphragmatic WOB; we pre-
defined four EAdi categories:

 – NO EAdi: EAdi absent (the patient starts the breath with the accessory muscles 
and is subsequently over-assisted by the ventilator)

 – LOW EAdi: EAdi under 5 μV
 – NORMAL or MEDIUM: EAdi in the normal range of 5–15 μV
 – HIGH: EAdi above 15 μV

The results are shown in Fig. 7.4. The NO EAdi condition occurred the 20.9% of 
the total recorded patients’ breaths. The LOW EAdi condition occurred in the 52.8% 
of the total breaths and, finally the NORMAL and the HIGH EAdi conditions 
occurred in the 20.7 and the 5.6%, respectively.

Figure 7.5 illustrates PAO, flow and EAdi traces in one representative patient. 
Note that the EAdi decreased during the 12 h, whereas the flow and the PAO curves 
didn’t change significantly.

Over-assistance is one of the most important causes of patient-ventilator asyn-
chrony [18]. Several clinical trials have demonstrated that a high incidence of 
patient-ventilator asynchronies is correlated with a longer ICU length of stay and 
mechanical ventilation duration, a higher incidence of tracheostomy and, at last, a 
higher mortality [19–21].

Figure 7.6 shows the relationship between mechanical respiratory rate (RRmech) 
and spontaneous “neural” respiratory rate (RRneur) in 20 patients ventilated in PSV 
for 8 h (unpublished data). In a group of patients, that were mainly patients with 
moderate-severe COPD, the figure shows a severe discrepancy between RRmech and 
RRneural. Figure 7.7 shows the flow, the volume, the PAO and the oesophageal pres-
sure (Pes) traces in one representative patient ventilated in PSV for 8 h. Each panel 
represents 30  s taken at the beginning of each hour of the study. In this patient, 

LOW
(52.8% ± 28.1)

NO
(20.9% ± 31.4)

HIGH
(5.6% ± 11.3)

MEDIUM
(20.7% ± 15.4)

Fig. 7.4 Percentage of Eadi 
cathegories in 17 patients during 
prolonged PSV (12 hours). Please 
note the prevalence of NO-EAdi and 
LOW-Eadi conditions
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Fig. 7.6 Relationship between mechanical respiratory rate (RRmech) and spontaneous “neural” 
respiratory rate (RRneural) in 20 patients ventilated in PSV mode for 8 hours. The figure illustrates 
the discrepancy between RRmech and RRneural in some of the studied patients
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Fig. 7.5 PAO (yellow trace), Flow (red trace) and Eadi (green trace) in one representive patient 
during the 12 hours of PSV. Eadi significantly decreased throughout the hours whether PAO and 
flow traces remained unchanged
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patient-ventilator interactions remarkably varied throughout the study period. 
Asynchronies were evident at 3, 4 and 7 h.

Prolonging mechanical insufflation into neural expiration has been shown to 
worsen dynamic hyperinflation and cause ineffective inspiratory efforts. This may 
happen principally in COPD patients who need a higher respiratory effort to over-
come the intrinsic PEEP (PEEPi) [22].

A mean to improve the patient-ventilator interactions during PSV is to titrate the 
slope of pressurization, the level of assistance and the expiratory trigger threshold 
in order to optimize patient-ventilator interactions, assure the optimal diaphrag-
matic workload and minimize the asynchronies [20]. Generally speaking, the peak 
inspiratory flow increases with the slope of pressurization and vice versa, and, thus, 
the higher is the peak inspiratory flow the higher will be the mechanical inspiratory 
time (because the expiratory trigger threshold is a percentage of the peak inspiratory 
flow). On the other hand, the expiratory trigger threshold has a deep influence on the 
inspiratory time (the lower the threshold, the higher the mechanical inspiratory 
time). Titrating the assistance level could serve to circumvent over- and under- 
assistance. However, the PSV critically depends from the single clinicians’ exper-
tise, and one could consider it more an art than a science. The fact that during PSV 
the over-assistance may occur even if RR and VT are in the “optimal” range (see 
above) makes it difficult to trust solely on the flow and PAO traces to titrate the PSV 
level, the slope of pressurization and the expiratory trigger threshold. Experts are 
concordant in suggesting bedside monitoring of respiratory muscle activity to easily 
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Fig. 7.7 Flow, volume, PAO and esophageal pressure (Pes) in one representive patient during the 
8 hours of PSV. We can see the changes in terms of patient-ventilator interactions throughout the 
study. Please note the high percentage of asynchronies at 3, 4, and 7 hours
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detect asynchronies and to avoid over- or under-assistance, but on the other hand, 
reliable indexes of diaphragmatic and intercostal muscle activity to be used at the 
bedside are scanty. The recent introduction in clinical practice of the EAdi monitor-
ing (see below) and of diaphragmatic electromyography could represent a turning 
point to monitor diaphragm activity bedside on a breath-by-breath basis [23, 24].

7.3.1  EAdi and NAVA

During NAVA, the ventilator assistance is proportional to the patient’s spontaneous 
diaphragmatic activity (EAdi). The diaphragmatic electromyography strictly cor-
related with phrenic nerve discharge [12, 25] and hence to the neuro-ventilatory 
drive. From a technical point of view, the EAdi is measured through an array of 
eight electrodes mounted within a nasogastric tube (NAVA catheter) (Fig. 7.8). The 
EAdi signal is obtained from the crural portion of the diaphragm, amplified and 
filtered from cardiac artefacts and other electrical contaminations.

Fig. 7.8 Eadi signal acquisition during NAVA. Eadi is measured through a naso-gastric tube 
equipped with 8 electrodes (NAVA catheter) and is processed and visualized on the ventilator screen
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Besides monitoring the neuro-ventilatory drive, the EAdi signal can be used to 
evaluate the diaphragmatic efficiency in terms of neuromechanical and neuro- 
ventilatory efficiency (NME and NVE, respectively) [23, 26]. The NME is calcu-
lated as the ratio between the negative pressure developed by the diaphragm and the 
EAdi peak during an end-expiratory occlusion and is expressed in cmH2O/ μV. The 
neuro-ventilatory efficiency, expressed in ml/ μV, is calculated as the ratio between 
VT and the correspondent EAdi peak. Figure 7.9 shows how to calculate these two 
parameters. Bellani and co-workers validated a technique to continuously calculate 
the diaphragmatic WOB from NME and the EAdi signal [27]. Recently Liu and coll 
[26] demonstrated that the NME and NVE evaluation was useful to predict extuba-
tion readiness.

In the neurally adjusted ventilator assist mode (NAVA), the EAdi signal is used 
to drive the ventilator’s assistance [25]. Briefly, during NAVA the EAdi triggers on 
and cycles off the ventilator, and, most important, the assistance delivery is propor-
tional to EAdi according to the following formula:

 
PAO cmH O NAVA level EAdi2( ) = × ( )µV .  

The NAVA level must be set by the clinician. As an example, if the NAVA level 
is 1, the ventilator applies a positive pressure of 1 cmH2O for each μV (Fig. 7.10).

Eadi
(microV)

Flow
(L/sec)

Pao
(cmH2O)

NME: _______   
EAdiPEAK

∆PAONVE: ______   
EAdiPEAK

VT

Fig. 7.9 Neuro-ventilatory efficiency (NVE, panel on the left) and neuro-mechanical efficiency 
(NME, panel on the right) calculation. The NVE is the ratio between tidal volume (VT, yellow area 
under the flow trace, red trace) and the Eadi peak (white arrow under the green trace). The NME 
is the ratio between negative pressure during an end-expriratory occlusion (yellow trace) and Eadi 
peak (green trace). During the expriratory occlusion the flow is zero (red trace)
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Several physiological studies have shown the NAVA ability, as compared with 
PSV, to improve neuro-ventilatory coupling and patient-ventilator synchrony [12, 
18]. Di Mussi and co-workers [17] compared NAVA vs PSV during a prolonged 
ventilation period (48  h) to test the impact of the two techniques on NVE and 
NME. Both NME and NVE significantly improved in patients randomized to NAVA 
whereas both were not affected by PSV. During the 48 h, the diaphragmatic WOB 
was constantly in the physiological range during NAVA and almost constantly under 
the physiological range during PSV, suggesting over-assistance. Patient-ventilator 
asynchronies were significantly less during NAVA than during PSV [17]. However 
in 20–30% of the patients included in the study, NAVA failed because of EAdi sig-
nal instability or difficult reading. Further studies are needed to evaluate the real 
percentage of NAVA failures in the clinical scenario.

7.3.2  Proportional Assist Ventilation (PAV)

PAV was first described in 1992 by Magdy Younes [10]. During PAV, the positive 
pressure applied to each breath is proportional to the spontaneous patient’s inspira-
tory airflow, which is used as a surrogate of respiratory muscles effort [28]. The 

Fig. 7.10 Ventilator screen during NAVA. NAVA level, PEEP and O2 concentration must be set by 
the clinician
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clinician can adjust the PAV gain, i.e. the percentage of total WOB to be performed 
from the ventilator.

To understand PAV one must preliminarily consider that, according to the “equa-
tion of motion” applied to mechanical ventilation, WOB is the result of (a) a resis-
tive component to overcome airway resistance (R), proportional to the airway flow 
(resistive WOB = flow × R); (b) an elastic component that is needed to overcome the 
respiratory system elastance (E), proportional to the delivered gas volume (elastic 
WOB = volume × E); and a component needed to overcome positive intrinsic end- 
expiratory pressure (PEEPi). Provided that the ventilator software knows R, E and 
PEEPi, based on the “equation of motion” it can calculate the instantaneous patient’s 
spontaneous inspiratory effort by measuring the spontaneous inspiratory flow and 
volume. Based on the instantaneous patient’s WOB determination, the ventilator in 
the PAV mode applies positive pressure in proportion to the spontaneous 
WOB.  Figure  7.11 shows the principles of the PAV algorithm. The ventilator is 
represented as a freely mobile piston inserted in a cylinder. The patient respiratory 
system is represented by a single alveolus (the airway resistances are represented by 
two orange triangles and the respiratory system elastance is represented by a single 
light blue triangle). The patient effort is represented by a yellow triangle. When the 
patient starts its spontaneous effort, the piston moves toward the patient: the veloc-
ity of the movement represents the instantaneous inspiratory flow, and the piston 
displacement represents the instantaneous inspired volume. The ventilator software 
is therefore able to calculate the instantaneous patient’s WOB in terms of the elastic 
and resistive pressure generated by the respiratory muscles. The PAV assistance is 
applied by a motor that supports a predefined portion of the instantaneous piston 
movement toward the patient.

In the first PAV version, the clinician had to measure E, R and PEEPi to feed the 
ventilator algorithm. Considering the difficulties related to the assessment of respi-
ratory mechanic in actively breathing patients, the quality of E and R estimation was 
strictly related to the clinicians’ expertise. This was a major concern of the tech-
nique, since the quality of the quality of assistance was strictly dependent on the 
accuracy of E and R measurements. If E and R were underestimated, patients were 

Elastic Pressure = V x E

Resistive Pressure = V x E

V V G

G

Fig. 7.11 Principles of 
PAV + algorythm. Freely 
mobile piston in the 
cilinder = ventilator; 
alveolous = patient’s 
respiratory system; orange 
triangles = airway 
resistance; light blue 
triangle = respiratory 
system elastance; yellow 
triangle = patient’s 
respiratory effort
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over-assisted whereas, on other side, if E and R were overestimated, patients were 
under-assisted. In the last and definitive PAV version, the PAV plus (PAV +), E, R 
and PEEPi are automatically calculated by the ventilator through an end-inspiratory 
occlusion of 200 ms automatically performed every 10–15 breaths [29–31].

During PAV +, the ventilator screen continuously shows the WOB performed by 
the patient and by the ventilator, respectively. Accordingly, it is possible for the 
clinician to adjust the PAV + gain to keep the patient’s spontaneous WOB in a physi-
ological range. Figure 7.12 illustrates the ventilator screen during PAV +. The yel-
low dotted circles indicate the respiratory mechanics values. The red circle evidences 
the total WOB. The total WOB is composed by the WOB performed by the patient 
and the WOB performed by the ventilator (WOBtotal = WOBpatient + WOBventilator). The 
patient’s WOB is divided in the elastic and resistive components. The optimal WOB 
should be in the green part of the scale.

Figure 7.13 illustrates the impact of PAV + on the slope of the  neuro-ventilatory 
coupling relationship [31]. In the lower panel, the depressed neuro-ventilatory 
coupling of a spontaneously breathing patient is compared with the physiological 
neuro-ventilatory coupling (blue-dotted line). In the middle panel, PAV + with a 
gain of 30% improves the physiological coupling improving its slope from 1.5 to 
8. Finally, in the higher panel, a PAV gain of 80% further improves the slope [27].

Fig. 7.12 Ventilator screen during PAV+ . Yellow dotted circles = respiratory mechanics values; 
Red circle = total work of breathing (WOBtotal = WOBpatient + WOBventilator). Optimal WOB should 
be in the green part of the scale
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Fig. 7.13 Lower panel = physiological neuro-ventilatory coupling (blue dotted line) vs depressed 
neuroventilatory coupling in a spontaneously breathing patient (red dotted line). Middle panel= phys-
iological neuro ventilatory coupling (blue dotted line) vs neuro-ventilatory coupling during PAV+ 
with the 30% of assistance (red dotted line). Upper panel: physiological neuro-ventilatory coupling 
(blue dotted line) vs neuro-ventilatory coupling during PAV+ with the 80% of assistance. The slope 
of the neuro-ventilatory coupling relationship increases at the same time as the % of assistance
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From 1992 on, several physiological studies have clearly shown that, as com-
pared with PSV, during PAV+ the breathing pattern is more variable (and hence 
more physiological), the number of patient-ventilator asynchronies, especially 
missed efforts, is decreased and the discrepancy between mechanical and neural 
inspiratory times significantly decreases [29, 32, 33]. PAV+ has been shown to 
unload respiratory muscles and prevent patient-ventilator asynchronies even in 
patients with severe chronic obstructive pulmonary disease (COPD) [34].

7.4  Indications and Contraindications to Assisted 
Ventilation

Assisted ventilation should be applied to patients able to trigger the ventilator and 
to subsequently sustain a spontaneous inspiratory effort [1, 8, 35]. The prerequisite 
for any assisted technique should be the integrity of the neuro-ventilatory drive. In 
critically ill patients, sedative drugs are often used. For this reason, in order to be 
confident that an excess of sedation could not excessively depress the neuro- 
ventilatory drive, it’s important to quantify the sedation level. Considering that the 
level of sedation is strictly related to the quality and the concentration of sedative 
drugs [36–38], breathing pattern parameters and patient-ventilator interactions 
should be thoughtfully monitored in sedated patients. For example, with the 
Richmond agitation and sedation scale [39], only patients with a score between 0 
(patient calm, alert, with open eyes that responds to simple orders) and −2 (patient 
with the eyes closed but briefly awakens—eye opening/eye contact—to voice) are 
suitable for assisted ventilation [36].

On the other hand, an excessively high respiratory drive during assisted ventila-
tion may cause dynamic hyperinflation and haemodynamic derangement because 
of the increase of intrathoracic pressure and favour ventilation-induced lung injury 
(VILI) [40, 41]. In some instances the high respiratory drive results from the discrep-
ancy between high respiratory load and the ability of the respiratory muscle to handle 
it. In these cases an attempt to decrease the inspiratory workload with assisted venti-
lation is warranted. However in some instances (ARDS, sepsis, fever, metabolic aci-
dosis, some neurological conditions) the increased respiratory drive is independent 
from the mechanical load. In these instances assisted ventilation is not indicated. 
Several studies have shown the worsening of lung injury caused by assisted ventila-
tion in patients with ARDS and an inappropriately high respiratory drive [42]. In 
these cases, sedation and eventually paralysis associated with controlled mechanical 
ventilation is the best choice, waiting for the normalization of the respiratory drive.
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Acute-on-Chronic Liver Failure: A New 
and Important Entity in the ICU

Gianni Biancofiore

Traditionally two types of liver failure were recognized: acute liver failure (ALF), 
characterized by a rapid deterioration of the liver function in the absence of a preex-
isting liver disease, and the progression with a slow deterioration over time of pre-
existing end-stage liver disease leading to an acute hepatic insult [1]. Recently, a 
new clinical form of liver failure has been described: Acute-on-chronic liver failure 
(ACLF). This new entity is characterized by acute complications of compensated or 
even decompensated cirrhosis with a high rate of organ failure and a high short-term 
mortality rate. ACLF is now an increasingly recognized entity in both the hepatol-
ogy and critical care literature and poses several challenges to clinicians. In fact, the 
liver’s position at the apex of multiple synthetic, detoxifying, metabolic, immuno-
logical, and hormonal processes predisposes patients with ACLF to a number of 
complications. The present review aims at summarizing the most updated knowl-
edge about this particularly severe syndrome.

8.1  Definition of ACLF

Until 2013, there was no shared, established, evidence-based definition of ACLF, 
and the only published definitions were based on expert opinion. Moreover, the used 
definitions of ACLF differed between Eastern and Western countries. In Asia, the 
following liver-centered definition has been suggested: an acute hepatic insult 
 manifesting as jaundice (serum bilirubin level  >  5  mg/dL) and coagulopathy 
 (international normalized ratio [INR] >1.5) complicated within 4 weeks by ascites 
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and/or encephalopathy in a patient with previously diagnosed or undiagnosed 
chronic liver disease [2]. In Europe and the USA, a different definition of ACLF was 
used identifying ACLF as an acute deterioration of liver function in patients with 
cirrhosis which usually is associated with a precipitating event and results in the 
failure of one or more organs and high short-term mortality rates [3]. Finally, the 
sequential organ failure assessment (SOFA) score was also used to diagnose organ 
failures in patients with cirrhosis admitted to the intensive care unit [4].

Since diagnostic criteria of ACLF were based in both definitions on personal 
expert opinions rather than on objective data, in 2009, a group of European investi-
gators decided to create the Chronic Liver Failure (CLIF) Consortium with the 
objective of stimulating research on complications of cirrhosis. The Consortium 
was endorsed by the European Association for the Study of the Liver (EASL) result-
ing in the EASL-CLIF Consortium. One of the first decisions by the Steering 
Committee of the Consortium was to perform a multicenter, prospective, observa-
tional study in patients with an acute decompensation of cirrhosis. This study was 
named CLIF Acute-on-Chronic Liver Failure in Cirrhosis (CANONIC) study and 
aimed at assessing the prevalence, diagnostic criteria, precipitating events, natural 
course, and prognosis of ACLF. The CANONIC study prospectively enrolled 1343 
patients with cirrhosis hospitalized in 29 liver units from 8 European countries 
between February and September 2011. Enrolled patients were hospitalized for at 
least 1 day and had an acute development of large ascites, hepatic encephalopathy, 
gastrointestinal hemorrhage, bacterial infections, or any combination of these [5]. 
For the diagnosis of organ failures, investigators used a modified SOFA scale, called 
the CLIF-SOFA scale, which had been designed specifically by the Writing 
Committee of the CANONIC study before the onset of this study. The CLIF-SOFA 
scale assesses the function of six organ systems (liver, kidneys, brain, coagulation, 
circulation, and lungs) but also takes into consideration some specificities of cir-
rhosis. Each organ system receives a subscore ranging from zero (normal) to four 
(most abnormal). A total CLIF-SOFA score ranging from 0 to 24 can thus be calcu-
lated. Notably, all variables included in the CLIF-SOFA are easy to obtain in every 
hospital.

In the CANONIC study, three types of risk factors obtained from the CLIF- 
SOFA score at enrollment were found to be related to high 28-day mortality rate:  
(1) the presence of two organ failures or more, (2) the presence of one organ failure 
when the organ that failed was the kidney, and (3) the coexistence of a single 
 “non- kidney” organ failure with kidney dysfunction (i.e., serum creatinine level 
ranging from 1.5 to 1.9 mg/dL) and/or mild to moderate hepatic encephalopathy [5].

Based on the findings from the CANONIC study, four stages of ACLF can be 
nowadays recognized:

 A. No ACLF. This group comprises three subgroups: (1) patients with no organ 
failure, (2) patients with a single “non-kidney” organ failure (i.e., single failure 
of the liver, coagulation, circulation, or respiration) who had a serum creatinine 
level > 1.5 mg/dL and no hepatic encephalopathy, and (3) patients with single 
cerebral failure who had a serum creatinine level > 1.5 mg/dL.
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 B. ACLF grade 1. This group includes three subgroups: (1) patients with single kid-
ney failure; (2) patients with single failure of the liver, coagulation, circulation, or 
respiration who had a serum creatinine level ranging from 1.5 to 1.9  mg/dL  
and/or mild to moderate hepatic encephalopathy; and (3) patients with single 
 cerebral failure who had a serum creatinine level ranging from 1.5 to 1.9 mg/dL.

 C. ACLF grade 2. This group includes patients with two organ failures.
 D. ACLF grade 3. This group includes patients with three organ failures or more.

These results show that ACLF is a new clinical entity that is distinct from decom-
pensated cirrhosis.

8.2  Prevalence, Risk Factors, and Prognosis  
of ACLF (According to the CANONIC Study)

The prevalence of ACLF in the CANONIC Study was 30% (20% at admission and 
10% during hospitalization), and the overall 28-day and 90-day mortality rates were 
33% and 51%, respectively. Mortality rates in patients without ACLF were low (28- 
day, 1.9%; 90-day, 10%). The prevalence and 28-day and 90-day mortality rates 
associated with the different grades of ACLF were 15.8%, 22%, and 41%, respec-
tively, in ACLF-1; 10.9%, 32%, and 55% in ACLF-2; and 4.4%, 73%, and 78% in 
ACLF-3 [5].

Patients with ACLF were significantly younger than those without ACLF, and the 
main etiologies were alcoholism (60%), hepatitis C (13%), and alcoholism plus 
hepatitis C (10%). In only 5% of patients, the main etiology was cirrhosis associated 
with hepatitis B virus (HBV) infection. The commonest organ failure in patients 
with ACLF was renal failure (56%) with liver coagulation and cerebral, circulatory, 
and respiratory failures (44%, 28%, 24%, 17%, and 9%, respectively) also very 
frequent. The prevalence of circulatory and respiratory failure was significant only 
in patients with ACLF-3. Most importantly, patients with ACLF showed systemic 
inflammation (high count of C-reactive protein and leukocyte concentration) which 
was independent on the presence or absence of recognized bacterial infections. 
Patients with no history of decompensated cirrhosis developed a more severe form 
of ACLF than patients with previous episodes of decompensation (28-day mortality 
of 42% vs. 29%).

The most common precipitating events were bacterial infections and active alco-
holism. In patients with ACLF the prevalence of alcoholic cirrhosis (60%) was 
higher than the prevalence of active alcoholism, indicating that alcoholic hepatitis 
accounts for only part of cases of ACLF associated with alcoholic cirrhosis. There 
was a small proportion of other precipitating events. As a trigger, gastrointestinal 
hemorrhage was less frequent in patients with ACLF than in patients without ACLF, 
suggesting that hemorrhage, if not associated to other complications (i.e., active 
drinking and/or bacterial infections), is not related to ACLF development. Finally, a 
significant proportion of patients developing ACLF did so in the absence of any 
identifiable trigger. Mortality was independent of the presence and type of 
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precipitating events, indicating that although triggers are important in the develop-
ment of ACLF, mortality depends on other factors, such as the clinical course and 
number of organ failure [5, 6].

Regarding the prognostic relevance of ACLF, some findings have been reported 
as significant in determining patient outcomes [5]:

 A. Among patients who are admitted for an acute decompensation and subse-
quently die, multiorgan failure (i.e., ACLF grade 3) is present in all patients 
before death.

 B. The interval between the diagnosis of ACLF and death is 12.0 ± 7.5 days for 
ACLS grade 1, 11.0 ± 8.0 days for ACLS grade 2, and 8.0 ± 6.1 days for ACLS 
grade 3. Therefore, the greater the number of organ failures at diagnosis the 
shorter the time to death.

 C. ACLF is not a temporally fixed syndrome. For example, 50% of patients  
with ACLF grade 1 at diagnosis improve and survive whereas one-third progress 
to ACLF grade 3 and die. A majority of patients with ACLF grade 3 at diagnosis 
acquire new organ failures and die. However, 16% of patients with ACLF grade 
3 at diagnosis progress to a no ACLF status.

 D. The finding that patients without any organ failure on admission have a 28-day 
mortality rate of approximately 5% and not 0% is explained by the fact that 
some of these patients develop in-hospital ACLF, which progresses to ACLF 
grade 3 and death. Conversely, patients who do not have ACLF on admission 
and remain free of this syndrome during the following 28 days have a very low 
short-term mortality rate (1.9%).

Another very important finding from the CANONIC study needs to be outlined: 
the fact that the presence or absence or the type of precipitating event is not related 
to the severity of ACLF and the short-term mortality rate [5]. Therefore, precipitat-
ing events are important in the occurrence of the syndrome but once it develops the 
prognosis depends on the number of organ failures. This observation indicates that 
the severity of ACLF probably depends more on the individual response to the pre-
cipitating event [6]. Finally, in almost half of patients enrolled in the CANONIC 
study with ACLF, the syndrome develops in the absence of a prior history of decom-
pensation or has developed within a few weeks after the first episode of decompen-
sation. This finding outlines that ACLF is not a terminal event in a long-lasting 
history of decompensated cirrhosis.

8.3  ACLS is Caused by a Derangement  
of the Inflammatory Pathway

The CANONIC study results clearly show that white cell count and plasma C-reactive 
protein (CRP) levels are higher in patients with ACLF than in those without indicat-
ing higher degree of systemic inflammation in the former patients [5]. Furthermore, 
the higher white cell count or CRP levels the higher the number of failing organs. All 
in all, these findings suggest that organ failures may result from an excessive 
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inflammatory response, for which the term immunopathology was proposed [7]. 
Although the precise mechanisms involved in ACLF have yet to be clarified, the 
immune system seems to play a predominant role in the setting of cirrhosis. The 
homeostatic role of the liver in the systemic immune response is already well known, 
[8, 9] and the definition of “cirrhosis-associated immune dysfunction” which includes 
the main syndromic abnormalities of immune function, immunodeficiency and sys-
temic inflammation, well depicts the key role of the immune system in this setting 
[10]. The immune dysfunction in cirrhosis is a dynamic condition which leads to 
oscillation from predominantly pro-inflammatory to predominantly immunodefi-
cient situations, is multifactorial, and reflects a complex interaction between many 
systems predisposing these patients to infections [10]. It is thought that this suscep-
tibility is not due to an only sole responsible factor but rather to the concomitant 
presence of various facilitating mechanisms such as portal hypertension with porto-
systemic shunting (thus impairing detoxification and reticuloendothelial system 
phagocytic activity), increased gut permeability and bacterial overgrowth (all of 
them increases the risk of bacteremia and the occurrence of endotoxemia), albumin 
and lipoprotein dysfunction, or aberrant toll-like receptor expression in hepatic 
Kupffer cells [1]. Moreover, comparing septic patients to ACLF patients, Wasmuth 
et  al. formulated the concept of “sepsis- like immune paralysis” based on a pro-
foundly decreased production of TNF-α and low monocyte HLA-DR expression in 
both groups. They also postulated that this cellular immune impairment could con-
tribute to increased mortality [11]. Endotoxins have also been proposed to play a role 
in mediating the full activation of neutrophils, which paradoxically would render 
them unable to act against the insult. The role that cytokines play in ACLF remains a 
key point in the pathogenesis of the inflammatory response. Elevated serum levels of 
many cytokines including TNF-α, sTNF-αR1, sTNF-αR2, interleukin (IL)-2, IL-2R, 
IL-4, IL-6, IL-8, IL-10, and interferon-α has been described. In particular IL-6 and 
TNF-α had been proposed to have a dual action, producing hepatocyte death and also 
enhancing hepatocyte proliferation through a complex interplay with Kupffer cells 
and hepatocytes [1]. This entire cascade eventually leads to hepatocyte death and 
liver dysfunction. It has also been outlined that hepatocytes apoptosis rather than 
necrosis can be the predominant mode of cell death in ACLF, as high levels of some 
apoptosis markers occurs in ACLF patients [12].

8.4  Clinical Features of ACLF

8.4.1  Infections

Although the CANONIC study showed that the trigger of ACLF is not related to an 
infection in the 70% of cases, the presence of innate immune dysfunction in this 
class of patients can be inferred from susceptibility to infections: 30–50% of cir-
rhotic patients presented bacterial infections upon their admission or during hospi-
talization. The most common bacterial infections were spontaneous bacterial 
peritonitis (25%), urinary tract infections (20%), pneumonia (15%), and spontane-
ous bacteremia (12%). In a study of 184 cirrhotic patients from King’s College 
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Hospital, 67 (36%) developed bloodstream infection (BSI) a median of 8 days after 
admission; BSI was independently associated with higher ICU mortality [13]. This 
may support the hypothesis that following the initial cytokine storm responsible for 
acute decompensation and multiorgan dysfunction, these patients enter a later phase 
of monocyte immunoparalysis (compensatory anti-inflammatory response), which 
further alters their susceptibility to sepsis and predisposes them to a higher rate of 
second infection and increased mortality [14, 15]. Finally, it is important to outline 
that data from a large multicenter study suggested that cirrhotic patients with septic 
shock, including those on mechanical ventilation or receiving renal replacement 
therapy, have benefited from the progress in septic shock and organ failures man-
agement obtained in recent years in the general population indicating that it is justi-
fied to admit ACLF patients to ICU [16].

8.4.2  Kidney Injury

Acute kidney injury (AKI) in critically ill cirrhotic patients is common and often 
multifactorial.

Renal complications of ACLF can be due to low flow state, infections, nephro-
toxic drugs, and chronic diseases such as hypertension and diabetes which can pre-
dispose patients to chronic renal failure. However, the characteristic renal 
complication of end-stage liver diseases is the hepatorenal syndrome (HRS) which 
is characterized by splanchnic arterial vasodilatation leading to renal vasoconstric-
tion in the setting of a low flow state due to decreased systemic vascular resistance 
[17, 18]. Although the incidence of HRS is unknown, especially in relation to other 
causes of renal failure, it is estimated to be 40% over a 5-year period in patients with 
cirrhosis and ascites [19]. There are two different forms of HRS, type 1 and type 2. 
Although HRS is associated with a very poor prognosis, overall the natural progres-
sion of the disease differs significantly based on the type, with type 1 experiencing 
a median survival of 2 weeks and type 2 exhibiting median survivals of 3–6 months. 
Diagnosis of HRS involves the demonstration of low glomerular filtration rate in the 
absence of shock, infection, fluid losses, and nephrotoxic agents, with no improve-
ment after discontinuation of diuretics and administration of 1.5 L fluid and protein-
uria of less than 500 mg/dL, with no ultrasonographic evidence of obstruction or 
intrinsic parenchymal disease [17, 18]. Recently, a consensus conference proposed 
that cirrhosis-associated AKI should be defined by an increase in serum creatinine 
by more than 50% from the stable baseline value in less than 6 months or by 0.3 mg/dl 
(27 mmol/l) in less than 48 h [20].

8.4.3  Cardiovascular Derangements

Hemodynamic changes observed in patients with end-stage liver disease are charac-
terized by humoral and nervous dysregulation secondary to autonomic nervous sys-
tem activation and include increased cardiac output, peripheral vasodilatation, 
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decreased systemic vascular resistance (SVR), and decreased oxygen extraction. 
Circulatory failure in cirrhotic patients with ACLF is distributive in nature and char-
acterized by a greater decrease in arterial pressure associated with signs of impaired 
tissue perfusion. Marked splanchnic vasodilatation results in a state of effective 
hypovolemia with water and sodium retention [19, 21]. Although mechanisms for 
this autonomic nervous system activation are still poorly understood, it has been 
associated with higher mortality. In addition to hemodynamic changes, a decline in 
cardiac function termed cirrhotic cardiomyopathy has also been described [21]. 
This is characterized by a combination of diastolic and systolic dysfunction. 
Cirrhotic cardiomyopathy can be associated with a prolonged QT interval and can 
lead to an increased risk of ventricular arrhythmias/sudden cardiac death.

8.4.4  Neurological Derangements

The most common manifestation is a confusional syndrome superimposed on vary-
ing degrees of cognitive impairment that can even evolve to coma [22]. Precipitating 
factors, such as infection or electrolyte abnormalities, may enhance the disturbances 
attributable to liver failure or exert a direct effect on the brain. Important contribut-
ing factors are the systemic inflammatory response, circulatory dysfunction, and 
failure of other organs [6]. The activation of inflammatory mediators, such as cyto-
kines, may enhance the effects of neurotoxins such as ammonia. Neuroinflammation 
increases blood-brain barrier permeability and, by generation of nitric oxide and 
prostanoids, causes astrocyte swelling. Other cerebrovascular abnormalities include 
disturbances of neurotransmission, injury to astrocytes, energy impairment, brain 
edema, loss of autoregulation, and brain atrophy. In cirrhosis, cerebral edema is an 
uncommon finding; however, cases of increased intracranial pressure have been 
identified [22, 23]. Patients with ACLF are also more vulnerable to central pontine 
myelinolysis which has been reported even with relatively modest elevations in 
sodium in this population. However, the most common cause of changes in mental 
status is hepatic encephalopathy, a disease process thought to be caused by astrocyte 
swelling and cerebral edema due to the synergistic effects of excess ammonia and 
inflammation, although the precise underlying molecular mechanisms are unclear. 
Hepatic encephalopathy is rarely solely due to worsening liver function, rather a 
precipitating cause almost always is responsible and determining this precipitant is 
key to management [19].

8.4.5  Respiratory Derangements

Pulmonary vascular issues affecting patients with ACLF can be divided into two 
distinct abnormalities: hepatopulmonary syndrome (HPS) and portopulmonary 
hypertension (PPH). Hepatopulmonary syndrome is characterized by intrapulmo-
nary vasodilation leading to a ventilation/perfusion mismatch with resultant hypox-
emia that can be found in up to 40% of patients with end-stage liver disease. 
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Diagnosis is based on its identification identify either through pulse oximetry or on 
arterial blood gas and the demonstration of an intrapulmonary shunt (which can 
usually be demonstrated with contrast echocardiography) if there is a normal chest 
x-ray and pulmonary function tests [24]. Portopulmonary hypertension is the pres-
ence of pulmonary arterial hypertension due to increased pulmonary vascular resis-
tance and pulmonary vasoconstriction leading to right heart failure in the setting of 
advanced liver disease. The disease is largely believed to be underdiagnosed as a 
cause of dyspnea and decreased exercise capacity. Doppler echocardiography is a 
highly sensitive tool for detecting portopulmonary hypertension, using a right heart 
catheterization for confirmation and definitive diagnosis. The diagnosis is made if 
mean pulmonary arterial pressure is >25 mm Hg or left ventricular end-diastolic 
pressure <15 mm Hg in the setting of liver disease or portal hypertension. In gen-
eral, the presence of portopulmonary hypertension is a poor prognostic sign [24, 25]. 
Moreover, pulmonary function can also be compromised by direct mechanical 
effects of hydrothorax and abdominal ascites on diaphragmatic movement. 
Hydrothorax is defined as a significant pleural effusion, usually >500  mL in a 
patient with end-stage liver disease, exclusive of primary cardiac or pulmonary dis-
ease. A pleural effusion is observed in approximately 5% of patients with 
ACLF. Various mechanisms have been proposed such as decreased osmotic pres-
sure, leakage of plasma from azygous venous system, and lymph leakage from the 
thoracic duct, although the prevailing thought is direct transport into pleural space 
through diaphragmatic defects [19]. Finally, the presence of an exaggerated inflam-
matory response, coupled with a relative immunocompromised state likely can pre-
dispose patients to acute lung injury. The risk of aspiration pneumonia is also high 
because of altered consciousness, swallowing dysfunction, gastric stasis, increased 
intra-abdominal pressure due to ascites, and ileus resulting from infection and elec-
trolyte abnormalities [22].

8.4.6  Coagulation Derangements

Coagulopathy in patients with critical liver dysfunction is complex and can quickly 
decompensate to bleeding as well as to thrombosis [26]. Both are associated with 
worse outcome. Standard tests of coagulation can be altered as a consequence of 
impaired synthesis of coagulation factors and increased consumption. However, 
routine plasmatic coagulation tests such as PT and INR are not able to discriminate 
between hypo- and hypercoagulability and are not able to predict the risk of bleed-
ing in patients with liver dysfunction. Therefore, prophylactic transfusion of FFP 
and platelets due to an increased INR should be avoided in this patient population, 
and hemostatic interventions should only be performed in case of clinically relevant 
bleeding. In contrast, thrombin generation assays in the presence and absence of 
thrombomodulin indicate that patients with severe liver dysfunction are rather 
hypercoagulable with the inherent risk of thrombosis [26]. Altogether, modified 
thrombin generation assays can be useful for determination of coagulation function 
in patients with liver dysfunction, but have the major drawback of not being 
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available as routine laboratory tests. Spontaneous bleeding is rare in ACLS patients. 
However, bleeding associated with trauma or acute variceal hemorrhage may be 
more dramatic as a consequence of both attendant coagulopathy and enhanced fibri-
nolysis. A relative decrease in hepatic-derived anticoagulant factors serves to offset 
the decrease in procoagulant factors in the patient with cirrhosis who has compen-
sated disease. Alternative techniques for assessing coagulation such as thrombo-
elastography may be helpful in identifying this balance and for guiding blood 
product replacement [22].

8.4.7  Adrenal Insufficiency

Adrenal insufficiency is reported in 51–68% of patients with cirrhosis, particularly 
in more severe patients. The impaired adrenal response may reflect either or both 
primary and secondary adrenal insufficiency with inadequate pituitary response and 
low adrenocorticotropic hormone levels. Other proposed hypotheses to explain this 
phenomenon are: decreased cholesterol levels, overstimulation of the hypothalamus- 
pituitary- adrenal axis by cytokines and endotoxemia. Adrenal dysfunction is fre-
quently reported in patients with chronic liver diseases (compensated or 
decompensated), and it is associated with increased mortality compared to patients 
without it [22, 27].

8.5  Management

8.5.1  General Considerations

At present, there is no treatment specific for ACLF. Current treatment consists of 
supportive measures and therefore it should rely on enhanced care in intensive care 
units (ICUs) where the management of patients with multiorgan failure is proto-
colised and patients can be closely monitored. The aim of the general management 
should be focused on early recognition of any condition or precipitating factor 
which can cause ACLF or on avoiding exposure to those factors known to trigger 
multiple organ failure. Although not proven, it is thought that the greatest impact on 
patient’s outcome will be achieved by preventing or slowing a further progression 
of ACLF. Patients with ACLF present some unique features that may differentiate 
them from the non-cirrhotic patients and thus, a multidisciplinary approach is essen-
tial [1, 19, 22, 27].

8.5.2  Liver Transplantation

Available evidence about liver transplantation (LT) for patients with ACLF is scarce 
even though this represents the only definitive therapeutic option for the vast major-
ity of patients with ACLF [28, 29]. Nonetheless, a number of factors, including 
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advanced age, active alcoholism, uncontrolled infections, concomitant diseases, and 
the presence of associated organ failures, make patients with ACLF often unsuitable 
to undergo LT [1]. As ACLF is associated with high short-term mortality up to 
50–90% and may evolve rapidly into a fatal clinical situation, the timeframe for 
evaluating patients and assessing them for LT is short. Moreover, evidences regard-
ing the long-term outcome of patients transplanted for ACLF are very limited. Some 
studies showed similar survival rates of patients with ACLF to patients with chronic 
liver disease who underwent transplantation for other indications [30, 31]. When 
interpreting these data sets, differences between western and eastern transplant cen-
ters must be taken into consideration. Moreover, published studies are retrospective 
and have a limited sample size. Most importantly, only one study used intention-to- 
treat analysis and showed that some potential candidates are not even listed for 
transplantation and out of those listed mortality is of 50% [30]. Overall, only one- 
third of potential candidates reach liver transplantation according to this report. 
There is therefore a clear need for effective therapeutic methods that can “bridge” 
patients with ACLF to liver transplantation. A study reported outcomes in 183 criti-
cally ill patients with ACLF denied listing for LT. It was noted a substantially higher 
mortality in these patients compared with those who were listed for LT. Several 
variables were independently associated with mortality in this study. Some of these 
predictors, such as APACHE II scores, sepsis, and respiratory failure requiring 
mechanical ventilation are already known to predict mortality in other groups of 
patients with liver disease. Conversely, the presence of gastrointestinal bleeding is 
an independent predictor of decreased mortality [32]. Indeed, further studies are 
still necessary to determine timing of liver transplantation, optimal selection, and 
whether ACLF patients should be prioritized on a high urgency list.

8.5.3  Infections

Because overt signs of infection may be absent, a high index of suspicion is neces-
sary for diagnosis. When the suspicion for infection is high, early initiation of anti-
biotics is mandatory. A study by the Cooperative Antimicrobial Therapy for Septic 
Shock research showed, in a group of 635 critically ill cirrhotic patients with septic 
shock, a hospital mortality of 76%. The median time to appropriate antimicrobial 
therapy was 7.3 (3.2–18.3) hours with each hour delay associated with significantly 
increased mortality (adj-odds ratio per hour 1.1) [33]. Sepsis in ACLF can be man-
aged according to Surviving Sepsis Campaign guidelines [34]. Strict adherence to 
hand hygiene and “bundles” of care (e.g., ventilator and central line) are required to 
prevent hospital-acquired infections. For prolonged ICU stays, weekly swabs for 
resistant organisms should be obtained. Testing for Clostridium difficile infection 
should also be routinely performed and repeated in critically ill patients with diar-
rhea. For patients who have active C. difficile infections and are critically ill, a 
prompt specific treatment should be started. ACLF patients has previously been 
thought to be especially susceptible to specific sepsis-related complications to 
include hypoglycemia, adrenal insufficiency, defective arginine-vasopressin 
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secretion, and compartment syndrome [35]. Although early goal-directed therapy 
(EGDT) with specific hemodynamic targets is a well-defined approach for general 
ICU patients, no study has assessed it or the optimal endpoints for resuscitation in 
cirrhotic patients [27]. Finally, while relative adrenal insufficiency has been identi-
fied in patients with septic end-stage liver disease, there are no further guidelines 
other than standard recommendations supporting the administration of hydrocorti-
sone in cases of shock refractory to fluid and vasopressors [34].

8.5.4  Kidney Injury

AKI in critically ill cirrhotic patients is common and often multifactorial. In the set-
ting of cirrhosis, serum creatinine (SCr) tends to overestimate renal function due to 
decreased creatine production by the liver, protein calorie malnutrition, muscle 
wasting, reduced physical activity, and enlarged volume of distribution in the setting 
of fluid overload. In addition, in the setting of AKI, Scr can lag by several hours to 
days despite a decrease in glomerular filtration rate especially in the setting of fluid 
overload [36]. Therefore, it is recommended that Scr values be interpreted with cau-
tion in ACLF patients due to overestimation of values. As for HRS, the cornerstone 
of management remains albumin (1 g/kg initially followed by 20–40 g/day) and 
vasopressor therapy to mitigate splanchnic and systemic vasodilatation. Terlipressin, 
a vasopressin analogue, has been shown to reverse Type 1 HRS in 50% of patients 
without a difference in mortality [37, 38]. Recommended doses currently are 
1–2 mg/q4–6 h i.v. bolus for a minimum of 72 h. Other small studies have shown 
norepinephrine to be equally as effective as terlipressin in Type I HRS [27]. Renal 
replacement therapies are not a treatment for HRS/cirrhosis induced AKI but is 
often initiated as a bridge to either liver transplant or definitive decision. Nephrotoxic 
medications such as nonsteroidal anti-inflammatory drugs, intravascular volume 
depletion, and avoidance of large-volume paracentesis without albumin replace-
ment should be avoided [14, 19].

8.5.5  Cardiovascular Issues

Management of cirrhotic cardiomyopathy is directed toward left ventricular failure 
with beta-blockade, angiotensin-converting enzyme inhibitor/angiotensin receptor 
blockers, and diuretics as tolerated, although the evidence to support this therapy is 
not specific to heart failure due to end-stage liver disease [19]. Although there are 
no clinical studies validating management strategies, afterload reduction is anecdot-
ally not well tolerated if the patient is peripherally vasodilated. Usually, the disease 
process is subclinical and only becomes apparent during times of physiologic stress. 
Potential ICU events that can exacerbate cirrhotic cardiomyopathy include shunting 
of portal flow to systemic circulation after transjugular intrahepatic portosystemic 
shunt (TIPS) and bacterial infections/endotoxemia leading to a high output hypo-
tensive state. Patients may be hypotensive despite presence of a hyperdynamic state 
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and being unresponsive to volume challenge. Ventricular compliance is decreased 
and can be assessed by manipulation of intravascular volume. That is, the change in 
central venous pressure (CVP) after fluid challenge is more instructive than a single 
measurement of the CVP and, when properly applied, passive leg raise may be used 
to assess volume responsiveness [19, 22, 36]. Increased intra-abdominal pressure 
due to ascites may result in increased CVP without improving cardiac preload. 
Minimally invasive methods of assessing hemodynamic parameters such as stroke 
volume variation and pulse pressure variation have gained popularity in the ICU, 
however in patients who are spontaneously breathing, these methods have limited 
utility. Moreover, such monitors have failed to demonstrate acceptable accuracy in 
cirrhotic patients undergoing liver transplantation, which further questions their role 
in the ICU [39]. Echocardiography provides a much more robust assessment of 
ventricular function and response to volume infusion. Echocardiography is noninva-
sive and may be relatively inexpensive. Because pulmonary hypertension is associ-
ated with cirrhosis, pulmonary artery catheterization is required to measure 
pulmonary artery and pulmonary artery occlusion pressures [22, 36]. With regard to 
the hemodynamic goals, the optimal mean arterial pressure blood lactate or venous 
oxygen saturation are unknown. In septic shock, in the absence of liver disease, 
there appears to be no advantage to inducing hypertension. However, HRS responds 
to increasing perfusion pressure by administration of terlipressin. Circulating intra-
vascular volume should be restored recognizing the difficulties in assessing volume. 
Vasopressors such as norepinephrine are titrated to achieve a mean arterial pressure 
of 65–70 mm Hg. Vasopressin (or terlipressin) is norepinephrine-sparing in sepsis 
and appears to have a similar effect in patients with cirrhosis [19, 36].

8.5.6  Neurological Issues

The mainstay of treatment of hepatic encephalopathy is use of lactulose and nonab-
sorbable antibiotics. Lactulose is a nonabsorbable disaccharide that is metabolized 
by colonic bacterial flora into lactic acid, creating an acidic environment in the gut 
which aids the conversion of ammonia (NH3) to ionic ammonium (NH4+), which is 
then passed via fecal excretion. There remains academic debate concerning the rou-
tine use of lactulose for the treatment of acute hepatic encephalopathy, as several 
trials have failed to demonstrate a significant effect on mortality over placebo or 
antibiotics [19, 22, 36]. The optimal dose of lactulose is not well established; how-
ever, titration to two to three semiformed stools per day is recommended [22]. 
Avoidance of profuse diarrhea and its associated electrolyte abnormalities is essen-
tial. When advanced encephalopathy or mechanical ventilation precludes oral 
administration, administration should be via enteric tube or retention enema. 
Rifaximin is a poorly absorbed rifamycin-based antibiotic with broad activity 
against ammonia-producing aerobic and anaerobic enteric flora. Due to low sys-
temic absorption, rifaximin is well tolerated, with a similar occurrence of adverse 
effects compared to placebo [19]. The combination of lactulose plus rifaximin was 
shown to be more effective than lactulose alone in the prevention and treatment of 
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overt hepatic encephalopathy [40]. Avoidance of sedative agents is a mainstay of 
treatment. In patients who demonstrate signs of cerebral edema or increased ICP, 
the administration of mannitol is mandatory, and invasive ICP monitoring may be 
considered [19]. Endotracheal intubation for airway control is mandatory in patients 
with a Glasgow coma scale score of 8 and/or in the presence of active upper gastro-
intestinal bleeding [22].

8.5.7  Respiratory Issues

The only definitive treatment for HPS is liver transplantation, which will result in 
complete resolution in 80% of the cases. Other forms of medical therapy such as 
somatostatin, indomethacin, methylene blue, and plasma exchange have been used 
but remain invalidated [19]. Transjugular intrahepatic portosystemic shunt as treat-
ment for HPS can allow for reversal of intrapulmonary vasodilatation and redistri-
bution of pulmonary blood flow via increase in cardiac output. However, its efficacy 
is only described at the case report level and is therefore not the first-line therapy. 
With regard to PPH, the diagnosis has specific transplant implications, as orthotopic 
liver transplant is classified as high risk if mean pulmonary artery pressure is 
between 35 mm Hg and 50 mm Hg and contraindicated if mean pulmonary artery 
pressure is >50 mm Hg due to high mortality from acute right heart failure [41, 42]. 
Medical treatment is generally indicated as a bridge to transplant and is based on the 
continuous infusion of a prostacyclin such as epoprostenol for mean pulmonary 
artery pressures >25 mm Hg. Although effective, continuous epoprostenol infusions 
may be burdensome due to complex dosing and cost [19, 22]. There are reports 
describing the use of sildenafil. Pulmonary function can also be compromised by 
direct mechanical effects of hydrothorax and abdominal ascites on diaphragmatic 
movement. Workup includes chest x-ray, pleural fluid analysis, and echocardiogra-
phy. Management largely involves thoracentesis, sodium restriction, and diuretics. 
Symptomatic and refractory hydrothorax can be managed with TIPS cost [19, 22].

8.5.8  Coagulation

Routine correction of coagulation abnormalities in the absence of active bleeding is 
not indicated as it may be associated with significant complications including 
transfusion- associated lung injury, transfusion-associated circulatory overload, and 
transfusion reactions. When correction of bleeding abnormalities is required in the 
presence of active bleeding, prothrombin time, complete blood count, and activated 
partial thromboplastin time can be used but with the knowledge that they do not 
provide an adequate assessment of hemostasis in cirrhosis to guide therapy and 
thromboelastography should be considered [36]. Correction of coagulation abnor-
malities prior to placement of central venous or arterial catheters, paracentesis, tho-
racentesis, or bronchoscopy and endoscopy without biopsy is not required. Vitamin K, 
given at 2 mg intravenously daily for 3–5 days, should be administered to eliminate 
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vitamin K deficiency as a source of coagulopathy [22, 36]. Massive acute hemor-
rhage should be managed with transfusion of red blood cells and fresh frozen plasma 
given in a 1:1 or 2:1 ratio with transfusion of platelets and fibrinogen concentrates 
to address consumption. Fibrinolysis is common and is readily assessed by throm-
boelastography. Treatment of fibrinolysis with tranexamic acid is indicated when 
bleeding persists, despite correction of thrombocytopenia and clotting factors in the 
absence of disseminated coagulopathy [22, 36].

8.5.9  Referral to a Liver Transplant Center

The determination of transplant candidacy is complex. All patients admitted to the 
ICU with complications of cirrhosis deserve a consultation with a transplant center 
in order to assess candidacy for liver transplantation. “Perceived” contraindication 
to transplant should never preclude this consultation.

8.5.10  Liver Support Devices

When medical treatments fails, artificial liver support can be considered as a bridge 
therapy to liver transplantation or while the precipitating event is reversed. Liver 
support devices are intended to support liver function until such time as native liver 
function recovers or liver transplantation is feasible. Two types of devices can be 
distinguished: acellular devices such as albumin dialysis and plasma exchange 
[mainly molecular adsorbents recirculating system (MARS), and Prometheus 
devices], and cell-based devices, which incorporate cells from human, animal 
sources, or immortalized cells. The overall efficacy of liver support devices have, at 
this time, failed to reach a level sufficient strength of evidence. Recently, two 
European multicenter randomized control trials have evaluated the impact of MARS 
and Prometheus. The RELIEF trial concluded that despite biochemical improve-
ment, there was no significant difference in 28-day survival between patients treated 
with MARS vs. standard medical therapy [43]. Similarly, the HELIOS trial com-
pared Prometheus to standard medical therapy. This study showed no significant 
survival differences at day 28 or at day 90 [44]. Both of these studies were biased 
due to confounding by indication. Cirrhotic patients who were and were not liver 
transplant candidates were included in enrollment representing groups with very 
different prognoses. Future trials evaluating indications (liver transplant candidates 
only), timing of treatment and cost effectiveness are still needed to clarify the role 
for these therapies.

 Conclusions

ACLF is a devastating syndrome. It is based not only on the presence of organ 
failure and high mortality rate but also on younger age, alcoholic etiology of cir-
rhosis, higher prevalence of some triggers (particularly bacterial infections and 
active alcoholism), and a higher level of systemic inflammation which make 
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ACLF a clinically, pathophysiologically, and prognostically distinct entity. 
ACLF is a new entity also because it cannot be entirely explained by severe sep-
sis or severe alcoholic hepatitis as a large proportion of cases remains of unknown 
origin. Rather, ACLF should be considered as a whole that includes subcatego-
ries such as severe sepsis, severe alcoholic hepatitis, and other categories that 
require a more precise definition. Hopefully, new research in end-stage liver dis-
ease will allow the determination of modifiable factors that predispose to ACLF 
in order to personalize their management based on clinical and genetic factors.
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9.1  Introduction

In the last decades, NIV has expanded greatly in several populations of patients with 
acute respiratory failure (ARF). As a result of emerging evidence, NIV has been shown 
to reduce the necessity of invasive ventilation and associated complications [1].  
NIV is now considered the first-choice ventilator treatment for a large number of 
patients with ARF such as exacerbations of COPD along with a success percentage of 
80–85% [2–5], acute cardiogenic pulmonary edema, pulmonary infiltrates in immuno-
compromised patients, and weaning from mechanical ventilation in COPD patients 
[1]. NIV success is strongly dependent on the patient’s degree of tolerance and collabo-
ration during ventilation [3]. One of the most frequent causes of premature interruption 
of the NIV is mask intolerance due to pain, discomfort, or claustrophobia [6]. Relative 
contraindications to NIV are delirium and agitation [2]. Judicious sedation may play a 
crucial role in improving patient’s tolerance in selected cases at risk of endotracheal 
intubation due to NIV failure. Although the use of sedative drugs can reduce the risk of 
NIV failure, the possibility and suitability of sedating a patient during NIV remain a 
debated issue [7–10]. This chapter will focus on a practical overview of sedation and 
analgesia during NIV.
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9.2  Sedation and NIV in Clinical Practice

A survey published in 2007 [11] showed that in clinical practice, the use of seda-
tives varies according to the geographical location or by the type of hospital where 
the NIV is applied and by the specialist who prescribes it. This survey found that 
benzodiazepines were the most used drugs in North America, while opioids (mor-
phine and fentanyl), although preferred in Europe, were only used in 29% of cases. 
In addition, sedation was usually administered as an intermittent intravenous bolus 
according to clinical experience rather than using standardized protocols.

Recently [12] a retrospective study evaluated the efficacy and safety of seda-
tion in agitated patients treated with NIV after an episode of acute respiratory 
failure. Of 3506 patients 120 [81 patients with non-intubation code (DNI) and 39 
non-DNI] were given sedatives to control agitation during NIV. Sedation was per-
formed only intermittently in 72 (60%) patients, switched to continuously in 37 
(31%), and provided only continuously in 11 (9%). The reasons for poor NIV 
tolerance were mask discomfort, pressure discomfort, or the combination of the 
two. Risperidone and haloperidol were the drugs of choice for the intermittent 
use; dexmedetomidine, midazolam, or propofol were chosen for continuous infu-
sion. The Richmond Agitation-Sedation Scale (RASS) was used as an index of 
sedation level. Results suggest that sedation during NIV can be used to allow 
continuation of NIV in agitated patients with either a DNI or non-DNI status. 
Nevertheless 48% of patients in the study had diseases such as ARDS, severe 
pneumonia, and acute exacerbation of interstitial lung disease which have weak 
NIV recommendations.

Despite intolerance is commonly perceived as a reason for NIV failure that 
should respond to sedation and analgesia, recent studies suggest that they are not 
used very often for that indication. Muriel et al. found [13] that sedation and anal-
gesia were used in only about 20% of patients using NIV, and they did not bring any 
benefit in terms of reduction of NIV failure. The level of evidence in favor of an 
extensive application of sedation during NIV is still limited, and further larger con-
trolled trials are needed to clarify the indications of sedation during NIV.

9.3  Use of Sedation and Analgesia During NIV

Sedation and analgesia are commonly used in the ICU to improve quality of life in 
intubated and critically ill patients. Analgo-sedation increases tolerance to the endo-
tracheal tube, reduces anxiety and reactions to painful stimuli, allows a better adap-
tation of the patient to the hospital environment, modulates patient respiratory effort 
and drive, and makes invasive procedures tolerable [14].

Additional goals of sedation include preserving day/night cycles, hemodynamic 
stability, conservation of diaphragmatic function, preservation of metabolic homeo-
stasis, and attenuation of the stress/immune response.

In patients undergoing NIV, sedation should be administered by experienced 
staff using the minimum doses required to ensure a good control of agitation and to 
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improve the patient-ventilator interaction, without inducing any respiratory drive 
depression. NIV is usually applied only in patients with a minimum spontaneous 
breathing capacity and able to trigger the ventilator and to protect the airway. The 
ideal sedative drug during NIV should have a rapid onset, a predictable duration of 
action, a constant half-life time, a no impact on the hemodynamic and respiratory 
drive, an organ-independent metabolism, a minimal drug interaction, and, finally, a 
low cost. However, no single sedative agent currently available fulfills the criteria 
for an ideal agent.

9.4  Analgesic Agents

Morphine and synthetic molecules such as fentanyl and remifentanil are used in 
analgo-sedation procedures. Opioids are able to overcome the blood-brain barrier, 
interacting with a variety of central and peripheral receptors. In particular, they have 
an agonist action on opioid μ and κ receptors, producing analgesic action. Instead, 
the interaction with other receptors contributes to adverse events such as respiratory 
depression and hypotension. In particular, hypotension depends on different factor 
combinations that include sympathicolysis, bradycardia, and vagal stimulus for his-
tamine release. Other side effects are depression level of consciousness and intesti-
nal hypomobility. All these aspects should be considered when opioids are 
administered during NIV. Opioids are risky in patients with obstructive sleep apnea 
syndrome (OSA) because they can cause pharyngeal collapse and inhibition of the 
rapid eye movement (REM) phase. Naloxone and naltrexone are able to displace the 
molecules of morphine and analogues from the receptors, thus interrupting their 
action. Naloxone has an extreme short onset of action; it is indeed the drug of choice 
for acute opioid intoxication.

9.4.1  Morphine

Morphine is a potent opioid analgesic characterized by hepatic metabolism and 
renal excretion with intermediate volume of distribution. Dose adjustment is recom-
mended in patients with hepatic or renal impairment in order to avoid accumulation 
of morphine active metabolites which may cause prolonged effects. Morphine pro-
duces its major effects in the central nervous system (CNS), but action on peripheral 
receptors will also exert effects. CNS effects include analgesia, sedation, mood 
changes, respiratory depression, pruritus, nausea, and vomiting. Morphine has a 
rapid onset but requires continuous titration of dosage to avoid the risk of accumula-
tion. Sleep apnea increases the risk of morphine-induced respiratory depression. 
The first study which analyzed analgo-sedation in patients undergoing NIV was 
published in 1999 [15]. In this pilot study morphine was used successfully in 9 of 
the 12 enrolled patients with ALI/ARDS who underwent a trial of NIV. Success rate 
defined as avoidance of intubation and no further assisted ventilation for 72 h was 
achieved on six of nine occasions (66%).
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9.4.2  Remifentanil

Remifentanil is a short-acting opioid with μ receptor selectivity and a unique phar-
macokinetic profile. This drug has an onset time of approximately 1 min and shows 
a rapid blood-brain equilibration time, and it has a reduced distribution volume [16].

Furthermore, no dose adjustment is necessary in patients with renal and hepatic 
impairment [17].

There are limited data regarding the use of remifentanil during noninvasive 
mechanical ventilation. In a prospective preliminary study, Constantin et al. [18] 
evaluated the efficacy and safety of the use of remifentanil in 13 patients (ten with 
acute hypoxemic respiratory failure and three with acute hypercapnic respiratory 
failure) at risk of failing noninvasive ventilatory treatment for discomfort and/or 
refusal to continue NIV.

Continuous infusion of remifentanil (mean remifentanil dose 0.1 ± 0.03 μg/kg/
min) to obtain a conscious sedation (score 2–3 of the Ramsay scale) led to a decrease 
in respiratory rate and improvement of arterial blood gases after 1 h, avoiding intu-
bation in 9 of 13 patients (69%).

Subsequently in a prospective uncontrolled trial [19], efficacy and safety of remi-
fentanil was evaluated in 36 patients with persistent acute respiratory failure (PaO2/
FiO2 < 200 after a first-line trial of NIV to avoid intubation) who refused to continue 
treatment because of intolerance to two different interfaces (helmet and total face 
mask). The initial dose of the drug was 0.025 μg/kg/min increased by 0.010 μg/kg/
min every minute until score 2–3 of the Ramsay scale was reached; maximum dos-
age was set to 0.12 μg/kg/min. With this protocol 61% of patients continued NIV 
after the initiation of remifentanil infusion.

No patient showed hemodynamic changes or reduction in respiratory drive 
during the study period; 14 patients were intubated: 12 for the persisting discom-
fort and 2 for hemodynamic instability due to the presence of septic shock. In 
addition, analgo-sedation with remifentanil showed a decrease in respiratory rate 
and an improvement in blood gas values both in mask or helmet-ventilated 
patients.

Despite these promising results, the use of remifentanil-based sedation during 
NIV is still very limited. So far, there are no studies in literature which show a clear 
effect on the respiratory drive to the actual clinical practice drug dosage.

9.5  Sedative Drugs

9.5.1  Dexmedetomidine

Dexmedetomidine is a α2-adrenergic receptors agonist which inhibits the release of 
norepinephrine from sympathetic nerve endings [20].

Its sedative and analgesic profile is due to the activity on the α2-adrenoceptors 
located in the locus coeruleus. Unlike clonidine, dexmedetomidine has a shorter 
half-life and an eight times greater selectivity for α2-adrenoceptors.
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Among all sedative drugs dexmedetomidine carries the lowest risk of depressing 
the respiratory centers [20].

Furthermore, dexmedetomidine works synergically with other sedatives, allow-
ing lower doses to be used, finally decreasing its dose-dependent side effects.

Continuous intravenous infusion should start at a dose between 0.2 and 1.4 mg/
kg/h, and no loading dose should be administered.

Dexmedetomidine has showed, through its central sympathetic action, bradycar-
dia and hypotension, while hypertension due to vasoconstriction may be provoked 
at higher concentrations [21].

A Japanese pilot study reports the first application of dexmedetomidine as a sed-
ative agent during NIV [22] where the authors evidenced, after an hour of infusion, 
an improvement in gas exchange and respiratory rate.

Senoglu et al. [23] tested the sedative profile and adverse events of dexmedeto-
midine against midazolam in an ICU population of patients undergoing NIV for 
acute respiratory failure secondary to COPD exacerbation. In both groups sedation 
was targeted to achieve either a score 2–3 RASS or a score 3/4 Riker sedation- 
agitation scale or a bispectral index level >85. No serious cardiovascular adverse 
events or NIV failures were documented. However, during the sedation induction 
period, heart rate and blood pressure were significantly lower in the group treated 
with dexmedetomidine (incidence of bradycardia: 18.2% vs. 0, p = 0.016).

In terms of respiratory frequency and gas exchanges, no significative differences 
were found between the two groups.

Comparable results are brought up by another randomized trial [24] which involved 
62 patients with hypoxemic respiratory failure who rejected NIV treatment due to high 
discomfort and marked agitation. Authors established that dexmedetomidine and mid-
azolam had both a similar safety profile. However, at the same level of sedation, dex-
medetomidine showed to have a shorter half-life time, allowing patients to fully awaken 
more rapidly. In addition, healthcare-associated infections were reduced, apparently 
because with dexmedetomidine no blunting of the cough reflex was observed. Finally 
with the alpha-2 selective agonist, the length of stay in ICU was shorter.

However, a recently published work [25] concluded that in patients with acute 
respiratory failure, intravenous dexmedetomidine infusion starting soon after NIV 
initiation does not maintain adequate levels of sedation and does not improve  
NIV tolerance. The authors attested that in a population of subjects undergoing NIV 
treatment, of which only one-third showed at baseline signs of NIV intolerance, a 
routine and early dexmedetomidine infusion does not bring any advantage over an 
intermittent bolus of fentanyl and midazolam. In fact, there was no significative dif-
ference in the prevention of agitation and delirium, no reduction in NIV failure rate, 
or any improvement in patient/nursing staff comfort.

9.5.2  Propofol

Propofol is a highly lipophilic phenolic derivate; it is not soluble in water. Its intra-
venous formulation is an emulsion of soybean oil, egg lecithin, and glycerol.
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Propofol which has no analgesic properties is known to produce hypnosis and a 
dose-dependent respiratory depression.

Propofol has a very rapid onset (about 90 s) and offset (20 min); its minimally 
active metabolites are excreted by the kidney.

No antagonist is available for this drug, and it shall not be used by any operator 
who is not able to manage the airways.

Important hemodynamic effects (hypotension due to a fall in peripheral vascu-
lar resistances and tachy- or bradycardia) may be caused by rapid propofol 
infusion.

Propofol may cause, if infused for a prolonged time at high doses (>4 mg/kg/h), 
propofol infusion syndrome (PRIS). This syndrome was reported in both adult and 
pediatric population and is characterized by a severe metabolic acidosis with renal 
failure and rhabdomyolysis [26, 27].

Clouzeau et al. [28] evaluated, in a population of ten patients with acute respira-
tory failure at risk of NIV failure due to poor tolerance, the safety of target- controlled 
infusion technique (TCI) propofol infusion for sedation. TCI is an infusion tech-
nique which allows, by means of an infusion pump with a build-in algorithm, to 
reach a specific desired plasma drug concentration. Furthermore, according to the 
patient’s clinical response, rapid adjustments in the plasma concentration are 
allowed.

9.5.3  Benzodiazepine

Benzodiazepines are very common drugs used to achieve sedation in ICU. Midazolam 
and lorazepam are by far the two most common benzodiazepines used in ICU due 
to their pharmacology which allows administration by both intermittent boluses or 
by continuous infusion.

While only a low dose is requested to achieve anxiolysis, deeper sedation, amne-
sia, and muscle relaxation, anticonvulsive effects can be achieved with a higher 
dosage along with common side effects as respiratory and cardiovascular 
depression.

In fact, anxiety, epilepsy, or procedures that require sedation and amnesia are 
within the most common situations for benzodiazepine use. These drugs act on the 
central nervous system binding to a specific site on the inhibitory gamma- 
aminobutyric acid (GABA) receptor, facilitating GABA effects.

Caution must be taken since benzodiazepines, like opioids, may accumulate after 
repeated doses [14, 29]. Furthermore, cardiovascular and respiratory depressions 
are more likely to be caused if the two drugs are administered at the same time. In 
addition, a longer hospital length of stay and a higher incidence of delirium are 
more associated with prolonged sedation with benzodiazepines [14].

Recent guidelines, in order to reduce the duration of invasive mechanical ventila-
tion, ICU stay, and the incidence of delirium, suggest the application of different 
sedation protocols involving drugs like propofol and dexmedetomidine as alterna-
tives to benzodiazepines [14].
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 Conclusions

Although the use of analgo-sedation in patients intolerant to NIV may have a 
strong rationale, the real benefit in the clinical practice is uncertain until the lack 
of large randomized controlled trials will endure. Recently a prospective, obser-
vational, multicenter, international study has been published to evaluate the 
effects of analgo- sedation in case NIV failing [13]. The study involved 322 ICUs 
in 30 countries including more than 840 patients who had received, after being 
admitted to intensive care, at least 2 h of NIV as an initial treatment. Muriel et al. 
have shown that analgo-sedation was used only in 19.6% of patients, confirming 
the data of the study published in 2007. In these patients the use of sedative drugs 
to improve patient comfort did not bring any benefit in terms of reduction of NIV 
failure defined as the need to intubate the patient.

Furthermore, using a rigorous statistical method, an increased risk of failure 
of NIV and an increase of mortality have been proven within patients undergoing 
treatment with sedatives and analgesics simultaneously.

In conclusion, although analgo-sedation is not required in patients receiving 
NIV, it could be used in specific clinical setting only after a first non- 
pharmacological approach has been carried out to improve the patient’s interac-
tion/adaptation to ventilation.

Furthermore, the use of analgo-sedation cannot ignore the consideration of 
other aspects such as the level of experience of the medical and nursing staff, the 
use of clinical systems for determining/monitoring the level of pain, distress, and 
depth of sedation, as well as adequate pharmacovigilance.
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Critical Care Management 
of Subarachnoid Hemorrhage (SAH)

Luciana Mascia, Anna Teresa Mazzeo, and Simone Caccia

10.1  Introduction

Nontraumatic subarachnoid hemorrhage (SAH) represents about 3% of all strokes 
in the USA. Worldwide the incidence of SAH is 2–16/100,000 people, and it has not 
undergone changes in the last three decades. Females are more commonly affected 
than males (F:M  =  1.24:1), as are some ethnic groups (African Americans and 
Hispanics) compared to white Americans [1, 2]. SAH incidence increases with age 
(onset ≥ 50 years), while the prevalence rate is 3.2% [3]. In about 80% of cases, the 
cause of SAH is the rupture of a cerebral aneurysm (annual rupture rate 0.95%) [4]; 
in 15% of SAH, there is no evidence of source of bleeding with neuroimaging stud-
ies; and finally the remaining 5% of cases is explained by other causes (arteriove-
nous malformations, vasculitis). SAH is responsible for significant morbidity and 
mortality. Mortality rates vary widely between different studies (8–67%), but most 
of these studies do not take into account prehospital mortality (about 10–15%) [5].

A significant reduction of SAH mortality rates has been observed worldwide 
(30-day mortality 32–42%) [6], attributable to the improvements in patient care 
(neurosurgical intensive care, endovascular therapy, microsurgical techniques) 
which have increased the survival in hospitalized patients. Despite the reduction in 
fatality rates, about 50% of survivors have significant permanent reduction in 
health-related quality of life (loss of working capacity, social independence, and 
personal/family relationships at a 5-year follow-up). This quality of life reduction 
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has multifactorial causes such as impairment of physical functions, cognitive defi-
cits (executive function and memory), mood disorders (anxiety, depression, and 
posttraumatic stress disorder), and personality disorders [7, 8].

Several risk factors have been identified, both nonmodifiable (age, female sex, pre-
vious aneurysmal SAH, familiarity) and modifiable (hypertension, cigarette smoking, 
alcohol abuse, sympathomimetic drugs use). Other risk factors are some genetic dis-
eases (autosomal dominant polycystic kidney disease, Ehlers-Danlos syndrome type 
IV, Marfan syndrome, neurofibromatosis type I, fibromuscular dysplasia), cerebral 
aneurysms of the anterior circulation in patients <55 years, cerebral aneurysms of the 
posterior circulation in male patients, cerebral aneurysms >7 mm in diameter, and 
finally patients with significant legal or financial problems over the last 30 days. It is 
unknown whether there are factors playing a predominant role but, if present simulta-
neously, many of them can interact among themselves with a synergistic effect [9–14]. 
Antihypertensive treatment is recommended and may reduce the risk of SAH, as well 
as avoiding tobacco and alcohol use and eating a diet rich in vegetables [2].

10.2  Clinical Features

Most of cerebral aneurysms are not diagnosed during life, or their detection is inci-
dental. Inflammation appears to play an important role in the pathogenesis and 
growth of intracranial aneurysms [2]. Clinically the aneurysm may present with 
headache, bitemporal hemianopsia and bilateral hyposthenia of the lower limbs 
(anterior communicating artery), unilateral third cranial nerve palsy (posterior com-
municating artery), facial or orbital pain, epistaxis, progressive visual loss and/or 
ophthalmoplegia (intracavernous internal carotid artery), and with symptoms of 
brain stem dysfunction (posterior circulation).

SAH is the most common clinical presentation of an aneurysm [6]. A severe, sud-
den headache (thunderclap headache, often described as the worst headache a patient 
has ever had) is the typical onset of SAH, and it occurs in about 80% of patients, 
accompanied by nausea, vomiting, photophobia, neck pain and stiffness, and loss of 
consciousness [15]. Physical examination should include evaluation of level of con-
sciousness, fundus oculi, meningeal signs, and presence of focal neurological defi-
cits. Focal neurological deficits (including cranial nerve palsies) are present in 10% 
of SAH patients and are associated with worse prognosis when caused by the pres-
ence of thick subarachnoid clots or intraparenchymal hemorrhage.

A transient increase in intracranial pressure (ICP) is responsible for nausea, 
vomiting, and syncope; coma and even brain death can occur in case of more severe 
and prolonged increase in ICP values. Terson syndrome (vitreous hemorrhage asso-
ciated with SAH) occurs in up to 40% of SAH patients [16, 17]. A sudden increase 
in ICP may cause preretinal hemorrhages associated with more severe SAH and 
increased mortality.

Occasionally some patients may have atypical SAH presentation with seizures, 
acute encephalopathy, concomitant subdural hematoma, and traumatic brain injury, 
making diagnosis more difficult. Some patients (10–43% of cases) experience days 
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or weeks before aneurysmal SAH the so-called “sentinel” headache caused by a 
small blood loss from the aneurysm [18, 19]. Unfortunately this event often repre-
sents only retrospective information since sentinel headache is temporary, and head 
CT is negative in 50% of cases.

10.3  Diagnosis

10.3.1  Head CT

The initial and more appropriate diagnostic test for patients with suspected SAH is 
a non-contrast head CT [15]. CT sensitivity was found to be 98–100% in detecting 
subarachnoid blood within 12  h from symptoms onset, compared to lumbar 
 puncture. CT sensitivity is reduced to 93% at 24 h and to 50% at 7 days after the 
event [20, 21]. The typical appearance of blood extravasated in the basal subarach-
noid cisterns is hyperdense. Other localizations include the sylvian scissure, the 
interhemispheric scissure, the interpeduncular fossa, and suprasellar, ambient, and 
quadrigeminal cisterns. CT can also highlight intracerebral hemorrhage, intraven-
tricular hemorrhage, and hydrocephalus. In the first 2 days of SAH presentation, 
MRI is as sensitive as CT but is rarely performed into this context for logistical 
reasons [22, 23]. Several days after SAH onset, MRI with hemosiderin-sensitive 
sequences (gradient echo and susceptibility-weighted imaging) or with FLAIR 
sequences (fluid- attenuated inversion recovery) is more sensitive than CT.

10.3.2  Lumbar Puncture

Lumbar puncture is recommended in all patients with clinical suspicion of SAH and 
negative or uncertain head CT. Cerebrospinal fluid (CSF) should be collected in 
four consecutive samples, and red blood cell counts should be performed in the first 
and fourth sample [15, 24]. Elevated opening pressure, elevated number of erythro-
cytes not significantly reducing in the fourth sample compared to the first one, and 
especially CSF xanthochromia are all elements that direct toward SAH diagnosis. 
Xanthochromia demonstrates intraliquoral hemolysis, and it can be detected by 
visual inspection of the sample or through spectrophotometry. Xanthochromia 
develops in about 12 h from SAH onset, and spectrophotometry seems to be more 
sensitive than visual inspection, which remains anyway the most widely used 
method. There is no clinical study that has determined the false negative rate for 
xanthochromia in different time intervals after SAH onset [25].

10.3.3  Source of Bleeding

All patients with diagnostic head CT and diagnostic or uncertain lumbar puncture must 
undergo CT angiography (CTA) or digital subtraction angiography (DSA) [15, 24]. 
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DSA is traditionally considered the “gold standard” diagnostic test to detect the source 
of bleeding in SAH (especially aneurysmal SAH) and to plan the most suitable treat-
ment. In many centers, CTA is commonly performed as a first-line diagnostic test, 
given its increasing availability. CTA has a 90–97% sensitivity and a 93–100% speci-
ficity (variability depends on technical factors such as the use of 16 or 64 slices, slice 
thickness, data processing algorithms, and finally the reader’s experience [26, 27]). 
CTA may be unreliable in detecting small (<4 mm) or distal aneurysms. Finally the 
choice between performing CTA or DSA depends on the availability of resources and 
institutional protocols. In SAH patients presenting with loss of consciousness DSA 
should be performed even if CTA is negative. Patients with negative DSA should repeat 
it between 7 and 14 days since SAH onset, and if still negative, they should undergo 
magnetic resonance angiography (MRA) to detect possible cerebral, brainstem, or spi-
nal vascular malformations [28].

10.3.4  Misdiagnosis

SAH may be not diagnosed because typical findings are not well defined or for an 
atypical clinical scenario. Since it is a medical emergency, a misdiagnosis is associ-
ated with a significant increase in mortality and disability (up to four times) in those 
patients presenting with no neurological deficits. Misdiagnosis has decreased from 
60% in the early 1980s to 15% in recent years [29, 30]. It must be stressed how 
important is having a high index of suspicion in front of each new-onset headache 
to make a correct differential diagnosis. A recent study found a series of clinical 
factors assuring a 100% sensitivity in detecting SAH in patients with >40 years, 
including neck pain or stiffness, loss of consciousness, symptoms onset during 
physical exercise, thunderclap headache, and neck flexion pain (“The Ottawa SAH 
Rule”) [31].

10.3.5  Perimesencephalic SAH

Imaging studies fail to demonstrate the source of bleeding in approximately 15% 
of SAH patients. It is estimated that 38% of these patients have a non-aneurysmal 
perimesencephalic SAH [32]. Fifty-four percent of patients with non-aneurysmal 
perimesencephalic SAH are male and have a lower risk of complications with 
better outcome than aneurysmal SAH patients. A correct diagnosis is important 
given the catastrophic consequences of not identifying a ruptured cerebral aneu-
rysm. Non- aneurysmal perimesencephalic SAH occurs with negative CTA or 
DSA but with a characteristic head CT scan [33]. The hemorrhage origin is local-
ized anterior to the midbrain, with or without blood spreading to the front portion 
of ambient cistern or to the basal part of sylvian scissure. Interhemispheric 
 scissure is not completely occupied by the hemorrhage, and there is no intraven-
tricular blood.
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10.4  Initial Assessment

Initial assessment and management of SAH patients with impaired consciousness 
must focus on stabilizing airway, breathing, and circulation [2, 15, 22–24]. Once 
stabilized, patients should undergo head CT and, if the patient is unable to protect 
airway, must be immediately intubated. The most common indications for endotra-
cheal intubation include coma, hydrocephalus, seizures, and the need for sedation. 
We must also avoid extreme values of blood pressure that could trigger rebleeding; 
therefore, controlling hypertension is critical [34]. On the basis of randomized 
controlled clinical trials, it is recommended to maintain mean arterial pressure 
(MAP) <110  mmHg or systolic blood pressure  <  160  mmHg until ruptured 
 aneurysm treatment, avoiding hypotension not to compromise cerebral perfusion 
[35, 36]. Usually blood pressure control is achieved by treating patient’s pain, 
 otherwise administering labetalol IV (5–20  mg), hydralazine (5–20  mg), or 
 continuous nicardipine infusion (5–15 mg/h). To treat patient’s pain, short-acting 
opioids are used.

10.4.1  Severity Assessment

The severity of neurological impairment and the amount of subarachnoid bleeding 
at patient’s admission are the strongest predictors of neurological complications and 
outcome [15, 23]. It is therefore essential to assess the patient, after stabilization, 
using a scoring system. There are several scoring systems available such as the Hunt 
and Hess classification or the WFNS (World Federation of Neurosurgical Surgeons) 
grading system. The prognostic advantage of the one or the other scale is uncertain 
and both have limitations [37]. The WFNS scale has the advantage to have identified 
as a prognostic factor focal neurological deficit only in a patient with preserved 
consciousness. The modified Fisher scale categorizes SAH imaging findings on 
head CT, and the amount of subarachnoid bleeding is a predictor of cerebral vaso-
spasm, delayed cerebral ischemia (DCI), and overall patient outcomes [38–40]. 
Currently WFNS scale is used for clinical grading (the score is derived from 
Glasgow Coma Scale (GCS) and neurological examination), and modified Fisher 
scale is used for radiological grading (the score is obtained by evaluating the amount 
of blood on head CT) [41, 42]. Elevated WFNS and modified Fisher scores are 
associated with poorer clinical outcome and a higher rate of neurological 
complications.

10.4.2  Admission in High-Volume Centers

SAH patients should be admitted in high-volume center, hospitalized in neurosurgi-
cal intensive care unit, and assessed by a multidisciplinary team for a correct cere-
bral aneurysm management [2, 43]. It has been demonstrated that admission of 
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SAH patients in low-volume centers is associated with increased 30-day mortality 
compared to admission in high-volume centers. Furthermore, hospitalization in 
neurosurgical intensive care unit managed by neurointensivists is associated with a 
reduced in-hospital mortality [44].

10.5  Aneurysm Treatment

In the management of cerebral aneurysms, there are two effective treatments: sur-
gical clipping and endovascular coiling. The goal is to completely obliterate the 
aneurysm and exclude it from circulation whenever possible. Clipping consists in 
excluding the aneurysm sac from circulation by positioning a vascular clip at the 
aneurysm neck with microsurgical technique. Coiling is an endovascular treat-
ment and consists in bringing an endovascular microcatheter to the aneurysm sac 
and releasing through these very thin metallic coils until complete aneurysm 
occlusion. The choice between this two treatment options depends on several fac-
tors including patient age, aneurysm localization and morphology, and the rela-
tionship with adjacent vessels. Since deciding on the most appropriate treatment 
for each patient is complex, it is important that the assessment is performed by a 
multidisciplinary team consisting of cerebrovascular neurosurgeons, endovascu-
lar-trained physicians, and neurointensivists to reach a consensus on therapy [2, 15, 
22, 23, 30, 43]. A prospective randomized controlled clinical trial—ISAT 
(International Subarachnoid Aneurysm Trial)—was performed to evaluate patients 
with treatable aneurysms and candidates for both endovascular coiling and surgi-
cal clipping [45, 46]. Patients assigned to the coiling group showed a significantly 
better outcome (in terms of disability-free survival at a 1-year follow-up, evalu-
ated with modified Rankin scale) and a lower risk of epilepsy compared to the 
clipping group. On the other hand, the risk of rebleeding and only partial aneu-
rysm occlusion was lower in the clipping group. Overall, endovascular coiling 
should be preferred compared to surgical clipping whenever possible. Many aneu-
rysms are not equally eligible for clipping or coiling. Characteristics such as 
advanced age, poor clinical grading, underlying multiple systemic comorbidities, 
aneurysms of basilar artery tip and vertebrobasilar circulation, aneurysms of 
intracavernous internal carotid artery, and high surgical risk make endovascular 
coiling preferable. Other features such as giant, fusiform aneurysms, with an ele-
vated neck/body ratio (>0.5), localized at arterial bifurcations and middle cerebral 
artery aneurysms or associated with large parenchymal hematomas make surgical 
clipping more suitable. In young patients, surgical clipping is preferable as it pro-
vides better protection against SAH recurrence. After every aneurysm repair sur-
gery, it is recommended to perform an immediate cerebrovascular imaging 
examination to identify promptly any residues or recurrences of aneurysmal 
pathology requiring further treatment [2]. Regardless of the chosen treatment, 
aneurysms should be treated as early as possible to prevent rebleeding and to 
safely and effectively treat vasospasm [6].
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10.6  Anesthetic Management

The general goals of anesthesiologic management include hemodynamic control to 
minimize the risk of aneurysm re-rupture and strategies to protect the brain from 
ischemic injury. Depending on SAH severity, patients will exhibit a different degree 
of cerebrovascular reactivity impairment and of cerebral autoregulation impair-
ment, making brain perfusion strictly dependent on MAP value. Therefore the 
patient should not be exposed to hypotension, with associated risk of DCI, or hyper-
tension, with risk of rebleeding [47, 48]. The goal is to maintain the transmural 
pressure gradient through the aneurysm wall and to maintain the cerebral perfusion 
pressure (CPP), given by the subtraction MAP-ICP.  A sudden increase in blood 
pressure along with a rapid reduction in ICP can alter the gradient and increase the 
risk of aneurysm rupture. It is therefore important to avoid hypotension or hyperten-
sion during induction of anesthesia, intubation, surgical incision, and opening of 
dura. Prior to induction of anesthesia, a central venous access and also an arterial 
access with intra-arterial blood pressure monitoring must be obtained to be able to 
continuously calculate CPP and the transmural pressure gradient through the aneu-
rysm wall [49]. Many pharmacological agents have been used for neuroprotective 
purpose during aneurysm surgery, but no one has shown a significant improvement 
in outcome.

10.6.1  Anesthesia

The maintenance of anesthesia can be handled with inhaled agents, used with a 
minimum alveolar concentration ≤ 1 (MAC), along with the use of analgesics such 
as fentanyl, sufentanil, or remifentanil, and with an appropriate neuromuscular 
blockade obtained with non-depolarizing agents. The cerebral vasodilator effect of 
modern inhaled agents such as desflurane, isoflurane, and sevoflurane, used at 
MAC ≤ 1, is not clinically relevant as it depends on dosage and solubility coeffi-
cient of the gas in the blood [50, 51]. Alternatively maintenance of anesthesia can 
be achieved by total intravenous anesthesia (TIVA), based on propofol use. This 
technique may be preferable in patients with elevated ICP, as it reduces cerebral 
blood flow (CBF) and ICP, and also in patients monitored with evoked potentials, 
thus avoiding interferences with inhaled agents [52, 53]. It has not been demon-
strated any superiority of TIVA compared to inhaled agents, in terms of anesthetic 
efficacy and neurological healing, and it is possible to use the two techniques in 
combination [54–56].

10.6.2  Neurophysiological Monitoring

Somatosensory evoked potentials (SSEP) and brain stem auditory evoked potentials 
(BAEP) can be used to monitor cerebral function. SSEP are used during aneurysm 
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surgery in the area of both anterior and posterior cerebral circulation. BAEP are 
used during surgical interventions in the area of vertebrobasilar circulation. 
Monitoring through evoked potentials serves to guide the surgical procedure 
(removing or repositioning a vascular clip) and hemodynamic management (arterial 
blood pressure). Unfortunately this type of monitoring is not specific, and there are 
no studies that document an improvement in outcome [49].

10.6.3  ICP

ICP monitoring is particularly useful in the management of blood pressure during 
induction of anesthesia and in the postoperative period, especially in the patient who 
remains unconscious after surgery [49]. Elevated ICP management involves simple 
therapeutic measures such as lifting the headboard of the patient bed and preventing 
jugular venous compression. It is important to maintain PaCO2 level around 35 mmHg 
ensuring a proper depth of anesthesia. To further reduce ICP, intravenous mannitol or 
hypertonic saline can be administered. Intravenous mannitol 20% is infused during 
10–15 min at a dosage of 0.5 g/kg. The hypertonic saline should be administered via 
central venous access in order to avoid the risk of thrombophlebitis. There are no 
definitive data on the superiority of the one or the other solution. When all these 
therapeutic measures fail to control ICP, hyperventilation can be used, but it should 
be suspended as soon as the indication is ended [57]. Elevated ICP is a common 
complication in the first week after severe SAH in intensive care patients and is asso-
ciated with the severity of initial brain injury and with mortality [58].

10.6.4  Hypothermia

The role of hypothermia in patients with surgically treated intracranial aneurysm 
has been studied in the IHAST II trial, whose results have shown that inducing 
mild hypothermia (33 °C), despite being relatively safe, is not associated with an 
improvement in neurological outcome and mortality. Since IHAST II has some 
limitations, the role of hypothermia cannot be completely denied and should be 
further evaluated [59].

10.7  Critical Care Management

In the early stage, SAH is often associated with severe systemic and intracranial 
consequences rather than further brain damage [60–63]. More than 75% of SAH 
patients experience a systemic inflammatory response syndrome (SIRS), probably 
due to high levels of inflammatory cytokines, associated with permanent neurocog-
nitive dysfunction. SAH patients have an increased risk of developing several neu-
rological complications, including hydrocephalus, cerebral edema, delayed cerebral 
ischemia, rebleeding, seizures, and neuroendocrine disorders leading to alteration 
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of sodium, water, and glucose homeostasis. SAH also triggers alterations mediated 
by the hypothalamus increasing the orthosympathetic and parasympathetic tone, 
responsible for cardiac and pulmonary complications. Increased levels of circulat-
ing catecholamines are thought to be the basis of several cardiac manifestations 
including ECG alterations, arrhythmias, contractility disorder (Takotsubo cardio-
myopathy), troponinemia, and myocardial necrosis. A similar pathophysiologic 
mechanism is probably the basis of pulmonary complications such as neurogenic 
pulmonary edema. It is important to recognize and treat all these systemic compli-
cations since they are associated with an increased risk of delayed cerebral ischemia 
and poor neurological outcome after SAH.

10.8  Neurological Complications

10.8.1  Rebleeding

Rebleeding is a major disabling complication of SAH, which involves high rates of 
mortality and morbidity. Four to fifteen percent of SAH patients rebleed within the 
first 24 h, but the risk is more elevated within the first 6 h after symptoms onset. The 
risk of rebleeding decreases over the next 2 weeks. The main associated risk factors 
include elevated systolic blood pressure (>160 mmHg), poor neurological grading, 
intracerebral or intraventricular hematomas, posterior circulation ruptured aneu-
rysms and aneurysms >10 mm in diameter [34]. The best therapeutic measure to 
reduce rebleeding risk is the early treatment of the aneurysm [43]. When there is 
delay in treatment (clipping or coiling), tranexamic acid or aminocaproic acid should 
be given to the patient within 72 h and if there are no contraindications. The use of 
antifibrinolytic agents is justified by the fact that early risk of rebleeding is a conse-
quence of activated fibrinolysis and therefore reduced clot stability in the first 6 h. It 
is also very important in the prevention of rebleeding blood pressure control before 
aneurysm repair. Nicardipine seems to provide better blood pressure control over 
labetalol and sodium nitroprusside, although there are no demonstrated differences 
in clinical outcome [64]. Since systemic hypertension following SAH is mediated by 
V1a receptors of vasopressin, it has been supposed that treatment with inhibitors of 
these receptors could reduce hemorrhage severity and prevent rebleeding, improving 
outcome [65]. Patients with suspected rebleeding should be immediately evaluated, 
performing head CT and DSA, and the aneurysm should be treated immediately. As 
far as endovascular treatment is concerned, it should only involve coiling of ruptured 
aneurysm. Stenting of cerebral aneurysm in the context of SAH should be avoided as 
it is associated with more hemorrhagic complications and poor outcome [2].

10.8.2  Hydrocephalus

Acute symptomatic hydrocephalus occurs in about 20% of SAH patients, usually 
within the first days after symptoms onset [2, 15, 22]. Patient’s presentation is with 
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a reduced level of consciousness and other signs of increased ICP, such as impaired 
upward movement of the eyes and hypertension. It is recommended to perform a 
control head CT in any suspected symptomatic hydrocephalus patient, followed by 
external ventricular drainage (EVD) placement. In patients with SAH complicated 
by communicating hydrocephalus, a lumbar drainage may be positioned, in some 
cases, instead of EVD. About 60% of SAH patients treated with EVD are success-
fully weaned, while the remaining is treated with the placement of a permanent 
ventriculoperitoneal shunt. The weaning of the patient from EVD should begin 
immediately after the treatment of the aneurysm or <48 h from the EVD positioning 
if the patient is neurologically stable. A fast weaning protocol is preferable as it has 
been shown that a gradual weaning (>24 h) is not effective in reducing the need for 
ventricular shunt.

10.8.3  Seizures

Defining the exact incidence of seizures in SAH patients is difficult and controver-
sial since many patients (20–26%) experience seizure-like episodes that are unlikely 
to be correctly assessed as they occur at symptoms onset [15, 45, 46]. Generally, 
patients with middle cerebral artery aneurysms, thick subarachnoid clots, rebleed-
ing, cerebral infarction, history of hypertension, concomitant intraparenchymal 
hematomas, and poor clinical grading are at higher risk of seizures, while patients 
treated with endovascular coiling have lower seizure rates. The long-term risk of 
developing epilepsy is low. A nonconvulsive status epilepticus is a strong predictor 
of poor outcome. Administering prophylactic antiepileptic drugs in SAH patients 
was common practice, but treatment, especially with phenytoin, was associated 
with worse clinical outcome and elevated incidence of drug-related complications 
[2]. It is therefore recommended to avoid phenytoin and, if treatment is needed, 
short-term administration of the antiepileptic drug, for 3–7 days. Prophylactic ther-
apy is reasonable in patients in the acute stage of SAH to prevent further brain 
injury or rebleeding. In SAH patients with poor grading subclinical seizures may 
occur even with high frequency, so in this context, continuous EEG monitoring is 
recommended [43].

10.8.4  Delayed Cerebral Ischemia

Delayed cerebral ischemia (DCI) is one of the most feared complications after SAH 
and is the event with the greatest impact on functional outcome [62, 63]. It occurs 
in about 30% of SAH patients, usually between days 4 and 14 after symptoms onset. 
It is defined as any sign of neurological deterioration (focal or global) which is pre-
sumed to be secondary to cerebral ischemia, persistent for more than 1 h, and not 
explained by another neurological or systemic condition. This fact implies that DCI 
is a diagnosis of exclusion; therefore, there must be no hydrocephalus, sedation, 
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hypoxemia, seizures, electrolytic alterations, and renal or hepatic dysfunction. 
Factors involved in DCI pathogenesis are different, including cerebral vasospasm, 
microcirculatory constriction, microthrombosis, cortical spreading depression 
(CSD), delayed cell apoptosis, loss of blood-brain barrier integrity, cerebral edema, 
and loss of cerebral autoregulation [66, 67]. Most likely, the principal factor trigger-
ing all these processes is the release of oxyhemoglobin and other erythrocyte com-
ponents through hemolysis, which activates a number of inflammatory and 
proapoptotic factors. CSD is a depolarizing wave spreading through cerebral gray 
matter at a speed of 2–5 mm/min, and it depresses spontaneous and evoked EEG 
activity. Cluster diffusion of these slow waves causes severe vasoconstriction, 
impaired cerebral electrolyte homeostasis, and recurrent tissue ischemia [68–70]. 
Microthrombosis is a consequence of coagulation cascade activation following ini-
tial hemorrhage.

Vasospasm of cerebral arteries occurs more frequently 7–10 days after aneurysm 
rupture, and it resolves spontaneously after 21 days. It affects both arterial and arte-
riolar circulation, and 50% of the angiographically detectable cases cause ischemic 
neurological symptoms. The risk of cerebral vasospasm increases on the basis of 
thickness, density, localization and persistence of subarachnoid blood, onset of neu-
rological condition, transcranial Doppler (TCD) flow velocity, Lindegaard ratio 
(ratio between mean CBF velocity in middle cerebral artery and mean CBF velocity 
in extracranial internal carotid artery), and ratio between TCD flow velocity and 
CBF (spasm index) [71]. Also poor clinical grading, loss of consciousness at event 
onset, cigarette smoking, cocaine use, systemic inflammatory response syndrome 
(SIRS), hyperglycemia, and hydrocephalus are factors increasing the risk of DCI 
and poor neurological outcome [72]. Predicting which patients may develop DCI is 
very difficult but would have important consequences such as a reduction in the 
level of monitoring in SAH patients with low risk of DCI, thus avoiding potential 
adverse effects of aggressive management and reducing resource utilization. The 
best predictors for reducing the level of monitoring include older age (> 65 years), 
WFNS scale grades I–III, and a modified Fisher scale score < 3.

The best studied interventions to prevent DCI are calcium channel blockers use 
and monitoring of intravascular volume status. The use of nimodipine is recom-
mended to reduce the risk of DCI and poor functional outcome [23, 62]. It is enter-
ally administered at a dose of 60 mg every 4 h for a period of 21 days. Nimodipine 
provides neuroprotection without reducing angiographic vasospasm incidence. The 
most common adverse effects include constipation and hypotension, and the latter 
may be problematic since it can lead to hypoperfusion given by a CPP reduction. 
For this reason, during nimodipine administration, systolic blood pressure of the 
patient should not be altered.

SAH patients often face a hypovolemic status and negative water balance, which 
is associated with higher incidence of cerebral infarction and poor neurological out-
come. In the past this fact led to the introduction of prophylactic hypervolemic 
therapy that has not demonstrated to improve CBF or to reduce cerebral vasospasm 
or DCI incidence. On the contrary, prophylactic hypervolemia increases the 
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incidence of cardiopulmonary complications, so it should not be established, and it 
is recommended to maintain euvolemia after SAH [2, 43]. The methodology to 
ensure patient euvolemia is still being subject of controversy. There are several 
methods such as close monitoring of water balance, central venous pressure, stroke 
volume variation, and echocardiography. Generally, to ensure euvolemia, it is nec-
essary to reintegrate fluid lost with diuresis and eventually administer fludrocorti-
sone or hydrocortisone in patients with significant diuresis.

The possible neuroprotective role of statin therapy on cerebral hemodynamics 
has been investigated. However, a randomized multicenter trial (STASH) did not 
show any benefit in the use of simvastatin in SAH patients regarding both short- 
term and long-term outcomes. Therefore, although a safe treatment, statin is not 
indicated [73]. Also early treatment with magnesium sulfate did not show any ben-
efit in terms of outcome and DCI development [74]. Treatment with albumin admin-
istered up to 1.25 g/kg/day for 7 days may be neuroprotective and is tolerated by 
patients [75]. It is also associated with a reduced incidence of TCD-detected vaso-
spasm, DCI, and cerebral infarction at day 90 in a dose-dependent manner [76].

10.8.5  Diagnosis and Monitoring

Diagnosing DCI is not simple, but the combination of neurological examination 
with imaging studies can increase early diagnosis and management. SAH patients 
should be admitted to neurosurgical intensive care unit where they can be examined 
frequently, at least every 2 h. DCI should be suspected in case of developing focal 
neurological impairment or in case of a GCS 2-point reduction that lasts for more 
than 1 h and cannot be explained by another cause. In addition, all SAH patients 
should undergo head CT or MRI 24–48 h after aneurysm repair. Any new hypoden-
sity found at CT imaging after this time window, not attributable to EVD insertion 
or intraparenchymal hematoma, should be considered cerebral infarction caused by 
DCI, regardless of clinical signs. Expert opinion recommends that SAH patients 
should routinely undergo further imaging studies and/or further physiological moni-
toring during the period at risk for developing DCI [2, 43]. Usually monitoring is 
multimodal and includes ICP, CPP, CBF, EEG, TCD, DSA, CTA, perfusion CT, and 
cerebral tissue oxygenation. Among all these methods, the more investigated one is 
TCD, which has sensitivity and specificity suitable to detect DCI secondary to cere-
bral vasospasm in major arteries, compared to DSA. The limits of this technique are 
the operator’s experience and the patient’s cranial acoustic window [77]. The TCD 
threshold values to diagnose vasospasm are as follows: mean CBF veloc-
ity < 120 cm/s excludes vasospasm; mean CBF velocity > 200 cm/s or Lindegaard 
ratio > 6 are diagnostic for vasospasm. In addition, mean CBF velocity increase of 
>50 cm/s within 24–48 h are associated with DCI.

DSA is the gold standard method to detect vasospasm in large arteries, but it is 
an invasive technique that puts the patient at risk of stroke by arterial dissection, 
embolism, and arterial rupture [78]. CTA has become widely available and could 
replace DSA for vasospasm screening with a high degree of specificity. Detecting 

L. Mascia et al.



159

an elevated mean transit time on perfusion CT (> 6.4 s; a recommended threshold 
for reduced cerebral perfusion) can be a predictive factor of DCI, additional to CTA, 
along with the visual qualitative interpretation of perfusion CT. Moreover, CTA and 
perfusion CT use can result not only in clinical benefit but also in economic advan-
tage, in terms of cost-effectiveness [79].

Cerebral tissue oxygenation and CBF monitoring may add more information if 
used in a multimodal approach context, always taking into account the limitations 
of the different methods. Continuous EEG monitoring allows to monitor wide cere-
bral regions and to detect in a non-invasive way any epileptiform event. It is particu-
larly useful in patients with poor grading where neurological examination is very 
limited. There is some variability regarding timing and frequency of the use of dif-
ferent neuromonitoring techniques [62]. Generally SAH patients are stratified in 
low risk (old age, WFNS 1–2, Fisher < 3), high risk (WFNS 1–3, Fisher 3), and high 
risk with poor neurological grading (sedated patient, WFNS 3–5, Fisher 4). All 
patients with aneurysmal SAH should be monitored with TCD (daily) and should 
undergo head CT (and even CTA/perfusion CT or DSA) on admission, on days 3–5, 
and on days 7–10 for reduced cerebral perfusion screening and vasospasm screen-
ing. High-risk patients with poor neurological grading deserve further neuromoni-
toring (EEG, cerebral tissue oxygenation, CBF).

10.8.6  Invasive Monitoring

The possibility to directly or indirectly monitor cerebral physiology and metabolism 
can help diagnosing cerebral vasospasm, adding important information about its 
course and effectiveness of treatment. In particular, techniques such as microdialysis 
and cerebral tissue oxygenation monitoring, which can detect neurometabolic and 
cerebral oxygenation alterations, can contribute to early diagnosis of DCI, thus 
improving outcome [80]. In SAH patients vasospasm affects energetic metabolism, 
leading to neurological deterioration. It may be useful to monitor cerebral metabolism 
through microdialysis, since it could correlate with clinical condition of the patient, 
and it may early detect metabolic dysfunction [81]. Cerebral microdialysis is a neuro-
monitoring technique offering the possibility of continuous, almost real time, sam-
pling of endogenous neurochemical molecules (neurotransmitters, metabolites) that 
can help understand the underlying pathophysiological cascades and detect DCI after 
SAH. It allows to monitor, through analytes fluctuations, the neurochemical events of 
brain extracellular space. Lactate, glucose, and pyruvate are parameters of energetic 
metabolism important to detect secondary cerebral damage following SAH. In addi-
tion, the level of glutamate in dialysate, excitatory amino acid which plays an impor-
tant role in secondary cerebral damage, closely correlates with ischemic alterations 
and poor outcome. During ischemia, witnessing the transition to an anaerobic brain 
energy metabolism, we will have high lactate, reduced extracellular glucose which 
negatively affects the outcome, and reduced pyruvate due to lack of substrates. A lac-
tate/pyruvate ratio > 40 correlates with a condition of regional cerebral ischemia. The 
increase of glutamate in extracellular fluid of SAH patients, as a result of secondary 
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damage, correlates with unfavorable outcome [82]. Following SAH, ischemia raises 
extracellular glutamate concentration, causing neuronal damage. The accumulation of 
glutamate is due both to an increased release from neurons and to a reduced reuptake 
by the synaptic fissure, and this fact enhances the neurotoxic effect of ischemia. 
Possible early markers of DCI following SAH are glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) and HSP7C protein, the concentrations of which vary before 
symptomatic vasospasm onset. FGF2 levels show the tendency to be higher in SAH 
patients, and NO can be monitored in SAH patients undergoing surgery. Microdialysis 
monitoring is able to predict DCI and cerebral infarction with sensitivity and specific-
ity between 75 and 90%, on average 11 h before clinical onset [83].

The role of endothelin-1 (ET-1) in the development of cerebral vasospasm fol-
lowing SAH was evaluated [84]. ET-1 levels in cerebrospinal fluid are increased 
under severe neurological damage conditions, irrespective of whether the cause is 
either vasospasm or primary hemorrhagic event, and they also correlate with neuro-
logical deterioration but are not predictive of DCI. The role of clazosentan, an endo-
thelin receptor antagonist, has been investigated in the treatment of SAH patients. A 
first trial (CONSCIOUS-1) demonstrated a significant reduction in moderate and 
severe angiographic vasospasm in a dose-dependent manner [85]. Clazosentan was 
then studied in patients treated with clipping (CONSCIOUS-2) and coiling 
(CONSCIOUS-3), without demonstrating a significant beneficial effect on mortal-
ity and functional outcome [86, 87]. A meta-analysis also showed that the use of 
endothelin receptor antagonists does not improve functional outcome following 
SAH, increasing the risk of some complications (pulmonary edema, hypotension, 
and anemia) [88]. Recently, in experimental models of rat arteries, it has been dem-
onstrated that CSF of SAH patients which developed vasospasm causes vasocon-
striction, mediated by endothelin, in an endothelium-dependent manner. In addition, 
it has been observed that only antagonizing in a combined way of two different 
endothelin receptors, it is possible to inhibit vasoconstriction [89].

The outcome after SAH is therefore not only affected by the severity of primary 
damage but also by the cascade of secondary damage. Eighty-three percent of 
patients who develop an ICP increase following SAH show cerebral metabolic alter-
ations that precede the ICP increase [90]. A thin catheter (0.5 mm in diameter) is 
inserted into cerebral parenchyma for cerebral tissue oxygenation monitoring [91]. 
This technique can help not only in the early diagnosis of DCI but also in evaluating 
the effect of treatments such as nimodipine and angioplasty and in avoiding isch-
emic events during and following aneurysm surgery. CPP < 70 mmHg is associated 
with metabolic alterations and cerebral tissue hypoxia by secondary damage, result-
ing in increased mortality and poor functional recovery following SAH [92].

10.8.7  Treatment

All SAH patients should be treated with nimodipine and maintenance of euvolemia. 
Low-risk patients, whose neurological examination remains unchanged and do not 
show signs of vasospasm and hypoperfusion on TCD and CTA/perfusion CT, can be 
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transferred to units with lower intensity of care starting from day 5 after the event. 
High-risk patients with good neurological status and with unchanged neurological 
examination and imaging can be transferred starting from day 7 after the event. 
High-risk patients with poor neurological status, whose neurological examination 
remains unchanged and neuromonitoring values remain within the normal range, 
can be transferred starting from day 14 after SAH. When an increase in TCD mean 
CBF velocity or CTA/perfusion, CT alterations are observed; the intensity and fre-
quency of neuromonitoring must be augmented.

The development of neurological deterioration suggestive of DCI determines the 
starting of rescue therapy. It is important to work on hemodynamics to improve 
cerebral perfusion. In case of cerebral autoregulation alteration, a MAP increase 
results in a parallel CBF increase. Initially the hemodynamic approach consisted in 
triple H therapy (hemodilution, hypervolemia, hypertension), but scientific litera-
ture demonstrated the only usefulness of hypertension with maintenance of 
euvolemia; thereafter, guidelines indicate induced hypertension as first-line treat-
ment [2, 43]. IV fluid bolus is usually infused (1–2 l physiological saline 0.9%) and 
hypertension is induced with vasopressor drugs use (noradrenaline). The increase in 
blood pressure is achieved gradually with frequent neurological examination (every 
10 mmHg of mean or systolic blood pressure increase, without exceeding 200 mmHg 
of systolic blood pressure) to determine the final target pressure. Inotropic agents 
use (dobutamine, milrinone) is reserved for patients with impaired cardiac function. 
If neurological deficit persists, then the patient must undergo head CT/CTA/perfu-
sion CT or DSA and must be treated with endovascular therapy once cerebral vaso-
spasm has been confirmed. On the basis of prospective and retrospective 
observational data, endovascular treatment with intra-arterial vasodilators (papaver-
ine) and/or angioplasty is recommended. Induced hypertension should be main-
tained for at least 72  h or until stability is achieved, and then progressive slow 
weaning is started. Prophylactic angioplasty, in a patient with positive imaging but 
no neurological deterioration, is not recommended since it is associated with ele-
vated complication rate. In many cases in high-risk patients with poor neurological 
grading, DCI diagnosis and treatment are driven by data found on neuromonitoring 
(alterations in TCD mean CBF velocity, cerebral tissue oxygenation, CBF sugges-
tive of vasospasm indicate induced hypertension, and further investigation with 
imaging studies).

10.9  Medical Complications

10.9.1  Cardiopulmonary

Cardiopulmonary alterations are among the most common systemic SAH compli-
cations and may range from minor ECG abnormalities to severe dilated cardiomy-
opathy and acute respiratory distress syndrome (ARDS) [61]. ECG alterations and 
elevated cardiac enzymes (troponin T and I) are rather frequent after SAH; they are 
characteristic of what is called neurogenic stress cardiomyopathy (NSC) and, 
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depending on severity, are significant factors for clinical outcome. ECG alterations 
include sinus tachycardia, peaked T waves, T wave inversion, ST-segment depres-
sion or ST-segment elevation, and QT prolongation. ECG alterations affect 25–75% 
of SAH patients, whereas arrhythmias are present in about 100% of cases. Troponin 
increase occurs in up to 30% of patients. Troponin I is a highly sensitive and spe-
cific myocardial dysfunction marker, and in SAH patients, it is predictive of 
increased risk of hypotension, pulmonary edema, left ventricular systolic dysfunc-
tion, and DCI. In SAH patients there is also an increase in plasma BNP. The exact 
pathogenesis of cardiac alterations is not fully understood but it could be explained 
by catecholamine- related myocardial damage. In fact, structural brain injury and 
sudden increase in ICP induce high tissue and plasma levels of catecholamine due 
to significant autonomic stimulation. Plasma noradrenaline is increased three times 
the baseline value within the first 48 h following SAH, and it remains elevated even 
after 1 week. Excessive myocardial noradrenaline concentration induces myoci-
tary calcium overload and cell death resulting in cardiac dysfunction [93]. High 
levels of inflammatory cytokines present in patients CSF and serum contribute to 
NSC damage. Echocardiography can help distinguish patients with SAH-related 
widespread cardiac dysfunction from those with underlying cardiac ischemia, 
showing regional wall motility abnormalities in irroration areas of relative coro-
nary vessels. Regional or global wall motion abnormalities occur in 8–13% of 
patients, usually within the first 2  days from the event, and their prevalence is 
reduced in the following 3–8 days. From a clinical point of view, SAH patients 
may develop a significant cardiac dysfunction that manifests itself as left ventricu-
lar heart failure with compromised cardiac output, hypotension, and pulmonary 
edema. These cardiovascular dysfunctions lead to severe hypoperfusion, reduced 
CPP or cerebral tissue oxygenation, increasing the catastrophic consequences on a 
cerebral tissue already suffering and vulnerable to DCI, and poor neurological out-
come. The concept of stunned myocardium is valid for SAH patients presenting 
with hypoxemia and cardiogenic shock with pulmonary edema within a few hours 
from onset. Takotsubo cardiomyopathy (characterized by the typical balloon-like 
shape of ventricular apex, visible on echocardiogram) may occur in patients with 
poor neurological status, and it increases the risk of DCI.  In more than 50% of 
NSC cases following SAH, it has been described a “preserved apex” pattern, char-
acterized by basal and mid-ventricular left ventricular wall contraction abnormali-
ties, without apex involvement (less innervated from an orthosympathetic point of 
view). Therefore, from a cardiac point of view, monitoring of SAH patients through 
the execution of serial cardiac enzymes, ECG and echocardiography can be benefi-
cial especially in front of myocardial dysfunction signs. If there is also hemody-
namic instability, it may be useful to monitor cardiac output, even if there are no 
outcome data demonstrating its effectiveness.

Neurogenic pulmonary edema seems to be explained by a significant orthosym-
pathetic drive caused by neurological injury, and it is associated with reduced global 
and segmental left ventricular systolic function [94]. It reflects subarachnoid bleed-
ing severity, and it is associated with poor outcome [95, 96]. Recommendations for 
treating pulmonary edema or ARDS in SAH patients consist in avoiding excessive 
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fluid administration and rationally use diuretics to reach euvolemia. Standard treat-
ment for heart failure is also indicated, considering the importance of maintaining 
CPP in the normal range [43]. Protective mechanical ventilation should be set, con-
sidering however to carefully monitor hypercapnia, which should be readily man-
aged so as to avoid further ICP increase. Cardiopulmonary function should also be 
supported by the use of intra-aortic balloon pump if necessary, since these anoma-
lies usually improve a few days after the onset.

10.9.2  Fever

Fever is the most common non-neurological SAH complication, and it occurs in up 
to 70% of patients during hospitalization [2, 43]. It occurs more frequently in 
patients with poor neurological status and high score on modified Fisher scale. 
During SAH, fever is associated with poor clinical outcome, and it is probably asso-
ciated with a systemic inflammatory response syndrome (SIRS) rather than an 
infectious event. There is currently no evidence for a benefit in body temperature 
control of SAH patients. It is recommended to monitor body temperature frequently 
and to look for, and eventually treat, infectious processes. In addition, during the 
period at risk for DCI, temperature control must be carried out gradually, starting 
with standard antipyretic medications, then switching to the use of surface cooling 
devices, and finally intravascular temperature control, always avoiding the phenom-
enon of shivering.

10.9.3  Thromboembolism

Deep venous thrombosis (DVT) incidence following SAH varies between 2 and 
20% according to the screening methodology used, and the risk is greater in patients 
with poor neurological status [43]. Given DVT elevated incidence and its poten-
tially fatal consequences, prophylactic treatment should be administered, and inter-
mittent pneumatic compression is recommended for all SAH patients. Unfractionated 
heparin use in prophylaxis is indicated following aneurysm repair, and it can be 
started after 24 h from the procedure.

10.9.4  Glycemic Alterations

Hyperglycemia is a common phenomenon following SAH. The real impact of this 
condition is not yet well defined, but hyperglycemia is associated with DCI devel-
opment and poor clinical outcome. It is also indicated to prevent intraoperative 
hyperglycemia during aneurysm surgery. Hypoglycemia is associated with worse 
clinical outcome. Methods, timing, and aggressiveness of glycemic control have not 
been studied well in SAH patients. It is recommended to maintain blood glucose 
level between 80 and 200 mg/dl while awaiting further evidence [43].
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10.9.5  Hyponatremia

Hyponatremia is the most common electrolyte disorder in SAH patients, it occurs in 
approximately 30% of patients, and it is associated with clinical and sonographic 
vasospasm onset, DCI development, and poor clinical outcome [2, 15, 43]. It may 
be secondary to cerebral salt-wasting syndrome (CSWS) or to syndrome of inap-
propriate antidiuretic hormone secretion (SIADH). CSWS is caused by an excessive 
secretion of natriuretic peptides, and it results in hyponatremia, with possible hypo-
volemia, by excessive natriuresis. The treatment of these syndromes, in patients 
without SAH, provides for CSWS fluid infusion, while for SIADH fluid restriction. 
Following SAH, the CSWS patient treated with aggressive fluid resuscitation has an 
improvement in risk for cerebral ischemia. In SAH patients who develop SIADH, 
since it is often difficult to calculate water balance of neurosurgical intensive care 
unit patients, and since hypovolemia is associated with poor clinical outcome, fluid 
restriction should be avoided. The goal of hyponatremia treatment during SAH is 
therefore restriction of free water per os, maintaining patient’s euvolemia. Patients 
can be treated with continuous infusion of hypertonic saline (1.5–3%) that in 
patients with severe SAH seems to increase CBF, tissue oxygenation, and pH. In 
case of active diuresis preventing adequate water balance maintenance, fludrocorti-
sone is administered. It is important to look for thyroid and adrenal dysfunction, 
especially in SAH patients needing treatment with vasopressors to maintain normal 
blood pressure.

10.9.6  Hemoglobin

In most SAH patients a reduction in hemoglobin level occurs during hospitalization, 
which may compromise cerebral oxygen distribution. It can be caused by several 
factors, including excessive blood sampling, blood loss from other causes, or sys-
temic inflammation [43]. Anemia is associated with DCI and poor clinical outcome, 
but the optimal hemoglobin value in SAH patients has not been determined. Blood 
transfusions have not yet shown an improvement in clinical outcome but signifi-
cantly increase cerebral oxygen distribution reducing oxygen extraction ratio. It is 
recommended to minimize blood sampling and blood losses and to maintain a 
hemoglobin value greater than 8–10 g/dl.

 Conclusion
SAH is a neurological emergency associated with high morbidity and mortality. 
It is more common in females than males and in ethnic minorities compared to 
white Americans. When treating a SAH patient, the determining factors are 
prompt assessment and diagnosis, transfer to an appropriate center, rapid diagno-
sis and treatment of the source of bleeding, and overall management in neurosur-
gical intensive care unit consistent with the available guidelines. The main 
neurological complications of SAH include hydrocephalus, seizures, cerebral 
edema, DCI, and neuroendocrine disorders. Frequently patients manifest 
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 cardiopulmonary complications, which may be potentially fatal [97]. Following 
SAH patient discharge, it is reasonable to conduct a comprehensive assessment, 
including cognitive, behavioral, and psychosocial status [2].
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11High-Flow Oxygen Therapy

Cristina Mietto and Davide Chiumello

11.1  Introduction

Oxygen (O2) therapy is essential for treating hypoxemic patients. First records about 
oxygen therapy date back to the eighteenth century, but only during the First World 
War specific nasal cannula systems for oxygen supplementation were developed to 
treat gas-poisoned patients [1]. Since then oxygen delivery systems progressed to 
meet individual patient’s need with higher gas flow and fraction of inspired oxygen 
(FiO2). Ventilatory support may be required in patients with acute respiratory failure 
(ARF), going from continuous positive airway pressure (CPAP) and noninvasive 
ventilation (NIV) to endotracheal intubation and mechanical ventilation depending 
on patient’s characteristics.

Low gas flow systems (i.e., the supplied gas flow is lower than patient’s peak 
inspiratory flow (PIF); therefore, the oxygen flow mixes with room air and the 
actual FiO2 will be lower than expected) are usually the first-line devices for oxygen 
supplementation in clinical practice and include:

• Low-flow nasal cannula: oxygen delivery is restricted to low flows and allows 
only minor increase in FiO2. The maximal O2 flow is 5–6 l/min, because higher 
gas flow rates cause excessive dryness of nasal mucosa despite the use of bubble 
humidifiers and are not tolerable for the patient.
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• Simple and non-rebreather mask: these devices deliver higher gas flows, usually up 
to 15 l/min, but anyway without control of the actual FiO2 supplied to the patient 
and with similar problems of dryness of respiratory mucosa with bubble humidi-
fiers. Moreover, face masks limit patient’s interaction with the environment, caus-
ing difficulties in basic life activities (such as eating, speaking, drinking, etc.), 
effective communication with healthcare personnel, and claustrophobia.

Classical high-flow systems for oxygen therapy, the Venturi mask, apply the 
Bernoulli principle to ensure a fixed FiO2. These devices work with a constant gas 
flow (O2 is set usually between 4 and 8 l/min) that is squeezed through a narrow 
central space causing an increase in gas velocity and a decrease in static pressure. 
The consequence is that room air is drawn inside the device through peripheral 
openings by the subatmospheric pressure at the center of the device. Previous limi-
tations about inadequate gas humidification and interference with patient’s interac-
tion are unchanged compared to low-flow face masks (Table  11.1). Moreover, a 
dilution effect of the delivered FiO2 is always present in patients with high respira-
tory drive and work of breathing.

Following on from these limits in conventional oxygen therapy, the high-flow 
nasal cannula system (HFNC) was developed to supply controlled mixture of prop-
erly heated and humidified oxygen at high flow rates. First applied in neonatal and 
pediatric population with respiratory failure [2], HFNC treatment in adult patients 
is recently increasing [3]. HFNC system delivers a gas flow up to 20 l/min in chil-
dren and 60 l/min in adult patients with a constant FiO2 ranging from 21 to 100%. 
Main advantages of this technique are (1) the possibility to supply high gas flow 
rates that exceed patient’s PIF, (2) the delivered gas is optimally heated and humidi-
fied with a constant FiO2, and (3) the nasal cannula are more comfortable than face 
masks and allow better patient-environment interaction.

11.2  Setting the High-Flow Nasal Cannula System

Different HFNC devices are available on the market, each one with distinctive fea-
tures but basic principles apply to all systems. Key components of any HFNC device 
are a set of nasal cannula, a gas delivery blender that allows control on gas flow and 
FiO2, and an active humidifier.

Ideally, the system should allow titration of gas flow rates between 0 and 60 l/
min in order to adapt to patient’s need. Most common HFNC systems use two rota-
meters connected through a Y connection or a high-flow Venturi valve. The system 

Table 11.1 Consequences 
of dry and cold oxygen 
supplementation

Consequences of dry and cold oxygen supplementation
  Injury to the airway mucosa
  Bronchoconstriction and increase in airway resistance
  Dryness of airway secretions
  Mucociliary dysfunction
  Increase in work of breathing
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must include a flowmeter and a gas analyzer on the inspiratory line, in order to 
monitor the actual flow and FiO2 of the gas mixture provided to the patient.

Proper humidification is required for effectiveness and tolerability of the HFNC 
therapy. International guidelines (American Society for Testing and Materials, 
http://www.astm.org) recommend a minimum absolute humidity of 10 mg H2O/l for 
gas flow that pass through the upper airways [4]. This value roughly corresponds to 
standard room air characteristics, that is, a relative humidity of 50% at 22 °C. The 
development of active humidifiers for HFNC systems is rather new, and these 
devices are analogous to those already in use for invasive mechanical ventilation. 
Indeed, the most efficient bubble humidifier is able to reach the required absolute 
humidity only for gas flow up to 15 l/min [5]. Active heated humidification systems 
deliver a relative humidity of nearly 100% for gas flow exceeding 40  l/min at 
36.5 °C [5]. An additional useful feature is the presence of heated plastic circuits of 
larger diameter compared to standard low-flow nasal cannula. The larger dimension 
of the tubes allows for lower resistance to gas flow, while the heated wire circuit 
avoids condense formation at the interface between plastic and cold room air, reduc-
ing the risk of tube obstruction due to water accumulation inside the circuit.

Setting HFNC system is rather simple: First choose the nasal cannula size and 
circuit adequate for the patient. Nasal cannula must fit comfortably the nares, with-
out excessive leaking or total obstruction. Active humidification must be on and 
working before starting the treatment, and gas flow temperature must be set between 
34 and 37 °C. Gas flow must be started around 6 l/min and subsequently step-by- 
step increased to the target flow of 35–60 l/min during a few minutes time, in order 
to allow the patient to progressively adapt to the treatment.

11.3  Physiological Effects of HFNC System

Different physiological mechanisms have been suggested for the benefits and effi-
cacy of HFNC oxygen therapy in pediatric and adult patients with acute respiratory 
failure (Table 11.2):

• Controlled FiO2

Oxygen supplementation delivered through low-flow nasal cannula is an open 
system in which oxygen mixes with room air, and the maximum FiO2 is not greater 

Table 11.2 Mechanisms of 
action and benefits of HFNC

Mechanisms of action
  Stable and controlled FiO2

  Washout of upper airway dead space
  Reduction in airway resistance
  Positive end-expiratory pressure (PEEP)
  Alveolar recruitment
  Superior patient’s comfort
  Advantage in clearance of bronchial secretions
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than 30%. Moreover, the dilution effect is more extensive in case of respiratory 
 distress – consequently, actual FiO2 is lower in patients with dyspnea and tachypnea 
in which PIF is increased and varies from 30 to 120  l/min [6, 7]. HFNC systems 
deliver gas flow close to real patient’s effort to breathe, up to 60 l/min, with excellent 
comfort and without injury to the upper airway mucosa. Real high FiO2 (close to 
100%) is guarantee even in hypoxemic patients with respiratory distress [8]. HFNC 
systems deliver FiO2 higher than non-rebreather masks as well, as a consequence to 
minor room air admixture and washout of the upper airway dead space [7].

• Nasopharyngeal anatomical dead space washout

The nasopharynx is a complex anatomical space, and mouth-nasal breathing in 
patients with respiratory distress makes difficult a precise description of gas distri-
bution during respiration. Numerous authors hypothesize that high gas flow rates 
during HFNC therapy promote the washout of the nasopharyngeal space from the 
expiratory air (containing CO2) coming from the lungs. The resulting effect is dou-
ble: first anatomical dead space is reduced with advantage in alveolar ventilation; 
moreover, the washed-out space acts as a reservoir of highly oxygenated air in the 
oropharynx [9]. Intratracheal insufflation techniques use different devices to obtain 
similar results, showing to be effective in reducing anatomical dead space with 
improved alveolar-to-minute ventilation ratio and clearance of CO2 [10]. High-flow 
oxygen therapy, HFNC or intratracheal insufflation, compared to conventional oxy-
gen therapy with low-flow devices showed to improve resistance to physical exer-
cise and to reduce dyspnea symptoms in patients with chronic obstructive pulmonary 
disease (COPD) [11]. In another study, COPD patients showed improved oxygen-
ation, respiratory mechanics, and resistance to exhaustion during physical exercise 
with HFNC oxygen supplementation [12].

• Reduction of airway inspiratory resistance

Nasopharyngeal space is essential to heat and humidify inspiratory room air. 
Optimal heating and humidification of inspiratory gas during HFNC therapy blunt 
the bronchoconstriction reflex caused by the administration of dry and cold gas. The 
consequence is the reduction in work of breathing [13]. Moreover, in predisposed 
patients, such as those with obstructive sleep apnea syndrome (OSAS), the soft tis-
sue of the pharynx can collapse and obstruct during inspiration, leading to desatura-
tion and CO2 retention. High gas flow rates typical of HFNC may be equal or even 
superior to patient’s inspiratory effort, thus to prevent upper airway collapse and 
reduce supraglottic resistance. HFNC promotes the development of a positive pres-
sure in the nasopharyngeal space that contrasts tissue obstruction [9].

• Positive end-expiratory pressure (PEEP)

Graves and Tobin were the first authors to prove the development of airway posi-
tive pressure associated with HFNC treatment in adults [14]. The amount of positive 
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pressure produced depends upon the supplied flow rate, anatomy of patient’s air-
way, and individual respiratory system mechanical characteristics. Positive pressure 
linearly correlates with gas flow rate and system leakage [14]. Essential features for 
an effective HFNC support are good seal of nasal cannula, closure of patient’s 
mouth, and gas flow higher, or at least equal, to PIF. Numerous studies measured 
actual delivered PEEP, but the results showed a wide interindividual variability. In 
healthy volunteers median PEEP was 7.4  cmH2O (95% confidence interval (CI) 
5.4–8.8 cmH2O) with a gas flow of 60 l/min and close mouth [15]. Airway pressure 
was positive even during the inspiration phase of breathing, indicating adequate gas 
flow, with a median value of 1.6 cm H2O (95%CI 0.8–2.9 cmH2O) [15]. Post-cardiac 
surgery patients showed a mean positive pressure of 2.7 ± 1.04 cmH2O with gas 
flow of 35 l/min and close mouth during the postoperative period [16]. Ritchie et al. 
assessed a positive correlation between gas flow rates and mean nasopharyngeal 
positive pressure, used as surrogate of airway pressure, in healthy volunteers: 
3  cmH2O with a flow of 30  l/min, 4  cmH2O with 40  l/min, and 5  cmH2O with  
50  l/min [17]. Similarly, another study found that airway pressure increased at 
0.69 cmH2O for every increment of 10 l/min in gas flow when the subject breathes 
with his mouth close; the increase associated with airflow is lower (0.35 cmH2O) 
when the mouth is open during respiration [18].

• Alveolar recruitment

Positive airway pressure causes improvement in gas exchange and respiratory 
system mechanics only if it is associated with alveolar recruitment of the lung 
parenchyma. Corley et al. used electrical impedance tomography (EIT) to study the 
association between PEEP and alveolar recruitment during HFNC therapy in post- 
cardiac surgery patients [19]. HFNC therapy significantly increased both PEEP 
(3.0  cmH2O, 95%CI 2.4–3.7  cmH2O) and end-expiratory lung volume (EELV) 
(25.6%, 95%CI 24.3–26.9%) compared to standard oxygen delivery systems. 
Moreover, the authors found an increase in minute ventilation associated with 
HFNC therapy (tidal volume increase 10.5%, 95%CI 6.1–18.3%). The eventual 
effect was an improvement in gas exchange and respiratory system mechanics, mir-
rored by a reduction in respiratory rate and dyspnea relief [19].

• Patient’s comfort

Optimal humidification and heating of the supplied gas is essential to guarantee 
a tolerable and effective therapy during HFNC support. Such high gas flow rates 
would be otherwise harmful for the respiratory system mucosa and would cause an 
increase in airway resistance by eliciting the bronchoconstriction reflex through 
activation of nasal receptors [20]. Mechanically ventilated children showed a 
 reduction of lung compliance after only 5 min of ventilation with cold and dry air 
[21]. Furthermore, patients in acute respiratory failure show increased bronchial 
secretions. Active heated humidifiers prevent dryness and promote the clearance of 
respiratory secretions, especially in patients with chronic respiratory comorbidities 
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(i.e., COPD, cystic fibrosis, bronchiectasis, etc.). Roca et  al. found that patient’s 
comfort is superior and dyspnea relief is greater with HFNC therapy than standard 
oxygen mask supports [22]. If properly set and delivered, HFNC therapy can be 
used for prolonged periods of time without complications or patient’s refusal to 
treatment (Table 11.3) [23, 24].

11.4  Clinical Trials in Adult Population

HFNC systems are widely applied for treatment of newborns and children with 
acute respiratory distress, and literature strongly supports the efficacy in these popu-
lations [25]. Recently, increasing interest is shown about the implementation of 
HFNC therapy in adults with ARF. Evidences about HFNC treatment in adults are 
reported accordingly to different clinical scenario.

11.5  HFNC Therapy in Hypoxemic Respiratory Failure

Oxygen supplementation is the first-line therapy in hypoxemic patients, regardless 
of the cause of respiratory failure. Numerous studies compared the efficacy of 
HFNC therapy to other noninvasive techniques of respiratory support.

In a prospective sequential study, Roca et al. showed that 30 min of HFNC sup-
port increased oxygenation and reduced respiratory rate compared to standard oxy-
gen mask in patients admitted to intensive care unit (ICU) for acute hypoxic 
respiratory failure (defined as SpO2 ≤ 96% with a FiO2 ≥ 50%) [22]. All patients 
reported better comfort and dyspnea relief with HFNC therapy. Similar results were 
obtained in other two observational prospective trials in patients with ARF and 
respiratory distress [26, 27]. Rello et al. published their experience in hypoxemic 
patients with ARF caused by influenza A/H1N1 infection [28]. Nine patients 
improved with HFNC therapy, and all survived, while 11 patients required intuba-
tion and invasive mechanical ventilation with an ICU mortality of 27%. Factors 
associated with HFNC failure were requirement of inotropic/vasopressor therapy, 
SOFA score  >  4, APACHE score  >  12, failure of improvement in oxygenation,  
and/or tachypnea after 6 h of HFNC support.

In a multicenter randomized trial, Frat et al. compared the efficacy of HFNC and 
NIV as first respiratory support in patients with ARF and a PaO2/FiO2 ratio below 
300 [29]. Three hundred and ten patients were enrolled, 94 were randomized to 
standard oxygen mask, 106 were treated with HFNC at a minimum flow rate of  

Table 11.3 Contraindications 
to HFNC support

Contraindications
  Impaired consciousness
  Impaired patency of airway
  Facial injury
  Cardiac arrest
  Hemodynamic instability
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50  l/min, and a third group of 110 patients underwent NIV through face mask 
 (ventilatory setting: PEEP between 2 and 10 cmH2O, pressure support tailored to 
obtain a tidal volume of 7–10 ml/kgIBW); FiO2 (and PEEP in the NIV group) was 
modified to maintain a SpO2 equal or above 92%. The authors did not find any 
 difference in rate of intubation among the different treatments (38% for HFNC, 
47% for standard oxygen mask, and 50% for NIV patients). Otherwise, the HFNC 
group showed a statistically significant benefit in survival, 90  days of mortality 
hazard ratio was 2.01 (95%CI 1.01–3.99, p = 0.046) for standard oxygen mask and 
2.50 (95%CI 1.31–4.78, p = 0.006) for NIV compared to HFNC support [29].

The use of HFNC in acute respiratory distress syndrome (ARDS) was specifi-
cally addressed by a single-center observational study [30]. Out of the total 45 
ARDS patients treated with HFNC support during the study period, 26 subjects 
successfully improved, 1 patient required NIV, and 18 were eventually intubated 
and mechanically ventilated. Risk factors for HFNC failure were severe hypoxemia, 
hemodynamic shock with inotropic/vasopressor therapy, and high SAPS II score at 
ICU admission [30].

Recently, a meta-analysis of six RCTs comparing efficacy of HFNC and conven-
tional oxygen therapy or NIV in hypoxic patients found that intubation rate was 
significantly lower with HFNC therapy than with conventional oxygen support (RR 
0.60, 95%CI 0.38–0.94). No significant difference was found between HFNC ther-
apy and NIV (RR 0.86, 95%CI 0.68–1.09) [31]. No difference in oxygenation was 
found between HFNC therapy and conventional oxygen mask; NIV achieved higher 
PaO2/FiO2 ratio, although with similar PaCO2 levels to HFNC therapy. Mortality 
was not different: there were 52 (5.9%) deaths in the HFNC group, 30 (6.7%) in the 
conventional oxygen therapy group, and 50 (9.5%) in the NIV group [31].

In conclusion, HFNC is a useful noninvasive option in ARF patients who do not 
require intubation and invasive mechanical ventilation. Nevertheless, additional 
studies are necessary to establish possible benefits in the most severely hypoxemic 
patients.

11.6  Post-extubation HFNC Therapy

Patients often require oxygen therapy in the post-extubation period in order to cor-
rect residual hypoxemia. Reintubation is associated to increased morbidity and 
mortality; thus, optimal oxygenation is essential during this phase. Numerous stud-
ies focused on the use of HFNC support in this setting.

Tiruvoipati et al. performed a crossover and randomized study to evaluate the 
benefits of HFNC therapy compared to standard oxygen mask during the 
 post- extubation period [32]. No differences in gas exchange were found in a 
cohort of 42 patients, although treatment comfort was superior with HFNC 
 therapy. In a similar study, Rittaymai et al. looked for differences in clinical vari-
ables during the first 60 min after extubation [33]. HFNC support was associated 
with decreased dyspnea, tachypnea, and tachycardia [33]. Moreover, improve-
ment of gas exchange associated to HFNC therapy was reported in 34 patients 
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who received HFNC immediately after endotracheal tube removal and showed a 
subsequent increase in oxygenation after extubation (PaO2/FiO2 rose from 224 to 
270, p < 0.05); in the other group (33 patients) treated with standard oxygen mask, 
an opposite trend occurred with a worst oxygenation in spontaneous breathing 
(PaO2/FiO2 decreased from 256 to 183, p < 0.05) [34]. Consequently, post-extu-
bation oxygenation was significantly higher in the HFNC group (p  <  0.0001). 
Patients who received HFNC support had lower reintubation rate (3% versus 18%, 
p = 0.004) and higher free-ventilation days [34]. Similarly, HFNC support proved 
to be superior to Venturi mask in patients with a PaO2/FiO2 ratio lower than 300 at 
extubation [35]. Maggiore et al. randomized 53 patients to HFNC therapy for 48 h 
post-extubation and showed a steady increased oxygenation at 24, 36, and 48 h 
compared to the group treated with Venturi mask. Respiratory rate and PaCO2 
were lower already after 3 h of HFNC support. Patient’s comfort and mouth dry-
ness were reduced with HFNC treatment; fewer desaturation and spontaneous 
removal of the device were recorded in the interventional group. Lastly, patients 
randomized to HFNC therapy had a lower extubation failure rate, requiring rein-
tubation or NIV, although mortality was similar in the two groups [35]. A subse-
quent study focused on post-cardiac surgery obese patients (BMI > 30 kg/m2) and 
enrolled 155 patients who were randomized to elective HFNC support immedi-
ately after extubation (81 patients) or standard of care with oxygen mask (75 
patients) [36]. Authors did not find any significant difference regarding oxygen-
ation, respiratory rate at 24 h, dyspnea relief, and presence of atelectasis at 1 and 
5 post-extubation days. Reintubation rate did not differ either between the two 
groups (three patients were reintubated in the HFNC group compared to five 
patients in the standard mask group) [36]. Differences in the enrolled population, 
timing of enrollment and treatment after extubation, and control group protocols 
can account for the contrasting results [35, 36].

Previous studies compared HFNC to standard oxygen therapy through mask, 
but frequently patients who develop post-extubation respiratory failure are treated 
with NIV. In a recent Spanish multicenter study, 527 patients mechanically venti-
lated for longer than 12 h and with a low risk of reintubation were recruited to 
HFNC therapy or standard oxygen support immediately after extubation. 
Reintubation within 72 h post-extubation was lower in the HFNC group (4.9% in 
the HFNC group versus 12.2% in the conventional group, with an absolute differ-
ence of 7.2%, 95%CI 2.5–12.2% p = 0.004) [37]. HFNC therapy was indepen-
dently and inversely associated with all-cause reintubation (OR 0.32, 95%CI 
0.16–0.66), and the number needed to treat (NNT) to prevent reintubation was 14 
(95%CI 8–40). There was no difference in ICU length of stay, but all patients com-
fortably tolerated HFNC treatment, and no adverse event was recorded [37]. In a 
previous study, the same group published the use of HFNC therapy in patients at 
high risk of extubation failure [38]. Patients were randomized to HFNC therapy 
(290 subjects) or NIV (314 patients) support for 24 h post-extubation. Reintubation 
occurred in 60 patients (19.1%) in the NIV group and 66 patients (22.8%) in the 
HFNC group (risk difference –3.7%, 95%CI–9.1%–∞). Median time to reintuba-
tion was not significantly different in the two groups: 26.5 h (interquartile range 
(IQR) 14–39 h) in the HFNC group versus 21.5 h (IQR 10–47 h) in the NIV group 
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(absolute difference –5 hours; 95%CI–34–24 hours) [38]. Similarly, Stéphan et al. 
designed a large multicenter randomized study to evaluate the efficacy of HFNC 
support in post-cardiac surgery patients that developed hypoxemic respiratory fail-
ure after extubation or with multiple risk factors for post-extubation respiratory 
distress [39]. A total of 830 patients were enrolled, 414 subjects were randomized 
to continuous HFNC therapy (50 l/min, FiO2 50%), and 416 patients received NIV 
(PEEP 4 cmH2O, PS 8 cmH2O, FiO2 50%) through face mask for at least 4 con-
secutive hours per day. HFNC therapy showed to be not inferior to NIV in the 
treatment of post-extubation respiratory failure: treatment failure (87 case in 
HFNC versus 91 cases in the NIV group), reintubation rate (57 case in HFNC ver-
sus 58 cases in the NIV group), and mortality (6.8% in HFNC versus 5.5% in the 
NIV group, p = 0.66) were similar in the two groups [39]. Although studies found 
that delayed reintubation may be associated to higher mortality [40, 41], no differ-
ence in time to reintubation was between the two groups in the described studies.

Instead, HFNC therapy during the first postoperative day after abdominal sur-
gery (procedures lasting longer than 2 h and no planned postoperative ICU admis-
sion) in patients at risk for respiratory failure did not improve oxygenation or 
requirement of any respiratory support during the first 7 days [42].

In conclusion, evidences suggest that HFNC therapy is a useful and well- tolerated 
option in patients that develop post-extubation hypoxemic respiratory failure, although 
reintubation should not be delayed if clinically required. A recent meta- analysis con-
firmed the previously reported results. HFNC therapy is associated with lower reintu-
bation risk compared to conventional oxygen therapy (OR 0.47, 95%CI 0.27–0.84, 
p = 0.01), but not in the comparison with NIV (OR 0.73, 95%CI 0.47–1.13, p = 0.16). 
No significant difference was found in mortality rate or ICU length of stay [43].

11.7  HFNC Therapy in Special Population

HFNC support, being noninvasive and assuring good comfort for the patient, may 
play a central role in those circumstances in which invasive mechanical ventilation 
is contraindicated (palliative care) or burdened by very high mortality (immuno-
compromised patients or affected by hematological malignancies):

• Palliative care

Peters et al. reviewed the clinical charts of all patients admitted to ICU in two 
American hospitals during the time period 2010–2011. The authors identified 50 
patients with do-not-intubate (DNI) orders treated with HFNC support for respira-
tory distress, hypoxemia, and mild hypercapnia (PaCO2 > 65 mmHg and pH < 7.28) 
[44]. HFNC was associated with a reduction in tachypnea (respiratory rate 31 ver-
sus 25 breaths/min, p < 0.001) and increase in oxygenation (SpO2 89 versus 95%, 
p < 0.001). Nine patients (18%) required intensifying treatment with NIV, while 41 
patients (82%) were maintained on HFNC support. Mean duration of HFNC sup-
port was 30 h; overall mortality was 60% without any difference between those who 
received NIV and HFNC therapy [44].
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• Lung transplant patients

Roca et al. performed a retrospective analysis on the effects of HFNC therapy in 
patients admitted to ICU for acute respiratory failure after lung transplant [45]. The 
authors analyzed 35 patients for a total of 40 ARF events; 18 cases were initially 
treated with standard oxygen mask and had a relative risk for intubation of 1.50 
(IC95% 1.05–2.21) in comparison to HFNC therapy. The prompt institution of 
HFNC support showed the ability to reduce intubation rate about 30%, with a NNT 
of 3 in avoiding intubation. Logistic regression showed an odd ratio of 0.43 (IC95% 
0.002–0.88) for HFNC failure and subsequent intubation requirement. Shock and 
ARDS diagnosis were risk factors for HFNC failure and invasive mechanical 
 ventilation [45].

• Oncologic patients

On a cohort of 1424 patients with hematological malignancies admitted to ICU 
during the period 2012–2014, Lee et al. found 45 patients with ARF that underwent 
HFNC as first-line treatment [46]. Fifteen patients recovered with HFNC, while in 
30 cases intubation and mechanical ventilation was implemented after few hours of 
HFNC therapy. The only risk factor associated to respiratory deterioration was the 
diagnosis of bacterial pneumonia (73% patients with bacterial pneumonia deterio-
rated in HFNC support compared to 27% cases affected by ARF for any other 
causes, p  =  0.004); HFNC failure and intubation were correlated with a steep 
increase in mortality (13% versus 87%) [46]. In a similar paper, Mokart et al. stud-
ied oncologic patients admitted to ICU with acute respiratory failure requiring oxy-
gen mask support with a gas flow higher than 9 l/min [47]. Out of the overall 178 
patients enrolled, 8 continued standard oxygen mask, 20 were treated with HFNC 
therapy, 74 were supported with NIV and standard oxygen mask, and lastly 76 
patients required cycles of both NIV and HFNC. Primary outcome was 28-day mor-
tality; secondary endpoints were 28-day ventilation-free days and long-term mortal-
ity. Compared to all the other groups, patients treated with both HFNC therapy and 
NIV showed lower mortality (37% versus 52%, p = 0.045), longer time to intuba-
tion (34 versus 16 h, p = 0.01), and a trend toward longer ventilation-free days (24 
versus 8 days, p = 0.06). The authors developed a severity propensity score at ICU 
admission to identify a subgroup of severely ill patients (138 patients); study results 
were consistent with those found in the total population: mortality was lower for 
patients treated with HFNC and NIV cycles (36% versus 54%, p = 0.027), and all 
secondary endpoints were significantly improved in this group. Moreover, HFNC 
support was independently associated with survival benefits (65% versus 43%, 
p = 0.008), and no similar result was found for NIV treatment [47].

 Conclusions

HFNC therapy showed numerous benefits compared to standard oxygen mask 
support. Constant and reliable FiO2, nasopharyngeal anatomical dead space 
washout, upper airway resistance reduction, PEEP and subsequent alveolar 
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recruitment, and better comfort for the patient are some of the hypothesized 
mechanisms to support HFNC use in ARF patients. Literature provided evidence 
about the usefulness of HFNC systems during the post-extubation period and 
ARF and in patients for whom intubation is contraindicated. Further studies are 
required to evaluate its role in the most severely hypoxemic patients.
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Hypermetabolism in Critical Care: 
The Role of Metabolism Measurement 
and Its Nutritional Implications

Marco Dei Poli, Nicholas S.M. Bianchi Bosisio, 
and Valeria Musso

In recent years a key role has been assumed in all areas of critical care medicine by 
the accurate assessment of the patient’s energy state. A definition of needs is crucial 
in responding adequately to the state of acute imbalance that almost all illnesses 
bring about. Nutrition in relation to the metabolism plays a key role in influencing 
prognosis and patient outcome. Criticality goes hand in hand with complex 
responses from the biochemical point of view. Knowing these and how exactly to 
define them is the topic of this brief chapter.

12.1  The Definition of “Hypermetabolism”

“Hypermetabolism” is a state of enhanced metabolic activity, characterised by an 
increase of the basal metabolic rate. Catabolic reaction rate is higher than anabolic 
one. These changes are the result of a systemic response to a damage or a trauma 
suffered by the organism under stress. As for the autonomic nervous system, the 
sympathetic component is intensely active, while the parasympathetic activity is 
reduced.

Some of the main clinical and biochemical features of hypermetabolic patients 
are:

 1. Increase of energy expenditure and oxygen consumption
 2. Stress-induced hyperglycaemia
 3. Hyperlactatemia
 4. Loss of muscle mass due to hypercatabolism of proteins
 5. Negative nitrogen balance
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12.2  Biochemistry of Hypermetabolism [3, 9, 14]

Stress response is characterised by a raise of energy expenditure: proteins are 
used as an energy source by the liver, where gluconeogenesis is highly active. 
Hepatocytes are able to produce glucose, using pyruvate as a substrate. The energy 
needed for this metabolic pathway is provided by beta oxidation and later by the 
citric acid cycle.

∎Acute-phase proteins: they are serum proteins whose levels rise (positive 
acute-phase proteins) or decrease (negative acute-phase proteins) when 
inflammation occurs. They are a useful marker to detect inflammation, and 
together with fever, leucocytosis and other symptoms such as tachycardia, 
hypertension, shivering, anorexia and malaise, they constitute the so-called 
acute-phase reaction.

Positive proteins: they are part of the innate immune system, but they serve 
several different functions. Some of them destroy or inhibit microbes (i.e. 
C-reactive protein, mannose-binding protein, complement factors, ferritin, 
ceruloplasmin, serum amyloid A and haptoglobin); others give negative feed-
back to the inflammatory response, such as serpins (serine protease inhibitor). 
Coagulation factors and alpha-2-macroglobulin mainly stimulate coagulation, 
probably in order to trap pathogens and to limit the infection. Other products 
of the coagulation system can increase vascular permeability, acting as che-
motactic agents for phagocytic cells.

Gluconeogenesis (Focus On)
Gluconeogenesis is a metabolic pathway that leads to generation of glucose using 
non-glucidic substrates, such as pyruvate, lactate, glycerol, ethanol and gluco-
genic amino acids. This process occurs when blood glucose level is low, and in 
humans it happens mainly in the liver. Most steps of gluconeogenesis are the 
reverse of those we find in glycolysis (except for three exergonic reactions). 
Gluconeogenesis begins in the mitochondria, where pyruvate is converted to oxa-
loacetate and then to malate. Malate is then transported to cytoplasm, where it is 
oxidised to oxaloacetate and converted to phosphoenolpyruvate. Other reactions 
take place in the cytoplasm and they are the same as in reversed glycolysis.

Fructose1,6-bisphosphatase is the key enzyme in this process. This is con-
trolled by allosteric regulation (by binding an effector molecule to allosteric 
site, the enzyme’s active site will be able to catalyse reactions). Fructose1,6- 
bisphosphatase can bind positive allosteric modulators such as citrate, enhanc-
ing its attraction to substrates, or negative effectors such as AMP (adenosine 
monophosphate) and fructose2,6-bisphosphate, reducing its affinity to 
reagents. The reaction catalysed by fructose1,6-bisphosphatase is the rate- 
limiting step of gluconeogenesis.
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When a patient undergoes stress response, protein synthesis is reduced, and 
hepatocytes begin producing acute-phase proteins. There is an enhancement of 
plasma concentration of positive acute-phase proteins (e.g. C-reactive protein, fer-
ritin, ceruloplasmin) and a decrease of negative acute-phase protein concentration, 
for example, serum albumin levels. Protein hypercatabolism attempts to respond to 
the increased energy needs. This leads to one of the main features of stress response: 
the loss of patient’s lean body mass. An important difference between starvation and 
stress reaction is the inflammatory response (first local and then systemic) activated 
by the injury. Inflammation causes the release of cytokines, hormones and neuronal 
signalling molecules to the hypothalamus. These changes in the hormonal profile 
determine a strong fight-or-flight-like response. The so-called stress hormone (e.g. 
catecholamines, cortisol, glucagon) levels are increased, inducing various conse-
quences on the organism. This response is a maladaptive process.

The systemic response to stress causes several biochemical changes, for exam-
ple, the increase of oxygen consumption and body temperature and the alteration of 
metabolic profile to keep up with the high oxygen demand. Gluconeogenesis, which 
takes place in the liver and uses lactate, glycerol and amino acids to produce glu-
cose, plays a key role in this process. Furthermore, cells fail to respond to the hor-
mone insulin, a process called insulin resistance. This occurs especially in 
insulin-dependent tissues such as muscle and adipose tissue, which need insulin to 
regulate glucose intake and therefore glycaemia. Insulin resistance seems to be a 
consequence of insulin receptor downregulation and reduced transcription of 
GLUT-4, caused by inflammatory mediators, and is one of the mechanisms respon-
sible for stress-induced hyperglycaemia (SIH), and in critical patients it is associ-
ated with a worse outcome. In addition, it shows up an imbalance in plasma levels 
of metabolic hormones. The hormonal response includes augmented levels of cate-
cholamines, cortisol and glucagon and a strengthening of gluconeogenesis and gly-
colysis in the liver, hence the further higher levels of glycaemia. This condition is 
particularly emphasised in critical patient as part of an adaptive response whose 
final aim is survival. When the stress response is maintained without adequate treat-
ment, it leads to energy reserve depletion, with severe consequences. It is therefore 
crucial to accurately assess the metabolic state of patients in ICU.  Some of the 
causes of stress in critical patients are illustrated in Fig. 12.1, along with the relative 
resting metabolic rate. Patients undergoing hypermetabolism are frequently inade-
quately fed, but their clinical condition is different from the underfeeding provoked 
by short-term or long-term starvation.

Negative proteins: they include albumin, transferrin, transthyretin, retinol- 
binding protein, antithrombin and transcortin. When inflammation occurs, 
these proteins’ synthesis decreases with the purpose of sparing amino acids to 
produce positive acute-phase proteins. Transferrin reduction is also due to an 
upregulation of its receptors, but this mechanism does not seem to change in 
relation with inflammation.

12 Hypermetabolism in Critical Care
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Fig. 12.1 Variation in resting metabolic rate in different types of critical patient. The graph was 
taken from [9]

∎Glucose transporters (GLUT) are a group of membrane proteins that facilitate 
the transfer of glucose across the cell membrane, from interstitial space into 
cytoplasm. These carriers are usually sequestered in cytoplasmic vesicles. In 
humans, seven types of glucose transporters have been identified, and each 
one of them has a different distribution depending on the tissue. In insulin-
dependent tissues and in those who directly regulate glycaemia according to 
variations in the level of glucose, there are three types of glucose transporters:

• GLUT-4 (insulin-dependent glucose transporter)
• GLUT-2 (acts as an insulin-independent glucose sensor)
• GLUT-1 (responsible for the low level of basal glucose required by all cells)
In insulin-dependent tissues such as striated muscle (skeletal and car-

diac muscle) and adipose tissue, the main glucose transporter is GLUT-4, 
which is strictly regulated by insulin concentration. The release of insulin 
increases both the synthesis of GLUT-4 and its translocation from the intra-
cellular vesicles to the plasma membrane: the vesicles fuse with the mem-
brane, and GLUT-4 transporters are inserted and become available for their 
function, augmenting glucose uptake from interstitial space into cytoplasm. 
Once glycaemia is reduced to basal concentration and insulin is cleared 
from the bloodstream, endocytosis sequesters GLUT-4 in vesicles. GLUT-4 
concentration can also be influenced by other factors: hypercortisolaemia 
reduces it, while stress, physical exercise and any mechanism causing a 
decrease in the ATP/ADP ratio or an increase in levels of calcium ion 
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12.3  Starvation vs Stress [17, 20]

Unlike stress-induced metabolic alterations, the metabolic response to fasting con-
sists in a reduction of energy expenditure (metabolic rate is reduced to 20–25 kcal/
kg/day). During the first hours, the glucose stored in the liver as glycogen is depleted; 
after that, 90% of energy is produced by lipolysis, while proteins are used as a sub-
strate for gluconeogenesis to synthetize glucose. This would result in a decreased 
protein biosynthesis, if it were not for the protein-sparing response which mini-
mises the loss of muscle mass. Starvation induces adaptive responses that, in time, 
can result in malnutrition.

Glycogenolysis
Every day, the human organism needs to regulate a lot of different reactions 
and functions to preserve its balance. One of the parameters that needs to be 
controlled is glycaemia. When hypoglycaemia occurs, glucagon is released in 
the bloodstream, causing a raise in plasmatic glucose levels. Glucagon acts as 
a signal to the liver, leading to an increased production and release of glucose 
into plasma. Adrenaline induces an augmentation in glycaemia too, but, 
unlike glucagon, it influences mostly the muscle tissue. When these hormones 
bind to their receptors (both in the liver and muscle tissue), protein kinase A 
is activated: this enzyme starts up phosphorylase kinase. This kinase converts 
glycogen phosphorylase b in its activated form (glycogen phosphorylase a) by 
phosphorylation (while glycogen phosphorylase can be inactivated by a pro-
tein phosphatase). Glycogen phosphorylase is the first enzyme in glycoge-
nolysis. It removes terminal glucose residue from a glycogen branch, 
producing glucose-1-phosphate. The latter is converted by phosphoglucomu-
tase into glucose-6-phosphate. This can either be used for glycolysis, in mus-
cle tissue, or be released in the bloodstream, in the liver (in hepatocytes there 
is a particular enzyme, glucose-6-phosphatase, which can remove the phos-
phate group from glucose 6-phosphate).

(Ca2+), augmented blood flow and reduced levels of glycogen determine 
raising in GLUT-4 activity.

In skeletal muscle, GLUT-4 uptake of glucose is more intense in type I 
fibres (also called red fibres). Striated muscles usually take 60% of the glu-
cose available in the bloodstream, while other tissues take the rest, and only a 
very small fraction goes to the adipose tissue. It has been shown that at least 
80% of glucose consumption, induced by insulin, takes place in the skeletal 
muscle, while adipose tissue only uses 5–10% of it.

12 Hypermetabolism in Critical Care
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12.4  Hypermetabolism and Hyperdynamic Circulation

Biochemical and metabolic alterations are not the only changes caused by 
hypermetabolism. Also haemodynamics is altered. The augmented oxygen 
 consumption in peripheral tissues leads to an increased cardiac output (CO) 
and a reduction in systemic vascular resistance (SVR). Typical clinical condi-
tions presenting with hyperdynamic circulation are sepsis (when vasoplegia 
causes hypotension or dysoxic septic shock), intense adrenergic stimulation 
(e.g. due to postoperative pain), hyperthyroidism and hyperthermia. In a 
patient with hyperdynamic circulation, we should always consider underlying 
hypermetabolism.

In hyperdynamic circulation, the most common changes in haemodynamic 
parameters are increase of cardiac index and systolic volume index, possibility of 
hypertension or hypotension (depending on the level of vasoplegia) and reduction 
of systemic vascular resistance, central venous pressure and wedge pressure 
(changes in haemodynamic parameters in different types of shock are shown in 
Fig. 12.2).

12.5  Hypermetabolism and Sepsis [5, 11, 18, 23]

Stress response is particularly emphasised in patients with sepsis: it can be 
induced by SIRS (systemic inflammatory response syndrome), hypermetabo-
lism (with an increase in resting metabolic rate), hypercatabolism (protein 
breakdown takes place especially in muscle tissue), shock and multiple organ 
failure (MOF). In this case the inflammatory response can be triggered by com-
ponents of the bacterial cell wall (endotoxins or exotoxins) which induce a mas-
sive release of inflammatory mediators, increasing the stress action. Augmented 
energy expenditure can be also explained by fever. It induces a 10–15% increase 
in energy expenditure for each degree Celsius elevation of temperature, even 
though the relation between the two parameters in critically ill patients is 
complicated.

Shock

Cardiogenic

Hypovolemic

Neurogenic

Septic

Cardiac output SVR PCWP
Fig. 12.2 Haemodynamic 
changes associated with 
different types of shock. 
Systemic vascular 
resistance (SVR). 
Pulmonary capillary wedge 
pressure (PCWP)
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We cannot address hypermetabolism and sepsis without mentioning lactate 
metabolism. Hyperlactatemia, due to hypoxia and hypoperfusion, is present in 
every low cardiac output condition, such as shock. Understanding lactatemia lev-
els in septic shock has been shown to be a much more complex task though. In 
the early phase of septic shock, the clinical presentation is similar to that of car-
diogenic and haemorrhagic shock. The administration of sympathomimetic drugs 
(adrenaline, noradrenaline, dopamine and dobutamine) causes an increase in lac-
tatemia per se. A peculiar metabolic condition called “accelerated aerobic gly-
colysis” occurs in septic patients, and its main features are increased synthesis of 
glucose transporters across the cell membrane, augmented glycolysis (induced 
by endogenous and exogenous catecholamines) and inflammation. The rate of 
glycolysis exceeds the oxidative capacity of mitochondria: this imbalance, 
together with protein hypercatabolism, causes an increase in pyruvate concentra-
tion, especially in muscle cells. Pyruvate is then converted to lactate by fermen-
tation. The increased lactate production acts as an adaptive mechanism in order 
to keep the carbohydrate metabolism from stopping when oxygen delivery is 
reduced. Lactate can be used both as an alternative fuel to glucose and a source 
of glucose itself. Cells keep it for producing energy and this protects from acido-
sis. Lactate is transported out of the cell by diffusional cotransport with protons 
(H+ ions), thus regulating intracellular pH. In septic shock, lactate produced in 
myocytes is used as a substrate in the Cori cycle (illustrated in Fig.  12.3), an 
effective but highly energy-consuming pathway. Lactate is transported to the 
liver, where it is used for gluconeogenesis: it is first converted to pyruvate and 
then to glucose. In this way, lactate serves to deliver additional glucose that can 
be used by the organism. It is also important to point out that, when the patient 
undergoes stress, the heart and the brain are able to use lactate as main fuel: these 
organs can oxidise lactate instead of glucose during anaerobic conditions, leav-
ing glucose for other cells.

Liver

Lactate Lactate

Muscle

Glucose

Glycolysis

Pyruvate
Pyruvate

EnergyEnergy

Glucose

Gluconeogenesis

Fig. 12.3 The Cori cycle
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Septic patients are extremely frail, both during the early and the late phase of 
illness. SIRS is a pro-inflammatory syndrome: its aim is to remove the organism 
responsible for the infection by increasing the activity of the immune system. 
When this response goes out of control or is overly prolonged, it damages the 
patient. Studies on septic patients have shown the existence of an anti-inflam-
matory response, usually occurring after SIRS, called CARS (compensatory 
anti- inflammatory response syndrome). CARS consists in a suppression of the 
immune system in order to restore homoeostasis after a severe inflammatory 
state. SIRS and CARS are the two sides of the same coin: each one is character-
ised by a particular set of cytokines, and, although they are separate responses, 
most of the times one follows the other (even though often they take place 
simultaneously with different relevance). Like SIRS, CARS can be dangerous 
too if it is not regulated or it fails to restore homoeostasis, making the patient 
vulnerable to infections. Some of the clinical features of CARS are cutaneous 
anergy, leucopenia, hypothermia, susceptibility to infections and failure to clear 
infections.

12.6  Hypermetabolism in Cancer Patients [21]

In neoplastic patients, especially at advanced stages, cachexia is frequently associ-
ated with an increased resting energy expenditure (REE). The condition is even 
more complicated due to the presence of symptoms such as anorexia, pain and 
depression, which can often cause malnutrition, both in quantitative and qualitative 
terms. Malnutrition affects the metabolic state of the patient, which is already 
impaired.

12.7  Hypermetabolism in Postoperative Patients [7, 13]

Patients undergoing surgery are an ideal model for the study of hypermetabolism 
caused by stress response. Surgery is in fact a clear example of a stressful event: 
even though anaesthesia reduces afferent neural transmission to pain centres, the 
organism interprets surgery as a threat. The activation of different hormonal axis 
causes the release of stress hormones such as cortisol, catecholamines, glucagon 
and growth hormone. These hormones are responsible for the condition of hyper-
metabolism, whose biochemical aspects have been previously discussed. This 
mechanism takes place in elective operations, but even more in emergency surgery, 
major surgery and when postoperative complications occur. The stress response 
purpose is the survival of the critically ill patient, by using the energy reserves and 
retaining water. The response becomes a harmful condition when prolonged in time. 
Regional and local anaesthesia has been shown to be an important factor in both 
reducing the stress response to surgery and influencing the postoperative outcome 
by bringing beneficial effects on organ function.
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12.8  Hypermetabolism in Trauma Patients [4, 6, 7]

In trauma patients, the systemic inflammatory reaction is similar to the one previ-
ously described. The splanchnic region appears to be the main source of hypermeta-
bolic response. The increased energy expenditure is not adequately matched by an 
implementation in blood flow, especially right after the trauma, when the patient is 
often hypovolaemic due to loss of blood. Hypovolaemia causes splanchnic vasocon-
striction which is an important risk factor for inadequate perfusion of splanchnic 
region.

12.9  How Can Energy Expenditure Be Accurately 
Determined [1, 2, 24, 25, 26]?

Once the complex condition of the critical patient in hypermetabolic state has been 
analysed and understood, it is essential to think about the correct way to manage the 
administration of nutrients. That is important to satisfy needs and prevent negative 
consequences of catabolism and malnutrition. First of all, it is crucial to accurately 
determine energy expenditure (EE).

Historically we know two different ways to solve this problem: the use of predic-
tive equations and the calorimetry procedure (whether direct or indirect).

Predictive equations are really manageable since no measuring instrument is 
required and the results can be comfortably calculated at a desk; the required data 
are easily available and at no great expense, either! It should not, however, be for-
gotten that they represent only a mere approximation of the energetic consumption 
of the individual being examined. Even in the analysis of healthy subjects, it is well 
known that predictive equations are not particularly accurate. Each of the available 
formulas was derived from a cohort of individuals who, potentially, could have had 
extremely different features from the patient that we want to examine. Let us con-
sider, for example, the Harris-Benedict (which, when the correction factor 1.2 is 
applied, is the least discordant among the calorimetric measures for the male sex). 
This formula was worked out, in 1919, from the study of a specific population of 
239 healthy adults. It is evident that the physical features of the subjects examined 
were dramatically different from those of people living nowadays. Changes in life-
style, working conditions, services and facilities available, alimentary regimen and 
disposition to physical exercise are only some of the differences we can find between 
these two different groups.

Secondly, even when resorting to these formulas, we have to choose which one, 
from the large number available, is the most suitable for our patient. There are 
indeed differences that may reach 20–30% of the estimated value when choosing 
one rather than another (Table 12.1). It has been proven that the use of these equa-
tions can frequently lead to underfeeding (in formulas that underestimate the EE) or 
to overfeeding (in equations that overestimate the EE) the patient concerned. This 
can, obviously, compromise the patient’s prognosis. Considering the extreme 
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variations of energy expenditure in the different conditions of stress that can occur 
in a critical patient, it is obvious how only the correct measurement of how much 
energy (EE) the patient actually consumes, and not the estimate of how much the 
patient should theoretically consume, can represent the baseline for the institution 
of a correct caloric supply.

This is especially true when treating critical patients and, in particular, hyper-
metabolic ones. Using predictive equations with these subjects, their real energetic 
consumption is almost always underestimated. We will determine how much energy 
they should theoretically consume and not what they are really wasting, in energetic 
terms, to support the hypermetabolic state in which they are. The arrangement of 
artificial nutrition, based on energy expenditure obtained using predictive equa-
tions, will lead to a negative energetic balance that will inevitably deteriorate the 
state of intensive catabolism. Literature supports how “hospital malnutrition” is 
associated with unfavourable prognostic factors such as an increased risk of con-
tracting nosocomial infections, prolongation of hospitalisation and, not least, 
increased risk of mortality. An absolutely necessary goal in the management of arti-
ficial nutrition must be the strict recording of the patient’s daily energy expenditure. 
This represents best practice with the aim of identifying the correct calorie intake to 
prevent a negative energy balance in the critical patient.

In the light of all this, we can understand how calorimetry acquires overriding 
importance. This is the reference tool for the measurement of energy expenditure. 
Unfortunately, this method is still not widely practised. Considering how cumber-
some the early instruments were and how difficult they were to use, it is understand-
able why such instrumental investigation was rarely resorted to in the past. 
Nowadays, thanks to the portability of the equipment and its ever-increasing sim-
plicity of use, there is no longer any justification for omitting to measure this sort of 
data at the patient’s bedside. This is actually even easier, as we shall see later, where 
patients are being ventilated through an endotracheal tube or a tracheostomy 
cannula.

Table 12.1 Comparison of REE values obtained by indirect calorimetry and with the different 
predictive equations in 49 elderly male subjects who were being mechanically ventilated

Predictive equation REE (kcal/24 h) ICC 95% CI P value
Indirect calorimetry 1701.9 ± 387.4 – – –
Lührmann 1579.6 ± 267.68 0.574 0.353–0.735 <0.001
Fredrix 1569.4 ± 268.7 0.597 0.384–0.750 <0.001
Ireton-Jones 1590.5 ± 178.4 0.465 0.216–0.658 <0.001
Mifflin St-Jeor 1470.9 ± 265.0 0.446 0.193–0.644 0.001
Harris-Benedict × 1.2 1707.6 ± 339.7 0.668 0.480–0.798 <0.001
ESPEN minimum 1553.3 ± 424.9 0.579 0.360–0.738 <0.001
ESPEN average 1747.5 ± 478.0 0.617 0.410–0.764 <0.001
ESPEN maximum 1941.7 ± 531.1 0.505 0.265–0.686 <0.001

The table was taken and adapted from [24]
REE resting energy expenditure, ICC intraclass correlation coefficient, CI confidence interval, 
ESPEN European Society for Clinical Nutrition and Metabolism
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Calorimetry assessment is, therefore, the real issue of the metabolic and nutri-
tional study of critically ill patients.

In current scientific literature, the calorimeter is the “gold standard” reference 
tool for the measurement of energy expenditure. Yet, today, the use of these instru-
ments is limited to only a few artificial nutrition centres and even fewer intensive 
care units. The rather high cost of the equipment, together with the fact that they are 
still hardly user-friendly and that certain measurements—especially the more accu-
rate ones—take a long time to calculate, still seems to be a problem.

We are confident, however, that the main obstacle to the use of calorimetry at the 
critically ill patient’s bedside is a less than perfect understanding of the importance 
of these figures which obviously do not only tell us about calorie consumption but 
also provide an assessment of the metabolic or hypermetabolic state of the critically 
ill patient.

12.10  Which Calorimetry [8, 12, 16, 19]?

Direct calorimetry measures the heat produced by the metabolic processes to quan-
tify total energy expenditure. For this survey to be carried out, the subject must be 
transferred into a whole room calorimeter. This is, undoubtedly, the most accurate 
method to determine the consumption of substrates for energetic aims. The costli-
ness, lack of availability and the complexity of performance have limited the 
chances of widespread use of this method, so direct calorimetry is out of the ques-
tion for critical patients.

With indirect calorimetry, on the other hand, energy expenditure is defined by 
the analysis of respiratory gases based on the principle of respiratory thermochem-
istry: the organism gets energy through the oxidation of energetic sublayers held in 
food; these are metabolised according to known stoichiometric reactions in which 
oxygen is consumed and carbon dioxide is produced. Indirect calorimetry can be 
carried out using two different types of circuit. In closed circuit, the patient inspires 
and expires from the same chamber the gases, after a certain period, will be anal-
ysed. In this case only the consumption of oxygen is measured, and energy expen-
diture is estimated considering a thermal equivalent per litre of oxygen (i.e. 
4.82 Kcal/L).

In open-circuit indirect calorimetry, the inspiratory air is supplied one way, while 
the expiratory gases are collected by another separate one for examination. So we 
can observe both O2 consumption and CO2 production. In this way we can define 
energy expenditure and respiratory quotient (which is useful for detecting nutritious 
substances that the patient is burning). This is the preferred method for clinical and 
diagnostic use because it is easy to perform either on ventilated patients or on 
patients that are in spontaneous breath. In this second class of patients, the gases are 
collected by using helmets, masks or nozzles—applying a nasal clamp to prevent 
any gas dispersion.

In patients with orotracheal intubation or with tracheotomy, the analytic circuit 
should simply be inserted between airway and ventilator (the latter can be set on just 
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any ventilation mode). With these subjects, furthermore, there is far less chance of 
gas leaks leading to any misrepresentation of the results of the analysis.

Accuracy of execution is fundamental. Aspects that could distort the determina-
tion are:

• Concomitant use of anaesthetic gases
• Gas leaks along the circuit
• Absence of appropriate calibration and validation of the equipment
• The failed achievement of a patient’s steady state characterised by continuous 

changes in FiO2 administration, in alimentary regimen and in drug prescription
• Fractions of inspired oxygen above 60%

Oversights in these fields can lead to imprecise metabolic measurements and 
data that are clinically absolutely useless.

As mentioned above, the determination of energy expenditure is possible through 
the analysis of oxygen consumption (VO2) and carbon dioxide production (VCO2). 
It is obvious how any factor that continuously alters the dynamic of O2 consumption 
and/or CO2 production falsifies a quick reading (limited in time to 20–30 min) as an 
estimation of daily energy expenditure.

It is helpful to make sure the patient has reached a steady state before calorimetry 
is carried out and, then, to check that the same is maintained during measurement. 
This is important if we are to achieve reliable and clinically useful data using this 
method.

To verify the stability of the patient’s energy consumption, it is enough to check 
temporary progress of VO2 values. This parameter, after energy consumption varia-
tions, will settle on its new value in a maximum time of 2–3 min—unlike CO2 that 
can take up to 30 min. If during calorimetric measurement the excursion of VO2 
values does not exceed 10%, it would be reasonable to assume that the patient is in 
stable metabolic conditions. Otherwise, it is worth considering a 24-h respiratory 
gas analysis.

The use of sedatives and/or neuromuscular blocking agents has been seen to lead 
to a reduction of energy expenditure. That being said, it is easy to understand how, 
whenever we introduce or remove these drugs, it is necessary to carry out the calo-
rimetric determination once more in order to adjust artificial nutrition to the new 
metabolic attitude.

If we introduce these drugs and go on with caloric administration based on the 
indirect calorimetry already done, even if carefully, before the administration of 
sedatives and/or neuromuscular blocking agents, we will risk overfeeding our 
patient with deleterious consequences. Conversely, the nutritional provision might 
even prove wholly inadequate for the patient’s needs.

Special consideration has to be given to patients undergoing haemodialysis or 
continuous renal replacement therapy (CRRT). Haemodialysis removes a large 
share of carbon dioxide from the venous circulation. This leads, inevitably, to a 
reduction in the proportion of CO2 released from the lungs with consequent under-
estimation of VCO2 and contemporary overestimation of VO2. To these, one should 
add the side effects of the change in the acid-base balance, due to dialytic 
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depuration, that could further influence VCO2. At this point it is to be recommended 
that patients undergoing intermittent haemodialysis do not have indirect calorimetry 
until 24 h after their last dialytic session. This will favour an accurate measurement 
of energy expenditure.

In patients undergoing CRRT, as well as those undergoing continuous venovenous 
haemodialysis (CVVHD), the gas removal rate depends on the dialysate flow rate.

The loss of CO2 will lead to an underestimation of energy expenditure. 
Furthermore, these techniques often cause a reduction in body temperature with 
consequent decline in metabolic demands. At the present time, it is not yet entirely 
clear how CRRT affects the accuracy of indirect calorimetry. In the light of this, it 
is advisable to carry out a “temporary” indirect calorimetry to be repeated 24 h after 
the end of the dialysis cycle.

Since the 1990s, the biomedical industry has offered a contribution to spread 
clinical use of indirect calorimetry. The technological prerequisite is the availability 
of sensors for oxygen and carbon dioxide integrated in ventilators: it is therefore 
easier to measure the expiratory fraction of O2 that in addition to the already known 
inspiratory fraction of CO2 (equal to zero), expiratory fraction of CO2 (measured by 
capnography) and inspiratory fraction of O2 (imposed by the physician) provides a 
complete picture of the input and output of these two gases and therefore production 
and consumption of the same (VO2 e VCO2).

Many respirators from various companies offer the option to perform calorime-
try: of particular interest is the opportunity to measure the change in energy expen-
diture during weaning from mechanical ventilation. Weaning that requires excessive 
energy consumption likely represents an attempt that it is better not to pursue.

12.11  Metabolic Calculations

Indirect calorimetry, performed at rest, quantifies the basal metabolic rate (REE) 
which, as we shall see, constitutes the bulk of daily energy expenditure. Energy 
expenditure is estimated from oxygen consumption (VO2), production of carbon 
dioxide (VCO2) and urinary excretion of nitrogen (uN2). VO2 and VCO2 can be 
transformed into energy expenditure, corrected for protein metabolism (through 
uN2), by applying the Weir equation:

 M = + -3 941 1 106 2 172 2 2. . .VO VCO uN  

where M represents the metabolic energy expenditure expressed in kcal/min. Weir 
himself pointed out how, by neglecting the protein metabolism, you make an error 
of 1% each 12.3% of the proportion of calories provided by the same. If we accept 
an approximation of this order of magnitude, we can simplify the Weir equation:

 M = +3 941 1 1062 2. .VO VCO  

Multiplying M to 1440 min/day, you get the REE expressed in kcal/day. These 
calculations are performed automatically by open-circuit indirect calorimeters that 
are used in clinical practice, accurately and in real time during the examination.
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The respiratory quotient, which is the relationship between the CO2 produced 
and the O2 consumed, is a useful parameter to assess the metabolic mixture used 
during the investigation. The complete metabolisation of fats, proteins and car-
bohydrates leads to the production of different amounts of CO for the same val-
ues of O2 consumed (the RQ of carbohydrates is equal to 1, for the lipids the 
value is 0.7, while for proteins is 0.8). In a fasting subject under physiological 
conditions, the expected RQ is around 0.82 (assuming as a physiological limit 
the range 0.707–1.000). Values below the lower physiological limit are associ-
ated with gluconeogenesis and ketogenesis, while values above the upper limit 
are associated with lipogenesis. Among the most frequent causes of increase of 
RQ, let us remember hyperventilation, metabolic acidosis, overnutrition, exer-
cise and hyperthermia. Frequent factors that, conversely, negatively affect the RQ 
are hypoventilation, food deprivation, diabetic ketoacidosis, ethanol metabolism 
and hypothermia.

The RQ has been used, in the past, to guide the choice of the mixture of macro-
nutrients to be administered as a nutritional support. It has been noted that such use 
of the RQ is inadequate. In fact, an increase in respiratory quotient may reflect an 
intolerance to excessive calorie intake which can lead to respiratory distress; that 
fact is especially common in debilitated patients, subjected to great stress, in hyper-
metabolic state or suffering from chronic obstructive pulmonary disease with 
reduced CO2 elimination capacity.

12.12  How to Use Data Obtained [10, 15, 22]?

The total daily energy expenditure (TDEE) is given by three components: the 
basal metabolic rate (or resting energy expenditure REE) which accounts for 
60–80%, the diet-induced thermogenesis (SDA, specific dynamic action of nutri-
ents) which constitutes about 10% and the energy consumption due to physical 
exercise (PAEE, physical activity energy expenditure) that identifies the remaining 
10–30% (Fig. 12.4). This is what happens in the healthy and autonomously mobile 
subject.

Calorimetry, performed in rest conditions, identifies, therefore, the MREE (mea-
sured REE). At this point it is worth thinking about the use of the data obtained. In 
particular, one might wonder if the value obtained from the calorimetric measure-
ment needs an additional quota of calories to cover also the PAEE and SDA. With 
in-patients who are bedridden and immobilised, you can safely assume that the 
MREE is comparable to TDEE. Recovering from the sickness process, the resump-
tion of mobilisation, deambulation and, then, routine daily activities affect the total 
daily energy expenditure. It is only at this point that, to define the TDEE, one must 
also add the PAEE to the MREE. In the past it was common practice to implement 
caloric administration in patients admitted to the ICU of a further 10% compared 
with MREE. This actually cannot help but lead to overfeeding of patients. It is now 
established that, if the determination is performed in the patient’s steady state (or, 
alternatively, for 24-h investigation), the MREE closely approximates the total daily 
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energy expenditure (even in conditions of hypermetabolism—the hypermetabolic 
processes are not interrupted while measuring takes place and thus contribute to the 
energy expenditure), and this should be the only reference value in determining the 
artificial nutrition dose to be administered.
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