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Key Learning Objectives 

• Review basic concepts of oxygen balance in the body 
• Understand the diagnosis and treatment of common conditions encountered in the 

intensive care setting such as shock, sepsis, and acute respiratory failure 
• Learn the basic principles, indications, and complications associated with 

hemodynamic monitoring techniques such as arterial line, CVP and pulmonary 
artery catheter 

• Discuss the basic  modes of mechanical ventilation 
• Review other supportive therapies in the ICU 

Initial Assessment of the Critically Ill Patient 

In a seriously ill patient, it is often necessary to provide resuscitation before making a 
definitive diagnosis. Begin with the ABCs (Airway, Breathing, and Circulation) and 
focus on stabilization as the work-up and diagnosis are ongoing. Ensure a patent airway 
and stable vital signs, while proceeding further to work-up with history, physical exam, 
laboratory and radiographic testing, and other diagnostic procedures. 

Oxygen Balance 

When managing critically ill patients, it is important to have an understanding of oxygen 
balance, including oxygen delivery to the tissues and oxygen consumption by the tissues. 

Oxygen Transport 
Oxygen transport involves the loading of blood with oxygen in the lungs, delivery of 
oxygen from the blood to tissues, and return of unused oxygen to the cardiopulmonary 
circulation. The amount of oxygen contained in arterial blood can be defined by the 
arterial oxygen content (CaO2) equation: 

2 2 2CaO [Hb  1.34 SaO ] [PaO   0.003]= × × + ×  

where Hb = hemoglobin concentration, SaO2 = % hemoglobin saturation with oxygen, 
and PaO2 = partial pressure of dissolved oxygen. Global oxygen delivery (DO2) to the 
body depends on this arterial oxygen content (CaO2) as well as cardiac output (CO): 

2 2DO CaO  CO= ×  
Global oxygen consumption (VO2) is the total oxygen consumption by all of the body’s 
organs and tissues. Normal oxygen consumption is ~3 ml/kg/min O2. The amount of 

 



oxygen that is returned to the cardiopulmonary circulation from the venous side is termed 
the mixed venous oxygen saturation (SvO2). The oxygen extraction ratio (O2ER) is 
defined as oxygen consumption divided by oxygen delivery: 

2 2 2O ER=(VO /DO ) 100×  
Under normal conditions, the body extracts approximately 30-35% of the delivered 
oxygen and the rest is returned to the heart as the mixed venous oxygen. Thus, normal 
mixed venous oxygen saturation is 65-70%. 

The body is capable of increasing oxygen extraction for brief periods during exercise 
or stress up to a maximum O2ER of about 70%. Any further or prolonged increase in 
oxygen consumption (or decrease in oxygen delivery) will result in cellular hypoxia, 
anaerobic metabolism, and the production of lactic acid. 

Recall from the above arterial oxygen content equation that hemoglobin concentration 
(Hb) and hemoglobin saturation (SaO2) influence the oxygen content. The relationship 
between partial pressure of oxygen in the blood and hemoglobin saturation is defined by 
the oxyhemoglobin dissociation curve (Fig. 28.1). The position of this curve is affected 
by pH, temperature, PaCO2, and 2,3-diphosphoglycerate (2,3-DPG). Shifting of the curve 
to the left or right will alter the ability of hemoglobin to bind oxygen. As the curve shifts 
to the right, hemoglobin has less affinity for oxygen, and thus more oxygen will be 
released to the tissues. As the curve shifts to the left, hemoglobin binds oxygen more 
tightly and releases less to the tissues. During periods of stress (such as metabolic 
acidosis), the curve is shifted to the right to allow more oxygen to be delivered to the 
tissues. 

 

 

Figure 28.1 Oxyhemoglobin dissociation curve. This curve defines the relationship between partial 
pressure of oxygen in the blood and the percent of hemoglobin that is saturated with oxygen. The 
position of this curve is influenced by factors such as H+ concentration, PaCO2, temperature, and 2-3-
diphosphoglycerate (DPG). (Image Courtesy J. Ehrenfeld). 



Markers of Oxygen Balance and Tissue Perfusion 

Lactate 

When the body’s oxygen balance is such that oxygen demand exceeds oxygen supply, 
cells become hypoxic and convert to anaerobic metabolism. Lactic acid (lactate) is a by-
product of anaerobic metabolism and can be measured in the blood. Elevated lactate 
levels are associated with tissue hypoperfusion and poor oxygenation. Although other 
factors can affect lactate levels, the presence of elevated lactate can therefore be used as 
an indirect marker of poor tissue perfusion and shock. 

Central Venous and Mixed Venous Blood Oxygen Saturation 

When a central venous catheter is in place, blood can be drawn from the superior vena 
cava (distal port) and sent to the lab for measurement of central venous blood oxygen 
saturation. Central venous blood oxygen saturation (ScvO2) correlates well with mixed 
venous blood oxygen saturation (SvO2) in most circumstances, and can be used to reflect 
tissue oxygenation. Normal ScvO2 is approximately 70% (compared to normal SvO2 of 
approximately 65%). Lower than normal ScvO2 or SvO2 is an indication of poor tissue 
oxygenation and the need for improved oxygen delivery and perfusion.  The advantage of 
using ScvO2 is that it does not require a pulmonary artery catheter (versus SvO2 which is 
drawn from the pulmonary artery). 

Hemodynamic Monitoring  
Goals 
The goals of hemodynamic monitoring in the critically ill patient are to optimize 
perfusion and oxygen delivery to tissues, ensure rapid detection of changes in clinical 
status, and monitor for response to treatment. Although noninvasive monitors (such as a 
blood pressure cuff) may be associated with less risks and complications, it is often 
necessary to use invasive monitoring techniques to achieve these goals. 

Invasive Arterial Blood Pressure Monitoring 
A common cause of admission to the intensive care unit is hypotension, which may be 
due to any number of etiologies (see "Shock" section below). Blood pressure monitoring 
with a noninvasive cuff may be  adequate, but if the blood pressure is significantly low, it 
may be undetectable or inaccurate by a cuff. In addition to being the most accurate form 
of blood pressure monitoring, arterial cannulation allows continuous beat-to-beat 
monitoring. It also serves as a site for obtaining lab measurements of oxygenation, 
ventilation, and acid-base status. The most common sites for arterial cannulation are 
radial or femoral arteries, but other arteries may be used if necessary. 

Complications associated with arterial cannulation and precautions to decrease the 
incidence of complications are listed in Table 28.1. 

 



Table 28.1 Complications associated with arterial cannulation. 
Complication Precautions to Decrease Risk 

Hematoma Avoid multiple needle punctures/attempts 
Apply pressure if artery punctured 

Bleeding Caution in coagulopathic patients 
Apply pressure to bleeding site 

Thrombosis Avoid multiple needle sticks 
Use continuous flush system 
Avoid prolonged catheterization 

Vasospasm Avoid multiple or traumatic punctures/attempts at 
cannulation 

Air embolism Caution when flushing catheter 

Nerve damage Avoid sites in close proximity to nerve 

Infection Use sterile technique 
Avoid prolonged catheterization 

Intra-arterial drug injection Keep venous and arterial lines well-organized, 
separated, and clearly labeled 

Ischemia Avoid traumatized sites 
Avoid prolonged catheterization 
Place pulse oximeter on ipsilateral side to verify 
perfusion 

 

Volume status can be assessed by evaluating the arterial pressure height during controlled 
mechanical ventilation. Positive pressure ventilation will lead to significant systolic 
variation (>10 mm Hg) of the blood pressure in patients who are hypovolemic (Fig. 
28.2). 

 
Figure 28.2 Arterial blood pressure tracing showing systolic pressure variation with three 
consecutive incremental breaths (10, 20, 30 cm H2O) during changes in mechanical ventilation. The 
line of best fit connects the three respective lowest systolic blood pressures. (Used with permission. 
From Functional Hemodynamic Monitoring by Michael R. Pinsky, Didier Payen. Springer, 2004). 



Cardiac Output 
Recall that global oxygen delivery (DO2) to the tissues is dependent on the oxygen 
content of blood (CaO2) as well as cardiac output (CO). Cardiac output is equal to the 
product of heart rate (HR) and stroke volume (SV): 

CO = HR × SV  

The variables that affect stroke volume include preload, afterload, and contractility. 
Preload is an estimate of left ventricular volume at the end of diastole. The Frank-
Starling curve shows the relationship between preload and stroke volume (Fig. 28.3). In 
general, increases in preload lead to greater stroke volume. However, a point on the 
Frank-Starling curve is eventually reached where further increases in preload do not 
increase stroke volume and may instead lead to decreased stroke volume (as in 
congestive heart failure). Because it is difficult to measure ventricular volume, 
ventricular pressure is commonly used to estimate volume and thus preload. Use of a 
central venous catheter enables monitoring of right atrial pressure or central venous 
pressure (CVP), which is an estimate of right ventricular preload. In a patient without 
significant pulmonary hypertension or valvular disease, it can be assumed that right 
ventricular preload correlates with left ventricular preload because the same blood 
volume that enters the right heart will traverse to enter the left heart. By way of this 
assumption, CVP is often used as an estimate of left ventricular preload. 

 

Figure 28.3 Frank-Starling curve. This curve shows the relationship between preload (end-diastolic 
volume) and stroke volume. Increases in preload lead to increased stroke volume until a point is 
reached where further increases in end-diastolic volume lead to congestive heart failure (point B to 
point A). (Used with permission. From Pediatric Critical Care Medicine: Basic Science and Clinical 
Evidence. Derek S. Wheeler, Hector R. Wong, and Thomas P. Shanley, editors. Springer, 2007). 

Afterload refers to the myocardial wall tension that is required to overcome the 
opposing resistance to blood ejection. Right ventricular afterload is clinically represented 
by the pulmonary vascular resistance (PVR) and left ventricular afterload is clinically  
represented by the systemic vascular resistance (SVR). SVR may be calculated from the 
following equation when cardiac output measurements are obtained: 

SVR = [(MAP  CVP)/CO]  80− ×  
where MAP = mean arterial pressure. 
 

 



Contractility refers to the ability of the myocardium to contract and eject blood from 
the ventricle. Contractility depends on preload and afterload so these variables should be 
optimized first in order to improve contractility. Contractility can be directly measured 
with the use of echocardiography to estimate ejection fraction. However, once preload 
and afterload are optimized, contractility is often indirectly represented by cardiac output. 
If cardiac output remains low despite improvements in preload and afterload, the use of 
inotropic pharmacologic agents may be initiated to improve contractility. 

Central Venous Pressure Monitoring 
As described above, invasive CVP monitoring allows continuous measurement of right 
heart pressures, which can be used to reflect preload. Normal CVP during positive 
pressure ventilation ranges from 6 to 12 mm Hg. A low CVP with hypotension and 
tachycardia most often corresponds to hypovolemia. Persistent hypotension following a 
fluid challenge and higher than normal CVP indicates cardiac congestion (as may occur 
with cardiac tamponade, tension pneumothorax, or myocardial ischemia). 

Cannulation sites for CVP placement include subclavian, internal jugular, and femoral 
veins. Complications associated with the placement of a central line are presented in 
Table 28.2. To reduce the number of cannulation attempts and the risk of inadvertent 
arterial puncture, direct visualization with ultrasound guidance should be used when 
possible during placement of a central line. 
Table 28.2 Complications associated with central venous and pulmonary artery catheterization. 

Complication Precautions to decrease risk 

Hematoma Avoid multiple needle punctures/attempts 
Apply pressure if vein or nearby artery punctured 

Bleeding/Hemorrhage Caution in coagulopathic patients 
Apply pressure to bleeding site 

Air or thrombotic embolism Caution with infusions 
Use head-down tilt and avoid open catheter to air 
Avoid prolonged catheterization and use continuous 
flush 

Carotid artery puncture/cannulation Use appropriate landmarks ± sonographic 
visualization 
Use small finder needle; transduce pressure to verify 
venous 

Pneumothorax/Hemothoraxa Use appropriate landmarks 
Avoid multiple needle sticks 
No risk with femoral vein 
Risk with internal jugular < risk with subclavian 

Infection/Bacteremia/Endocarditis Use strict sterile techniqueb 
Avoid prolonged catheterization 

Nerve trauma Use appropriate landmarks and avoid sites in close 
proximity to nerves 

Thoracic duct damage/Chylothorax Avoid left subclavian and internal jugular when 
possible 

Complete heart block Extreme caution placing PAC in patient with LBBB 



Cardiac dysrhythmias Use ECG monitoring while placing catheter and 
avoid prolonged placement of wire/catheter in 
atria/ventricles 

Pulmonary ischemia/infarction Do not keep PAC continuously wedged 
Minimize balloon inflation time 

Pulmonary artery rupture 
Myocardial perforation 

Do not over-wedge PAC; avoid balloon 
hyperinflation 
Always inflate balloon before advancing catheter, 
but never inflate balloon against significant 
resistance 
Always deflate balloon before withdrawing catheter 

PAC pulmonary artery catheter, LBBB left bundle branch block, ECG electrocardiogram. 
aA chest xray should always be performed after catheterization to verify correct positioning and 
absence of pneumothorax/hemothorax. 
bStrict sterile technique includes handwashing, sterile gloves, gown, mask, hat, patient drape, and 
sterile prep with chlorhexidine. 

Pulmonary Artery Catheter 
As described above, left heart pressures may be estimated from right heart pressures in 
most circumstances and CVP may be used to approximate pulmonary capillary wedge 
pressure (PCWP). However, when left ventricular function is impaired, or significant 
valvular disease or pulmonary hypertension is present, the use of a pulmonary artery 
catheter (PAC) may be indicated for more accurate estimations of left heart pressures. 
Use of a PAC allows continuous monitoring of pulmonary artery pressures, intermittent 
monitoring of PCWP, and thermodilution for estimation of cardiac output and calculation 
of systemic vascular resistance. PCWP is used as the best estimation of left ventricular 
end-diastolic volume (preload), analogous to CVP estimation for the right ventricle. 

The PAC can also be used to obtain blood samples for mixed venous oxygen 
saturation (SvO2) in order to evaluate oxygen balance. Risks associated with PAC 
placement include those associated with central line placement as well as additional risks 
(Table 28.2). Table 28.4 in the next section shows how the use of a PAC can help in the 
determination of common hemodynamic disturbances in shock. 

Shock 

Shock is a disorder of impaired tissue perfusion and results when oxygen delivery is 
inadequate to meet the demands of oxygen consumption or when tissues are unable to 
adequately utilize delivered oxygen. Hypotension is often present in shock, but shock can 
also occur without hypotension due to compensatory mechanisms that serve to augment 
blood pressure. Many other clinical signs of shock may be present, including altered 
mental status, organ dysfunction such as low urine output, cold extremities, acidosis, 
tachycardia, tachypnea, and any other sign of impaired perfusion. If not rapidly treated, 
shock can lead to irreversible tissue injury, organ failure, and death. 

Classification of Shock 
Shock is classified into four main categories. Although this classification can be useful in 
the diagnosis and management of shock, patients may simultaneously suffer from more 

 



than one category of shock. Table 28.3 shows the four main types of shock and lists 
examples of each. 
Table 28.3 Classification of Shock and Examples. 

Shock Type Examples 

Hypovolemic Dehydration, Hemorrhage 

Cardiogenic Acute myocardial infarction, Congestive heart 
failure 

Distributive Sepsis, Anaphylaxis, Neurogenic shock 

Obstructive Cardiac tamponade, Tension pneumothorax 

 

Table 28.4 presents the most likely hemodynamic disturbances that are associated with 
each type of shock. 

Table 28.4 Hemodynamic disturbances in shock. 

Shock type Central venous 
pressure or pulmonary 
capillary wedge 
pressure 

Cardiac output Systemic vascular 
resistance 

Hypovolemic Decreased Decreased Increased 

Cardiogenic Increased Decreased Increased 

Distributive Depends on volume 
status (initially 
decreased) 

Normal or increased Decreased 

Obstructive Increased Decreased Increased 

 

Management of Shock 
The primary goal in the management of shock is to restore perfusion and oxygen delivery 
to vital tissues before organ failure develops. This goal is accomplished by improving 
hemodynamics (including blood pressure and cardiac output) and optimizing oxygen 
balance. Specific therapy depends on the type of shock. In general, patients with shock 
will require invasive monitoring to assist in the diagnosis and to monitor response to 
treatment. Many patients will also require endotracheal intubation and mechanical 
ventilation, particularly if their work of breathing is increased by metabolic acidosis. 
Fluid therapy is indicated in almost all forms of shock (with the exception of congestive 
heart failure and cardiogenic shock) as a means of increasing preload, cardiac output, and 
blood pressure. A reasonable blood pressure goal for most patients is a mean arterial 
pressure (MAP) ≥65 mm Hg. However, in patients with a history of hypertension or who 
already manifest signs of organ failure, a higher blood pressure may be necessary to 
optimize tissue perfusion. Beyond fluids, vasoactive agents can be utilized in order to 
augment blood pressure. Other therapy can be used to improve each of the components of 
oxygen delivery while at the same time trying to reduce oxygen demand. It is important 



to search for and treat the underlying cause of shock while continuing resuscitation. 
Measures of tissue perfusion, including ScvO2 (or SvO2 if a pulmonary artery catheter is 
in place) and lactate can be followed to assess the response to treatment and guide further 
therapy. 

Vasoactive Agents Commonly Used in Shock 
Vasoactive agents are indicated for management of patients with shock who do not 
respond adequately to fluid therapy. These medications may include vasopressors, 
vasodilators, chronotropes, and/or inotropes. Many of the vasoactive medications used to 
treat shock have more than one mechanism of action. Table 28.5 lists some of the 
commonly used vasoactive agents along with their mechanism of action. 
Table 28.5 Commonly used vasoactive agents in shock. 

Agent Mechanism of action (receptor) 

Dopamine Chronotropy (β1), Inotropy (β1) > Vasoconstriction 
(α at higher doses) 

Dobutamine Chronotropy (β1), Inotropy (β1) > Vasodilation (β2) 

Epinephrine Chronotropy (β1), Inotropy (β1) >Vasoconstriction 
(α at higher doses) 

Norepinephrine Vasoconstriction (α) > Chronotropy (β1), Inotropy 
(β1)  

Phenylephrine Vasoconstriction (α1) 

Vasopressin Vasoconstriction (V1) 

 

Septic Shock 

Septic shock is a form of distributive shock caused by infection and should be managed 
in concordance with the formal guidelines that have been devised by the Surviving 
Sepsis Campaign. In addition to the management principles used to treat any form of 
shock, it is crucial to search for and control the source of infection with the early 
initiation of broad-spectrum antibiotics and if necessary, surgical debridement.  An 
overview of the management of septic shock is presented in Table 28.6. 
Table 28.6 Overview of the management of septic shock. 

(1) Resuscitation 

(a) Hemodynamic Goals 

• MAP ≥65 mmHg 
• Urine Output ≥0.5 ml/kg/h 
• CVP 8-12 mm Hg (12-15 mm Hg if mechanically ventilated) 
• ScvO2 ≥70% (or SvO2 ≥65%) 

(b) Begin with fluid resuscitation if the patient is hypotensive or has elevated lactate > 4mmol/L 
• Minimum 30mL/kg crystalloid 
• Consider colloid (albumin) if patient requiring considerable fluid 

 



• Avoid hydroxyethyl starches 
• Continue fluid resuscitation as long as patient shows hemodynamic improvement 

(c) Add a vasopressor if the patient is not responding appropriately to fluid resuscitation 

• Use an arterial line if vasopressors are required 
• Norepinephrine is the first-line vasopressor 
• Vasopressin may be added to norepinephrine if needed 
• Epinephrine if additional agent needed 

(d) Consider administration of steroids only if the patient has a poor response to fluids and vasopressor 
therapy. 

(e) Consider inotropic support with dobutamine if not meeting hemodynamic goals with above 
measures (especially if evidence of myocardial dysfunction) 
 
(f)  Consider a blood transfusion if Hb < 7 g/dl 

(2) Diagnosis - try to obtain cultures before giving antibiotics 

(a) Blood cultures 
(b) Sputum culture 
(c) Urine culture 
(d) Culture other sites as indicated by history and physical exam 
(e) Imaging studies (chest radiograph and other studies as indicated by history and exam) 

(3) Source Control 

(a) Evaluate for a focus of infection that can be drained or surgically debrided 
(b) Consider foreign bodies as a possible infectious source (such as central lines) 

(4) Antibiotic Therapy 

(a) It is vitally important to start antibiotics within the 1st hour of hypotension 
(b) Initiate broad-spectrum antibiotics 
(c) Follow cultures daily and de-escalate antibiotics as appropriate 
(d) Treat for 7-10 days (unless extenuating circumstances) 
(e) Stop antibiotics if shock determined to be caused by a noninfectious source 

(5) Other Supportive Care (see Acute Respiratory Distress Syndrome and Supportive Care in the ICU 
sections) - low tidal volume ventilation, glucose management, thromboprophylaxis, ulcer prophylaxis, 
nutrition 

 

Acute Respiratory Failure 

Acute respiratory failure (ARF) is another common disorder leading to intensive care unit 
admission. Respiratory failure may develop from primary pulmonary disorders or as a 
result of other systemic disorders. Clinical signs of acute respiratory failure may include 
altered mental status, tachypnea, increased work of breathing, use of accessory 
respiratory muscles, decreased oxygen saturation, cyanosis, and other nonspecific 
systemic signs such as tachycardia and hypertension. ARF may be divided into two types 



– oxygenation failure (hypoxemic respiratory failure) or ventilation failure (hypercapnic 
respiratory failure). Patients may also have combined oxygenation and ventilation failure. 

Hypoxemic Respiratory Failure 
Hypoxemic respiratory failure is usually a result of mismatched alveolar ventilation (V) 
and perfusion (Q). Many disease processes can result in areas of alveolar hypoventilation 
relative to perfusion (termed low V/Q). This is otherwise known as an intrapulmonary 
shunt (Fig. 28.4). Examples of such disease processes that lead to intrapulmonary 
shunting include pneumonia, atelectasis, pulmonary edema, aspiration, and 
pneumothorax. As blood flows to poorly ventilated alveoli, it is unable to pick up 
adequate amounts of oxygen and thus returns poorly oxygenated blood to the heart. This 
poorly oxygenated blood dilutes oxygenated blood, causing systemic hypoxemia. 

 

Figure 28.4 Examples of intrapulmonary shunt. (a) Collapsed and fluid-filled alveoli are examples of 
intrapulmonary shunt. (b) Anomalous blood return of mixed venous blood bypasses the alveolus and 
thereby contributes to the development of intrapulmonary shunt. Used with permission. From 
Critical Care Study Guide: Text and Review. Gerard J. Criner and Gilbert E. D’Alonzo, editors. 
Springer, 2002. 

Other causes of hypoxemia include increased dead space (see below), decreased 
partial pressure of inspired oxygen (such as in areas of high altitude with low inspired 
oxygen tension), left-to-right cardiac shunting, alveolar hypoventilation, and diffusion 
abnormalities. 

Hypercapnic Respiratory Failure 
Hypercapnic respiratory failure results from any disorder than leads to decreased alveolar 
minute ventilation. Minute ventilation (Va) is defined by the following equation: 

 



Va = f × (Vt Vd)−  
where f=respiratory rate, Vt=tidal volume, and Vd=dead space. 

Therefore, decreased minute ventilation can result from decreases in respiratory rate or 
tidal volume (such as occurs with sedation and anesthesia) and/or increases in dead space 
ventilation. Dead space ventilation includes any area of the respiratory tract that is 
ventilated but not perfused. If alveoli are under-perfused, CO2 cannot diffuse out of the 
blood via gas exchange and is therefore returned to the circulation, resulting in 
hypercapnia. Dead space may be anatomic or physiologic. Anatomic dead space results 
from airways that normally do not participate in gas exchange such as the trachea and 
bronchi. Physiologic dead space results from alveoli that are ventilated, but not 
adequately perfused. Physiologic dead space can occur from poor cardiac output resulting 
in inadequately perfused alveoli. Another example of physiologic dead space occurs with 
pulmonary embolus, where blood flow to an area of the lungs is obstructed. 

Management of Acute Respiratory Failure 
While the cause of respiratory failure is being investigated, it is important to ensure a 
patent airway and support of oxygenation and ventilation. Supplemental oxygen should 
be provided and if necessary, the patient should be intubated and managed with 
mechanical ventilation. Appropriate diagnostic tests include history and physical exam, 
arterial blood gas measurement, chest radiograph, and additional testing based on these 
findings and the likely etiology of the respiratory failure. 

Acute Lung Injury and Acute Respiratory Distress Syndrome 
Acute Lung Injury (ALI) is a complex process of injury to the lungs involving cytokines 
and damage to the alveolar-endothelial barrier, which leads to increased pulmonary 
microvascular permeability and edema. The most severe form of ALI is the Acute 
Respiratory Distress Syndrome (ARDS) which leads to severe hypoxemic respiratory 
failure and is associated with a high mortality rate. Diagnostic criteria for ARDS have 
been defined by an international consensus committee and include: 
• Acute process (within 1 week of clinical insult) 
• Severe hypoxemia (PaO2/FiO2 <300 mmHg) 
• Bilateral diffuse pulmonary infiltrates seen on chest radiograph 
• Evidence of noncardiogenic pulmonary edema 

There are many possible etiologies that lead to ARDS, including both pulmonary and 
extra-pulmonary causes. In addition, it is known that mechanical ventilation can cause or 
exacerbate lung injury by volutrauma (overdistention of alveoli), barotrauma (high 
plateau pressures), and/or atelectrauma (shear stress of opening and closing of alveoli). 
The ARDS Network found that mortality is significantly reduced when patients with 
ARDS are ventilated with lower tidal volumes. There has also been much study and 
debate regarding optimal pressures, levels of PEEP, and modes of ventilation in ARDS. 
Management of ARDS includes supportive care while treating the underlying cause and 
avoiding further ventilator-induced lung injury. In addition, salvage therapies may be 
indicated for patients with such severe ARDS that they cannot maintain adequate 
oxygenation to support tissue and organ function. Such therapies include the use of 



alternative modes of ventilation, prone positioning, inhaled nitric oxide, and 
extracorporeal membrane oxygenation. While these therapies can improve oxygenation 
and provide temporary support, none of them have been shown to influence the mortality 
associated with ARDS. 

Mechanical Ventilation 

When patients develop respiratory failure such that they cannot maintain adequate 
oxygenation and/or ventilation, it is often necessary to provide mechanical ventilation. 

 
Indications for mechanical ventilation include: 
• hypoxemic respiratory failure 
• hypoventilatory (hypercapnic) respiratory failure 
• need for sedation or neuromuscular blockade 
• need for hyperventilation to control intracranial pressure 
• airway protection 

Commonly Used Modes of Ventilation 

Assist-Control Ventilation (also known as CMV, Continuous Mandatory 
Ventilation) 
Assist-control ventilation may be delivered with volume-cycled breaths (volume control) 
or time-cycled breaths (pressure control). The patient may trigger breaths or breathe 
over the set rate, but the machine guarantees the minimum number of breaths that are 
preset. Regardless of whether each breath is patient-triggered or machine-triggered, the 
patient will receive the full preset tidal volume or preset applied pressure. This serves to 
decrease the patient’s work of breathing. During volume control ventilation, a preset tidal 
volume is delivered to the patient at a set rate. The peak pressure may vary per breath 
depending on the patient’s lung mechanics and compliance. Pressure control ventilation 
involves a preset inspiratory time and applied pressure instead of a preset tidal volume. 
Thus, the tidal volume will vary with each breath. Figure 28.5 shows pressure, volume, 
and flow tracings for pressure control versus volume control. 

 

 



Figure 28.5  Graphical representation of pressure (P), volume (V), and flow (F) versus time for 
Pressure Control Ventilation and Volume Control Ventilation.  Note in Pressure Control, the 
pressure stays constant as the tidal volume varies based on lung compliance.  Note in Volume 
Control, the flow and volume remain constant while pressure varies based on lung compliance.  Used 
with permission from Wilson WC, Grande CM, Hoyt DB, eds. Trauma Critical Care. Informa 
Healthcare USA, Inc. New York, 2007. 
 

Intermittent Mandatory Ventilation (IMV) 
Intermittent mandatory ventilation delivers either volume-cycled or time-cycled breaths 
at a preset rate. The patient may breathe spontaneously beyond the preset rate, but 
patient-triggered breaths beyond the set rate are not supported by the machine. 
Synchronized intermittent mandatory ventilation (SIMV) delivers the preset machine 
breaths simultaneously with the patient’s inspiratory efforts to avoid patient-ventilator 
dyssynchrony. 

Pressure Support Ventilation 
Pressure support ventilation allows the patient to breathe spontaneously, but provides a 
preset level of inspiratory pressure with each triggered breath. Inspiratory pressure 
provided by the machine decreases the patient’s work of breathing, but still allows the 
patient to trigger all breaths and thus control the respiratory rate. Most modern ventilators 
will provide a back-up ventilatory rate if the patient becomes apneic, but it is important to 
ensure that apnea alarms and back-up rates are set appropriately. 

Positive End-Expiratory Pressure 
Positive end-expiratory pressure (PEEP) may be applied during any of the above 
mechanical ventilatory modes. PEEP functions to keep alveoli open at the end of 
expiration, thereby reducing atelectasis. PEEP minimizes the cyclic opening and closing 
of alveoli and reduces shear force which may cause damage to alveoli. By keeping 
terminal alveoli open, PEEP serves to increase the number of functional lung units that 
are participating in gas exchange and therefore improves oxygenation. 

Inspiratory Pressures 
During positive pressure mechanical ventilation, pulmonary pressure increases to a 
maximum at the end of inspiration. This maximum pressure is known as peak inspiratory 
pressure (PIP) and reflects airway resistance as well as the elastic properties of the alveoli 
and chest wall. If an inspiratory hold is applied at the end of inspiration, the flow of gas 
will stop and allow the pressure to drop to a level known as plateau pressure or static 
pressure (Pplat or Pstat, see Figure 28.6). Plateau pressure reflects only the elastic 
properties of the alveoli and chest wall and is thus the best measure of alveolar pressure. 
The difference between peak inspiratory pressure and plateau pressure (PIP–Pplat) 
reflects the resistance of the upper airways.   



Figure 28.6 Peak inspiratory pressure 
(PIP) is the maximum pressure at end-inspiration. If an inspiratory  hold is performed at the end of a 
positive pressure breath, gas flow stops and the pressure measured at the circuit will equilibrate with 
the pressure at the alveolar level (this is the plateau pressure, Pstat).  

Initiating Mechanical Ventilation 
The mode of mechanical ventilation that is chosen is less important than ensuring that the 
main goals of mechanical ventilation are met. These goals include support of oxygenation 
and ventilation, synchrony between patient and ventilator, and avoidance of injurious 
pressures or volumes. Initially, the fraction of inspired oxygen (FiO2) should be set to 1.0 
and can later be titrated down to maintain adequate patient oxygenation. Initial tidal 
volume should be set at 8-10 ml/kg in patients with normal lung compliance. If the 
patient has poor lung compliance or is at high risk for ARDS, then tidal volumes should 
be reduced to 6 ml/kg to avoid volutrauma or barotrauma. If using pressure control 
ventilation, the initial peak pressure should be set less than 30 cm H2O to ensure that 
plateau pressures remain less than 30 cm H2O. The set pressure can then be titrated to 
maintain tidal volumes as above. Initial respiratory rate can be set at 10-15 breaths/min 
and should be adjusted based on the results of arterial blood gas measurements. PEEP 
should be used to keep alveoli open at the end of expiration. PEEP of 5 cm H2O is a 
reasonable starting level and may be titrated up depending on the patient’s underlying 
pathology or oxygenation requirements. 

AutoPEEP 
AutoPEEP describes the patient’s intrinsic positive alveolar pressure that develops at the 
end of expiration and is caused by incomplete expiration of the tidal volume. AutoPEEP 
most commonly occurs in patients with obstructive lung disease because they have more 
difficulty expiring all of the tidal volume before the next breath is initiated. With each 
breath, more air becomes trapped in the alveoli, leading to a “stacking” of breaths and 
thus increasing dead space. This increased dead space increases the patient’s work of 
breathing. Strategies to reduce autoPEEP include lowering the respiratory rate or tidal 
volume to allow more time for expiration or less volume that needs to be expired, 
decreasing the inspiratory:expiratory ratio to allow more time for expiration, and 
applying extrinsic PEEP to equalize the autoPEEP and remove the pressure gradient. 

Noninvasive Positive-Pressure Ventilation (NIPPV) 

 



It is possible to deliver mechanical ventilation without endotracheal intubation in the 
form of a bilevel positive airway pressure (BiPAP) or continuous positive airway 
pressure (CPAP) mask. BiPAP uses two levels of positive airway pressure to deliver 
pressure support during inspiration and PEEP during expiration. These pressures are 
typically referred to as inspiratory positive airway pressure (IPAP) and expiratory 
positive airway pressure (EPAP). CPAP delivers a constant pressure during the entire 
respiratory cycle such that the patient will spontaneously breathe at an elevated baseline 
pressure without additional pressure support during inspiration. Note that both forms of 
NIPPV require the patient to be breathing spontaneously. Therefore, NIPPV is best used 
in an awake, cooperative patient. NIPPV is contraindicated in patients who are not 
spontaneously breathing, unable to cooperate, have a high risk of aspiration, or have 
facial trauma which precludes the use of a tightly-fitting mask. If a patient does not 
respond favorably to NIPPV within a few hours, intubation and invasive mechanical 
ventilation may be required. 

Ventilator-Associated Pneumonia 

Although mechanical ventilation is life-saving when patients develop respiratory failure 
and cannot support their own oxygenation and ventilation, it is also known that 
endotracheal intubation with mechanical ventilation is an independent risk factor for the 
development of pneumonia. Ventilator-associated pneumonia (VAP) is defined as 
pneumonia that arises after a patient has been intubated >48 h. VAP is a major 
contributor of morbidity and mortality in the intensive care unit, and the risk of 
developing VAP is directly proportional to the length of time the patient is intubated. The 
pathogenesis of VAP is multifactorial but thought to be associated with aspiration of 
oropharyngeal bacterial pathogens around the endotracheal tube cuff as well as infected 
biofilm that develops in the endotracheal tube. In addition to being in the intensive care 
unit and having been intubated for >48 h, patients who develop VAP often have many 
risk factors for infection with multidrug-resistant organisms. Methicillin-resistant 
Staphylococcus aureus and gram-negative organisms (such as Pseudomonas aeruginosa) 
are frequent pathogens in VAP. If possible, lower respiratory tract samples should be 
obtained for microbiologic culture prior to initiation of broad-spectrum antibiotics. 
However, if this is not possible in a timely fashion, antibiotic therapy should not be 
delayed because the failure to initiate prompt appropriate therapy is associated with 
increased mortality. Significant research efforts continue to focus on reducing risk factors 
and developing preventive strategies for VAP, but the best possible way to avoid VAP is 
to treat the underlying cause of respiratory failure and extubate the patient as soon as 
possible. Guidelines for the management of VAP have been published by the American 
Thoracic Society and the Infectious Diseases Society of America. 

Supportive Care in the ICU 

In addition to the management and treatment of primary underlying disorders, there are 
supportive and prophylactic measures that have been shown to improve outcomes and 
help prevent complications associated with critical illness. 

Measures to Prevent Nosocomial Infections include: 



1. Staff education and appropriate hand disinfection 
2. Use of sterile technique and precautions during procedures 
3. Isolation of patients with multidrug-resistant organisms 
4. Head of bed elevation to 30-45° for prevention of aspiration 
5. Oral hygiene with chlorhexidine rinse for intubated patients 
6. Avoidance of inappropriate use of antibiotics 
7. Sedation and ventilator weaning protocols 

Sedation Management 
Although patients with critical illness often suffer from anxiety and emotional distress, 
studies have shown that constant deep sedation prolongs ventilator time, increases the 
incidence of infection, and may lead to worsening delirium. Therefore, the use of 
sedation protocols as well as daily awakening or lightening of sedation is recommended 
in the intensive care unit to avoid oversedation. Unless absolutely clinically indicated, 
neuromuscular paralysis should be avoided as it leads to longer time on the ventilator and 
is a significant risk factor for the development of prolonged weakness. 

Glucose Management 
Hyperglycemia is common in critically ill patients, and it is known that severe 
hyperglycemia is associated with increased morbidity and mortality in certain groups of 
patients. However, it is also known that intensive insulin therapy to maintain strict 
normoglycemia increases the risk of hypoglycemia, which is also associated with 
increased morbidity and mortality. Based on the most recent data, the optimal target 
range for blood glucose in critically ill patients is <180 mg/dl.    

Thromboprophylaxis 
Patients in the intensive care unit often have many risk factors for the development of 
venous thromboemboli, including: 
• prolonged immobility 
• venous stasis 
• polytrauma 
• burns 
• spinal cord injury 
• malignancy 
• obesity 
• presence of central venous catheters 
• hypercoagulability associated with the perioperative period 

Thrombosis of the deep veins can lead to significant morbidity, including embolism of 
blood clots to the pulmonary vasculature (PE). The majority of clinically significant 
pulmonary emboli arise from the proximal deep veins in the leg. Because a significant 
pulmonary embolism is often fatal, prevention of these deep vein thromboses is 
important. Specific guidelines have been published by the American College of Chest 
Physicians regarding thromboprophylaxis. In general, all patients in the intensive care 
unit should receive mechanical prophylaxis (in the form of early ambulation or 

 



intermittent pneumatic compression boots) and unless contraindicated, a form of 
pharmacologic prophylaxis should also be instituted. 

Stress Ulcer Prophylaxis 
Patients with critical illness often develop gastrointestinal mucosal damage that can 
progress to clinically significant gastrointestinal bleeding, which increases mortality. 
Strategies for the prevention of stress ulcers decrease the incidence of such bleeding in 
intensive care unit patients. However, it is important to identify those patients who have 
risk factors for stress ulcer formation because the indiscriminate use of prophylaxis in all 
ICU patients may increase the risk of nosocomial pneumonia. Patients with any of the 
following risk factors should receive stress ulcer prophylaxis: 
• Mechanical ventilation >48 h 
• Coagulopathy or therapeutic anticoagulation (does not include patients only 

receiving thromboprophylaxis) 
• Use of steroids 
• History of active peptic ulcer disease 
• Traumatic brain injury 
• Major burns 
• Severe infection or shock 

Recommended prophylaxis may be provided by the administration of either a proton 
pump inhibitor or an H2-receptor antagonist.  

Nutrition 
Malnutrition is common in critically ill patients and has detrimental effects on organ 
function, immune function, wound healing, ventilator weaning, and has been shown to 
increase mortality. In patients who cannot meet their nutritional needs orally, enteral 
nutrition is preferable to parenteral nutrition. Enteral nutrition has been shown to have 
important advantages as well as a lower incidence of complications as compared to 
parenteral nutrition. Current recommendations support the initiation of early enteral 
nutrition (within 24–48 h of admission) in critically ill patients who are expected to be 
unable to tolerate an adequate oral diet, unless there is a contraindication. 
Contraindications to enteral nutrition include intractable emesis, severe diarrhea or 
malabsorption, severe gastrointestinal bleeding, peritonitis, mesenteric ischemia, 
intestinal obstruction, short bowel syndrome, or severe shock. In these situations, it may 
be necessary to initiate total parenteral nutrition (TPN), especially if the patient is 
significantly malnourished. 

TPN is reserved only for these patients (who have a contraindication to or cannot 
tolerate enteral feeding) because it is associated with added risks. TPN must be 
administered into a central vein and as such, confers the risks associated with central 
venous cannulation and bloodstream infections. In addition, TPN is associated with 
mucosal atrophy of the gastrointestinal tract which disrupts the normal barrier function of 
the gut and is associated with bacterial translocation from the bowel lumen into the 
circulation. Other complications associated with TPN include hepatic dysfunction, 
cholestasis, and acalculous cholecystitis. 



Ethical Decisions and End-of-Life Care  
Many patients cared for in the intensive care unit are unable to participate in decisions 
about their own medical care and are dependent on advance directives or surrogate 
decision-makers. Healthcare professionals must be able to adequately communicate 
among themselves and with patients’ families in order to set realistic goals that are 
consistent with patient and family desires. Sometimes it is determined by the team of 
healthcare professionals that further medical therapy is unlikely to be beneficial to the 
patient and this may lead to ethical issues, such as whether aggressive medical care 
should be continued and/or how end-of-life care should be facilitated.  Many intensive 
care units now have Palliative Care teams to assist with end-of-life care. 

Case Study 

You are called to the PACU emergently to see a 57-year-old patient who has just 
undergone an aorto-bifemoral bypass graft. On arrival to the bedside, the nurse informs 
you that the case proceeded uneventfully and the patient arrived in the PACU 1 h ago. 
The patient underwent general endotracheal anesthesia and was extubated in the OR. 
Vital signs on arrival to PACU were normal, but the blood pressure has been 
progressively declining and the heart rate has been rising since then. Five minutes ago, 
the patient’s blood pressure was 68/40 with heart rate 128. Now the nurse notes that she 
cannot obtain a blood pressure and cannot feel a pulse. The patient has a peripheral IV 
infusing lactated Ringer’s and an arterial line in the right radial artery. No blood 
pressure is seen on the arterial tracing. 

What will be your initial response (first 30 s) on arrival? 
In any “code” situation, remember ABC’s: Airway, Breathing, and Circulation. These 
always precede “D” (drugs, discussion, debate…)! From the nurse’s report and lack of 
vital signs, this patient appears to be in full cardiac arrest. You will check for a pulse (the 
lack of arterial pulsations on an otherwise working arterial line trace is confirmatory), and 
check for breathing by either auscultation or direct inspection. 

The patient is found to be apneic and pulseless. What will you do next? 
Call for help by activating the “code” team or other system in place in your particular 
hospital. (Some institutions treat arrests in the OR and PACU differently than on regular 
nursing units). Open the airway and begin ventilation by bag and mask with 100% 
oxygen (Airway, Breathing). Ask the nurse, an assistant, or other personnel to begin chest 
compressions immediately (Circulation). Ensure that someone has secured a defibrillator 
and emergency medications. Assess the patient’s rhythm on the ECG. 

The patient is found to be in ventricular fibrillation (VF). What will you do next? 
Current Advanced Cardiac Life Support (ACLS) guidelines recommend immediate DC 
shock. Any device can be used, including a monophasic defibrillator at 360 J (note that 
progressive increase in energy is no longer recommended). Alternatively, and possibly 
more efficacious, one can use a biphasic device at whatever power the machine is 
designed for (typically 120–200 J). An automatic defibrillator may also be used at the 
machine-specific setting. CPR is then immediately resumed for five cycles (or about 2 
min) before the next step. The rhythm is checked again during CPR and a second shock 
(at equal or higher energy if a biphasic device is being used) is given if the rhythm is still 

 



VF. Any time after the first or second shock, epinephrine, 1 mg IV (alternative 
vasopressin 40 U) is also given. CPR is always continued for 2 min after a shock or drug 
dose, to maximize the chances of return of spontaneous circulation. Reintubation is also 
recommended early in the sequence to facilitate ventilation and allow for continuous 
chest compressions. 

After your initial intervention, sinus rhythm reappears. Inspection of the arterial tracing 
shows minimal pulsatile activity, and manual blood pressure measurement confirms that 
the blood pressure remains unobtainable. What are your next steps? 
The patient has pulseless electrical activity (PEA), likely profound hypotension, as 
demonstrated by the arterial waveform and lack of noninvasive blood pressure reading. 
Vasopressors and CPR are continued without interruption while reversible causes are 
sought. Some recommend vasopressin if it has not already been given. There are several 
etiologies and a mnemonic, “H and T’s” is sometimes helpful: 
• Hypovolemia 
• Hypoxia 
• Hydrogen ions (acidosis) 
• Hypokalemia/hyperkalemia 
• Hypoglycemia 
• Hypothermia 
• Toxins 
• Tamponade, cardiac 
• Tension Pneumothorax 
• Thrombosis (coronary or pulmonary) 
• Trauma 

In this patient, hypovolemia from internal bleeding should be high on the differential 
diagnosis. Thromboembolism and pneumothorax are also possible, though less common. 
Auscultation of the chest will rule out tension pneumothorax, and echocardiography  may 
aid in the diagnosis of massive pulmonary embolism. The electrolyte, acid/base, and 
other etiologies are also possible, and history and laboratory studies (recent or sent as part 
of the evaluation now) may be helpful. You will alert the surgeon immediately if you 
suspect an anastomotic leak and/or internal hemorrhage as the etiology, as immediate 
reoperation will be necessary. Continue ACLS until return of spontaneous circulation, 
after which aggressive fluid administration and vasopressors can temporize until 
definitive intervention can take place. 
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