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Chapter  4
Mechanical Ventilation
Thomas Johnson and Joann Bennett

Learning Objectives

 1. Describe the indications for mechanical ventilation.
 2. Understand the fundamental physics behind mechanical ventilation.
 3. Develop a basic understanding of the function of positive pressure 

mechanical ventilation.
 4. Describe the basic settings of mechanical ventilation and the impact on 

development of patient care plans.
 5. Determine appropriate approaches to medication delivery related to the 

mechanical ventilator. 

IntroductIon

Mechanical ventilation is a basic therapeutic and supportive intervention 
used in the critically ill patient. While pharmacists do not spend significant 
time working directly with the mechanical ventilator, a basic understanding 
of the settings used in and the function of mechanical ventilation is very 
helpful in the development of patient care plans. For example, sedation 
and analgesia regimens must take into account current ventilator settings, 
and nutrition regimens can impact or be impacted by mechanical venti-
lation. Complications, or avoiding complications, related to mechanical 
ventilation can be a significant component of developing patient care plans. 
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chapter 4: Mechanical Ventilation48

Understanding mechanical ventilation will also allow the pharmacist to bet-
ter interpret medical literature and participate in interdisciplinary rounds. 
This chapter will cover the basics of mechanical ventilation with a focus on 
the impact on medication use.

History of Mechanical Ventilation

The history of mechanical ventilation dates at least as far back to a 1555 
description of a tracheotomy and ventilation procedure, and initial work 
can be traced back at least one thousand years earlier.1,2 However, the first 
workable negative pressure ventilator, the iron lung, was developed and 
produced by Drinker and Shaw in the late 1920s.2,3 Positive pressure ven-
tilation came of age during the polio epidemics of the 1950s with the large 
scale production of portable positive pressure mechanical ventilators.1–4 
Over the next 50 years, various modes and techniques of positive pressure 
ventilation have been attempted, revised, refined, abandoned, and revived. 
Current ventilators are capable of perhaps hundreds of combinations of 
settings and airflow patterns, but the fundamental principle of mechanical 
ventilation remains the same: moving air in and out of a patient’s lungs.

Indications for Mechanical Ventilation

Mechanical ventilation is indicated in the patient requiring support to 
maintain oxygenation or eliminate carbon dioxide.1,5–7 Mechanical ven-
tilation may also be initiated for airway protection in an unresponsive or 
incoherent patient. A summary of the generally accepted indications and 
objectives for mechanical ventilation is listed in Table 4–1. 

table 4–1 Indications for and Objectives of Mechanical Ventilation5–7

Indications: Reduce or change the work of breathing

Acute Respiratory Failure/Apnea Reverse hypoxemia

Coma/Inability to protect airway Reverse acute respiratory acidosis

Acute exacerbation of COPD Relieve respiratory distress

Ventilatory dysfunction secondary 
to neuromuscular disorders

Prevent or correct atelectasis

objectives: Reverse or minimize ventilatory muscle fatigue

Alveolar ventilation Permit sedation or neuromuscular blockade

Arterial oxygenation Decrease systemic or myocardial oxygen consumption

Increase lung volume Stabilize the chest wall
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Physics of Mechanical Ventilation

Positive pressure invasive mechanical ventilation necessitates insertion of 
an endotracheal tube (ETT) illustrated in Figure 4–1. Ventilation without 
ETT insertion has been achieved with the advent of noninvasive ventilation 
techniques, and less critically ill patients may be managed without intuba-
tion. However, in this discussion, we will focus on the intubated patient on 
mechanical ventilation. 

The ETT is smaller than the patient’s natural airway, and as a result, air-
flow patterns change. These changes lead to increased airway resistance and 
increased work of breathing. The resistance in the tube can be illustrated 
by the equation R = 8ηℓ/πr4 (where η = viscosity, ℓ = length of tube, and r = 
internal radius of the tube), which is derived from Poiseuille’s Law.1,8,9 When 
the tube is lengthened or narrowed, resistance increases. Over time, new ven-
tilator techniques have evolved to reduce the work of breathing associated 
with intubation and mechanical ventilation.

PosItIVe Pressure VentIlatIon terMInology

airway Pressures

Positive pressure volume ventilation delivers tidal volume to the patient’s 
lungs under pressure. Ventilated patients often have pulmonary pathol-
ogy such as areas of damaged lung tissue, obstructed airways, and other 
structural abnormalities. It is important to remember that air behaves as 
a fluid, and therefore follows the path of least resistance as it enters the 
lungs. Therefore, it becomes necessary to understand and monitor several 
ventilation parameters. 

Figure 4–1 Endotracheal Tube
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Peak inspiratory pressure (PIP or Ppeak) is the maximal airway pressure 
during the respiratory cycle.5 PIP generally measures the pressures in the 
major airways. Significant or acute changes in PIP may indicate compli-
cations such as mucus plugging or bronchospasm, and elevated PIP ne-
cessitates clinical evaluation to identify the cause. Specific intervention or 
ventilator adjustment may be needed to decrease airway pressures in order 
to avoid the complications caused by prolonged airway pressure elevation. 

Plateau pressure (Pplat) provides a measure of airway pressures at end 
inspiration, which reflects the pressure in the alveoli. Pplat is a major determi-
nant of volutrauma and other ventilator complications (see Complications 
section). Pplat should be kept at or below 30 to 35 cm H2O pressure.10–16 In 
recent years, much attention has been directed toward avoiding ventilation 
with high pressure. 

Volumes

Tidal volume (Vt) is defined as the volume of air breathed in and out dur-
ing a respiratory cycle. Minute ventilation (MV—also abbreviated as Ve) 
is derived by multiplying respiratory rate by Vt. Minute ventilation is the 
primary respiratory determinant of blood CO2 levels. Increasing MV will 
tend to decrease blood CO2 by increasing CO2 elimination. Decreasing 
MV will increase blood CO2 by decreasing CO2 elimination. The normal 
respiratory tract has several non-perfused areas referred to as physiologic 
dead space (VDS),17 which is the sum of anatomic (trachea, bronchus) and 
alveolar components that do not participate in CO2 elimination. Adequate 
ventilation requires air ventilation and blood perfusion (sometimes de-
noted as V/Q) to be matched. Dead space to Tidal Volume ratio (VDS/Vt) 
defines the ability of the lung to carry CO2 from the pulmonary artery to 
the alveolus. Pathologic processes affect this ratio, as do ventilator settings. 
A good example of abnormal dead space is pulmonary embolism. In this 
situation, there is alveolar ventilation without blood perfusion, which 
leads to an increased VDS/Vt ratio, resulting in abnormal oxygenation as 
well as ventilation. 

oxygen

The fraction of inspired oxygen (FiO2) is the percentage of oxygen present 
in the air that is inhaled by the patient; for reference, room air has an FiO2 
of 0.21 (21%). An FiO2 greater than 60% is associated with increased oxygen 
free radical production and potential cellular harm (oxygen toxicity).1,10,18 
Patients with poor respiratory function, including patients with severe 
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acute respiratory distress syndrome (ARDS), often require FiO2 values 
greater than 60% to maintain appropriate blood oxygen levels, and high 
FiO2 levels should not be avoided at the expense of tissue oxygenation. The 
use of positive end expiratory pressure (PEEP) or other advanced ventilator 
recruitment techniques are directed toward reduction of FiO2 to safe levels 
(i.e., <60%).10,12,13,15

Alveolar recruitment techniques allow alveoli that are not participating 
in ventilation to re-open and add to the functioning surface area for ventila-
tion and oxygenation.19–23 Recruitment is achieved by maximizing alveolar 
capillary function. Titration of PEEP is a form of alveolar recruitment that 
acts by adjusting the amount of pressure remaining within the lungs at the 
end of expiration. Using recruitment techniques encourages a higher num-
ber of alveoli to be opened or stay open. Prone positioning is also utilized in 
patients with ARDS to improve oxygenation via potential improvement in 
ventilation–perfusion match.22,24–26

VentIlator Modes and settIngs

There are many ventilator settings and combinations of settings that are 
used in the management of critically ill patients. For simplicity, each setting 
will be discussed as a separate entity, but there are certainly instances where 
two or more settings will be used simultaneously. Table 4–2 summarizes the 
ventilator modes discussed in this section.

controlled Mechanical Ventilation

In controlled mechanical ventilation (CMV), the ventilator does all of the 
work of breathing.27,28 CMV restricts ventilation to only the set rate and 
volume prescribed. The patient cannot breath spontaneously in this mode, 
which typically leads to the need to deeply sedate and frequently paralyze 
the patient, as it is not a comfortable mode of ventilation. Strict CMV is not 
commonly employed, as most ventilators currently used in practice utilize 
settings that allow the patient to breath spontaneously and are often more 
comfortable for the patient.

assist/control

In current practice, CMV and the Assist/Control (A/C) mode of ventilation 
are essentially synonymous. In A/C, the patient receives a set rate and vol-
ume, but the patient may initiate spontaneous breaths as well.28 All breaths 
delivered to the patient (spontaneous or ventilator initiated) provide the 
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full set tidal volume. Therefore, if the ventilator set rate is 12 breaths per 
minute (bpm), the patient is guaranteed 12 full breaths, but if their spon-
taneous rate is 20 bpm, they will receive 20 full breaths. The use of low 
tidal volumes and titrating PEEP with A/C mode is a standard approach to 
ventilation in the ARDS patient.

Intermittent Mandatory Ventilation

Sometimes referred to as synchronized intermittent mechanical ventilation 
(SIMV), intermittent mandatory ventilation (IMV) is a mode of ventilation 
where the ventilator is set to deliver a specific number of full breaths each 
minute (rate) with a set Vt. In addition, the patient may initiate and take 
spontaneous breaths that they generate without ventilator assistance.28 
Pressure support (PS), which may be added to each IMV breath, is, in es-
sence, added support at the initiation of the spontaneous breath, which is 
the most difficult part of inhalation in terms of energy expenditure. This 
decreases the work of breathing and increases the tidal volume that can be 
spontaneously generated by the patient.

Illustration of Synchronized Intermittent Mechanical Ventilation

Because SIMV can be a difficult mode to visualize, a patient example is pro-
vided. A patient set to the ventilator mode of SIMV, rate of 12, Vt of 600, 
PS 10 means that the patient will receive 12 full breaths of a Vt of 600 ml 
each minute, and these breaths will be synchronized with the patient’s own 
breathing rate. If the patient breathes 20 times per minute, 12 breaths will 
be fully supported and 8 breaths will be supported by 10 cm H20 pressure 
support only. The number of set breaths can then be weaned down over 
time (typically by intervals of two) so that the patient slowly takes over the 
additional work of breathing. 

Intermittent mandatory ventilation was originally thought of as a wean-
ing mode of ventilation.7,29 However, newer weaning techniques have now 
begun to replace the use of this ventilator approach.29,30 The work of breath-
ing is higher in modes that do not completely support the patient’s respira-
tory needs, and so the use of IMV in the weaning process was based on the 
concept that “conditioning” the respiratory muscles would facilitate extu-
bation. However, new approaches to ventilator management suggest that 
the use of SIMV in this way actually leads to muscle fatigue and may delay 
extubation.29 Many intensive care physicians favor resting the patient on 
A/C and performing daily or twice daily spontaneous breathing trials (SBT) 
to assess weanability.30,31
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Pressure vs. Volume control

In modes such as A/C, volume ventilation provides a volume (Vt) without re-
gard to the airway pressure required to deliver that volume. Pressure control 
ventilation delivers a tidal volume via a set pressure, which generates a tidal 
breath. The advantage of pressure control ventilation is that it generates 
less alveolar injury by decreasing the amount of alveolar stretching during 
inflation in an already fragile lung (such as in ARDS). Figures 4–2a and 4–2b 
illustrates the contrasting air-flow patterns of pressure versus volume 
delivery.27 Many of the ventilator settings discussed in this chapter, but 
specifically CMV and A/C, can be delivered with either a pressure control 
setting or a volume control setting.

airway Pressure release Ventilation

Airway pressure release ventilation (APRV) is defined as continuous positive 
airway pressure (CPAP) with intermittent releases of pressure that produce 
gas exchange.32,33 Instead of setting a specific Vt, the ventilator is set to 
maintain a Phigh pressure and then release to a Plow pressure at regular in-
tervals; the Vt is obtained by the change in pressure. The Phigh pressure is 

Time
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Figure 4–2a Pressure control with a decelerating air flow rate. A constant pressure is 
maintained in the ventilator circuit and a resulting Vt is delivered.

Data from: Chatburn RL, Branson RD. Classification of mechanical ventilation. In: MacIntyre NR 
and Branson RD, eds. Mechanical Ventilation. Philadelphia: WB Saunders Company; 2001:2–50.
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chapter 4: Mechanical Ventilation56

maintained for the majority of time, and therefore maintains lung expan-
sion and encourages alveolar recruitment. Generally, patients should be 
allowed to breathe spontaneously on top of the Phigh pressure.33 Paralytic 
use and deep sedation are needed significantly less often with APRV (as 
compared to some other ventilator settings) to allow the patient to accept 
this type of ventilation. Figure 4–3 provides a visual representation of air-
way pressure during APRV.

High-Frequency Ventilation

High-frequency ventilation is most commonly used in the neonatal and 
pediatric patient population.34 The underlying concept is somewhat simi-
lar to that of APRV in that the lungs are expanded and then small, rapid 
breaths (~300 bpm) are delivered to the patient.35 This high rate of breath 
delivery maintains open alveoli, yet still allows for oxygen delivery and the 
elimination of carbon dioxide. Unlike APRV, deep sedation and paralytics 
are usually required for the patient to tolerate this setting. Current indica-
tions in adults are rather limited, and further data and trials demonstrating 
improved outcomes with high-frequency ventilation are needed to support 
widespread use in adults.34–37 
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Figure 4–2b Volume control mode with a constant air flow rate, represented by the 
square waveform seen here. Constant air flow continues until the set Vt is delivered.

Data from: Chatburn RL, Branson RD. Classification of mechanical ventilation. In: MacIntyre NR 
and Branson RD, eds. Mechanical Ventilation. Philadelphia: WB Saunders Company; 2001:2–50.
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Pressure support

Pressure support (PS) may be used alone or in combination with other ven-
tilation settings.28 In this setting, the ventilator is set to deliver a specific 
pressure (e.g., 10 cm H20) at the initiation of a spontaneous breath to as-
sist with overcoming initial airway resistance. Pressure support is generally 
considered a weaning mode of ventilation,29,30 and as a lone setting has no 
set ventilatory rate. As the level of PS is decreased, the patient must assume 
more of the work of breathing.

Positive end expiratory Pressure 

Positive end expiratory pressure (PEEP) is positive pressure maintained in the 
airways during the exhalation phase of the respiratory cycle. It is used in con-
junction with other modes of ventilation to improve oxygenation and prevent 
lung collapse. As described earlier, increasing levels of PEEP is a lung recruit-
ment strategy and allows alveoli to remain open longer;19–23 by remaining 
open, more lung surface area is available for oxygen exchange. The ARDSnet 
protocol for ventilation in patients with ARDS utilized a low tidal volume 
combined with progressively higher levels of PEEP and oxygen to maintain 
oxygenation.12 This low tidal volume strategy reduces the sheering injury 
caused by high pressures that is felt to lead to worsened lung injury.38
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Figure 4–3 Airway Pressure Release Ventilation (APRV). This representative waveform 
shows the set Phigh and Plow pressure levels as well as the spontaneous breaths gener-
ated by the patient.

Data from: Habashi NM. Other approaches to open-lung ventilation: Airway pressure release ventila-
tion. Crit Care Med 2005;33(Suppl.):S228–S240. DOI: 10.1097/01.CCM.0000155920.11893.37.
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continuous Positive airway Pressure

Both inspiratory pressure (PS) and end expiratory pressure (PEEP) can be 
delivered alone or in conjunction with other ventilator modes. When PEEP 
is delivered without a set Vt, it is referred to as continuous positive airway 
pressure (CPAP). CPAP is also considered a weaning mode of ventilation, as 
patients often are placed on this setting to determine if they have a reason-
able chance of progressing to extubation.

automatic tube compensation

Automatic tube compensation (ATC) is available on newer ventilators. 
Similar to the PS setting, ATC delivers set pressure to the distal end of the 
artificial airway. In ATC, the pressure is calculated specifically to compen-
sate for the increased resistance caused by the ETT, therefore simulating 
breathing without the tube in place.

Ventilator Parameters

While subjective criteria such as level of alertness and strength of cough are 
certainly used to determine if a patient may be ready for extubation, objec-
tive measures are also available. The rapid shallow breathing index (RSBI) 
is one example. The RSBI is calculated by dividing the respiratory rate by 
the Vt (in liters); an RSBI less than 100 is a reasonable indication that the 
patient is ready for extubation. Another example is the negative inspiratory 
force (NIF), which is a measure of the patient’s ability to generate a breath. 
Pharmacists will often hear these terms, as well as others, and should at least 
have a working knowledge of the application of these measures.

Ventilator settings summary

An example of how ventilator settings may be ordered or otherwise re-
ported would include the following elements: setting, rate, volume, FiO2 
(e.g., CMV, rate - 12, Vt - 700 mls, O2 - 60%). Beyond the specific ventilator 
settings, it is important for the new practitioner with minimal experience 
working with and around ventilators to remember some simple concepts. 
First of all, ventilators are means to support the movement of air in and 
out of a patient’s lungs. This is accomplished by delivering and allowing 
for exhalation of a Vt, which must be done at a set rate. Secondly, ventila-
tors are capable of being set to do all of the work of breathing, or essentially 
none of the work of breathing, so it is important to understand how much 
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Ventilator Complications 59

a patient is participating in their own air exchange. Finally, remembering 
and understanding terms like recruitment, PEEP, low-volume ventilation, 
weaning, and breathing trials will be helpful during the care decision discus-
sions that occur in ventilated, critically ill patients.

VentIlator coMPlIcatIons

Three of the most common complications associated with ventilatory sup-
port include volutrauma, hypotension, and ventilator-associated pneumo-
nia (VAP).39 Volutrauma is the result of overdistension of the alveoli unit 
in the lung, leading to overstretching of the alveoli and compression of the 
capillary bed, which then results in a ventilation/perfusion (V/Q) mismatch 
and increased shear force on adjacent collapsed alveoli.4 Appropriate venti-
lator techniques can prevent this by maintaining low plateau pressures. 

Initiation of positive pressure ventilation or titration of PEEP can affect 
the pleural (intrathoracic) pressure and result in systemic hypotension due 
to reduced venous return.7 Hypotension secondary to mechanical ventilation 
can typically be addressed by fluid administration and ventilator adjustment, 
although occasionally vasopressors may be needed. However, hypotension in 
the critically ill patient is often multi-factorial, and mechanical ventilation 
may be only one element of a patient’s hypotension.

Ventilator-associated pneumonia is a major complication of ventilation. 
The development of VAP is associated with increased morbidity and mortal-
ity as well as leading to longer ventilatory support time. Ventilator-associated 
pneumonia is nosocomial bacterial pneumonia that occurs in patients re-
ceiving mechanical ventilation for more than 48 hours after intubation.40,41 
Definitive diagnosis can be difficult as there are multiple comorbidities 
often present in ventilated patients.42 Invasive treatment strategies includ-
ing bronchoscopy procedures and appropriate initial antibiotics have been 
shown to decrease mortality and shorten treatment courses.43 Appropriate 
initial antibiotic selection based upon suspected pathogens and local resis-
tance patterns is extremely important to minimize mortality and complica-
tions associated with VAP.44,45 Prediction of these pathogens may be based 
on time of pneumonia onset, as well as many other factors.46,47 The clinician 
must carefully consider all of these factors in ventilated patients to ensure 
appropriate treatment of VAP.

The financial implications of VAP in the United States are significant, and 
so multiple strategies have been developed to prevent VAP. Shortening ven-
tilation times is an obvious method for preventing VAP.40,41 Body position 
also has been described in the prevention of VAP; a semirecumbent position, 
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as compared to supine body position, decreased both clinically-suspected 
and microbiologically-confirmed VAP in one study.48 Subsequent studies 
have not reproduced these results, but the trial designs were different.49,50 
Semirecumbency is an easy, noninvasive intervention, so elevation of the 
head of the bed to 30 to 45 degrees is generally recommended for the preven-
tion of VAP and aspiration.40,41,51

Continuous subglottic suctioning utilizes a special endotracheal tube 
with a suction port in the dorsal area just above the ETT cuff. Continuous 
aspiration of subglottic secretions has been shown to decrease the rate of 
VAP.52 While these special ET tubes are more expensive than standard tubes, 
there is some evidence that the reduction of VAP results in overall cost sav-
ings.53 New types of ventilator strategies, oral cares, silver-coated tubes, and 
other interventions are being developed continuously, and many institu-
tions utilize checklists of procedures and patient care techniques commonly 
referred to as “ventilator bundles” to help minimize or eliminate VAP as a 
complication. 

non-InVasIVe VentIlatIon strategIes

Bi-level Positive airway Pressure and  
continuous Positive airway Pressure

Non-invasive positive pressure ventilation (NPPV) strategies are becoming 
more common for several reasons. One reason is that more patients are 
using non-invasive ventilation at home to treat sleep disordered breathing 
(i.e., sleep apnea and related conditions). Further, because of the adverse 
events and discomfort associated with invasive mechanical ventilation, 
the use of non-invasive ventilation or ventilatory support continues to be 
investigated and trialed. 

The two most common modes of non-invasive ventilation are continuous 
positive airway pressure (CPAP) and bi-level positive airway pressure (BiPAP). 
Both of these forms of non-invasive mechanical ventilation do not require an 
ET tube, but instead use a tight-fitting mask that covers either the nose or 
both the nose and mouth. This allows for higher pressures to be applied to 
the upper and lower airways, resulting in relief of upper airway obstruction 
and an increase in Vt and PEEP, which ultimately results in improvements 
in ventilation and oxygenation. The patient needs to be reasonably alert and 
not have any significant risk of aspiration in order to be a candidate for this 
type of ventilatory support. 

Depending on the mode used, different pressures can be applied. The 
pressures are adjusted by a physician or respiratory therapist in order to 
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decrease patient work of breathing, improve patient comfort, and improve 
variables such as ventilation and oxygenation. Non-invasive positive pres-
sure ventilation can be used as a treatment for sleep disordered breathing, 
as an attempt to prevent intubation (especially in patients with chronic lung 
disease or congestive heart failure), and as a supportive therapy to prevent re-
intubation in patients previously intubated and mechanically ventilated.

MecHanIcal VentIlatIon IMPact  
on PHarMacotHeraPy

sedation and analgesia

In the past, the initiation of mechanical ventilation most often meant that 
deep sedation and muscle paralysis were required for the patient to accept 
ventilation, which often resulted in prolonged ventilator times. Appropriate 
and comfortable ventilator adjustment is an important component of con-
trolling anxiety and agitation in the ventilated patient. There are multiple 
studies indicating that daily wake-up and use of short-term sedatives lead 
to decreased ventilator times.54–58 Less sedated patients are able to undergo 
more aggressive physical therapy and mobilization.59 Despite attention to 
ventilation and patient comfort with the mode of ventilation, patient anxi-
ety and agitation may still exist and require treatment.60 

Ventilator strategies vary in the way they affect patient/ventilator syn-
chrony, and therefore comfort. The overall goals of sedation and medica-
tion choice are dependent on many factors. When the patient is receiving 
ventilation through a full support mode such as CMV or A/C, the venti-
lator is completely supporting ventilation, thus allowing for deeper se-
dation without fear of respiratory depression. Patients on these modes 
may require and will tolerate paralysis, continuous sedative infusions, 
and continuous analgesics without adverse effects on the ventilation. It 
is important to note that mechanical ventilation by itself is not an indi-
cation for sedation; the indications for sedation are anxiety or agitation 
not relieved by non-pharmacologic methods.59,60 As described in detail in 
Chapter 5, inappropriate use of sedatives and analgesics increases the risk 
of delirium, prolongs ventilation times, and further places the patient at 
risk for ventilator-associated complications.61–63

Modes of ventilation such as IMV, PS, or CPAP require different treatment 
strategies for anxiety, agitation, and delirium as deep sedation will suppress 
patient respiratory drive, and these modes require the patient to initiate their 
own breaths. Continuous benzodiazepines, propofol, and narcotic analgesics 
may be needed for patients on these weaning modes, but caution must be 
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used to minimize the potential for respiratory depression. Dexmedetomidine 
(DEX), a central alpha-2 agonist, is a potential alternative as there is no re-
spiratory depression associated with this agent.64 DEX has been successfully 
used in small studies and case reports to facilitate weaning from mechani-
cal ventilation after long-term sedation with other agents,65–69 and may be 
particularly useful in patients suffering from physical withdrawal symptoms 
of recreational drugs such as alcohol or narcotics70 or medications used for 
prolonged sedation and analgesia.67–68 Additional studies have suggested a 
lower rate of delirium in certain populations treated with DEX.71–75 Drug 
cost, especially at higher doses, is a disadvantage of DEX, and so additional 
larger scale studies are needed to more clearly define the role of this agent in 
mechanically ventilated patients to identify cost-effective strategies for use. 
It should be noted that any patient on non-invasive ventilation should only 
receive sedation medications under the specific guidance of a physician, as 
alterations in wakefulness can lead to disastrous results in patients with a 
confined mask over their mouth and nose.

neuromuscular Blockade

Neuromuscular blockade is appropriate only in patients who are difficult 
to ventilate due to poor lung compliance, high airway pressures, or the 
inability to maintain a comfortable respiratory cycle with sedation and 
analgesia alone. Only after initiation of adequate sedative medications 
should neuromuscular blockers (NMBs) be used, as they have no sedative 
or analgesic properties. Common NMBs used for acceptance of ventilation 
include pancuronium, vecuronium, atracurium, and cisatracurium, and 
are discussed in detail in Chapter 5.76 A peripheral nerve stimulator should 
be used to ensure patients achieve therapeutic goals with the minimum 
amount of medication, as excessive paralytic doses can lead to prolonged 
muscle weakness, prolonged ventilator times, and possible hemodynamic 
compromise. NMBs must be stopped prior to changing ventilator settings 
to a mode that does not provide full support as patients will not be able to 
breathe spontaneously.

nutrition

Nutrition provision to the mechanically ventilated patient will be impacted 
by multiple factors. Ventilator settings or medications used to facilitate me-
chanical ventilation may alter nutrition measurements via indirect calorim-
etry or affect total caloric requirements. Mechanical ventilation and lung 
function may also affect the delivery or type of nutrition provided. 
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Indirect calorimetry (IC) directly measures oxygen consumed and carbon 
dioxide produced during the respiratory cycle to derive the patient’s resting 
energy expenditure (REE) via the modified Weir equation.77–79 The results 
are very helpful in designing patient-specific nutrition regimens, especially in 
patients with multiple co-morbidities or extremes of body habitus, although 
unfortunately many institutions do not have this technology readily available. 
General requirements to perform an accurate IC are FiO2 <60%, consistent 
ventilator settings, a ventilator circuit that ensures direct gas measurement, a 
patient at rest or baseline level of arousal, and appropriate equipment and per-
sonnel. While mechanical ventilation is not required to perform this procedure, 
the intubated patient typically ensures a closed ventilatory circuit to minimize 
gas leaks that adversely affect test results. To maximize accuracy of IC, the test 
should not be performed within two hours of ventilator setting changes.80

There is minimal data directly correlating energy expenditure to specific 
ventilator modes, though increasing levels of sedation and chemical pa-
ralysis have both been shown to reduce energy expenditure in ventilated 
patients.81,82 While this may indicate a relationship between energy expen-
diture and the work of breathing, further studies are needed to determine a 
direct correlation between ventilator modes and nutrition requirements of 
the patient. Increased minute ventilation has been linked to increased energy 
expenditure and has been included in some energy estimation equations,83,84 
though it is unclear if the increase in minute ventilation is the cause or the 
result of an increased metabolic rate.

Other factors that may affect nutrition delivery in the mechanically ven-
tilated patient include concerns about aspiration, prone positioning, and 
weaning from mechanical ventilation. Gastric residual volume (GRV) is 
often used to assess tolerance of gastric tube feedings; however, the risk of as-
piration does not correlate to measured GRV.85 Clinicians are now generally 
using more liberalized limits for GRV in critically ill patients.86 Prone posi-
tioning of mechanically ventilated patients presents challenges for providing 
enteral feeding, and published data is somewhat conflicting on the safety 
and effectiveness of enteral feeding in proned patients.87,88 Interventions 
such as prokinetics, transpyloric feeding tube placement, and placing the 
patient in a semi-recumbent position may aid in tolerance of enteral feeds. 
Enteral feedings are also often held for weaning and discontinuation of 
ventilation. One study in a pediatric population has shown the safety of con-
tinuing transpyloric feedings during the weaning and extubation process, 
with equivalent adverse events in the group that continued nutrition versus 
the group that held nutrition.89 Additional studies in adults will need to 
be completed to compel clinicians to alter the common practice of holding 
enteral feeds during the weaning and extubation process.
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PractIcal consIderatIons

nebulizers vs. Inhalers

Several medications may be delivered by aerosol administration, most com-
monly beta-2 agonists and anticholinergic medications, and guidelines for 
selection of appropriate delivery devices have been published.90 Either me-
tered dose inhalers (MDI) or nebulizers may be used in mechanically venti-
lated patients.91,92 A spacer device should be used with MDIs and the inhaler 
should be actuated precisely with initiation of inspiration, with the dose for 
bronchodilators and anticholinergics roughly doubled from doses used in 
non-ventilated patients. Institution-specific equipment will influence the deci-
sion regarding routine use of nebulizers or MDIs for beta-2 agonist adminis-
tration.91 Techniques for the delivery of medication via a dry powder inhaler 
(DPI) have been described, but further studies are needed to determine opti-
mal technique to achieve adequate drug deposition in the lungs with DPIs.93 

Inhaled antibiotics

There has been increasing interest over the last few years in the use of aero-
solized antibiotics in mechanically ventilated patients.94,95 With increases 
in multi-drug resistant organisms, the use of higher doses and more toxic 
medications is becoming more commonplace. To try to minimize systemic 
exposure and also to try to get high concentrations of antibiotic directly to 
the site of infection, inhaled antimicrobials have been employed. The most 
common medications used are the aminoglycosides, and positive effects 
have primarily been seen in clearing upper airway cultures and decreasing 
secretions in tracheobronchitis. 

Some level of technical expertise is required to ensure adequate drug deliv-
ery to the target tissues, be it for antibiotics or other medications. The spe-
cifics of these techniques can be found in other reviews on the topic.91–93,96 

noVel PHarMacologIc InterVentIons

Heliox

If we recall the physics of air flow in mechanical ventilation (R = 8ηℓ/πr4), 
resistance is determined by pressure and laminar flow, and laminar flow 
is affected by both the density and viscosity of the gas.9 Since a helium/
oxygen mixture has a lower density and higher viscosity than a standard 
nitrogen/oxygen mixture, flow is improved and resistance is reduced. 
Heliox in mechanically ventilated patients has been shown to decrease 
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peak inspiratory airway pressures.97,98 Large, randomized, controlled trials 
have not yet been completed, so the indications for heliox remain relatively 
limited to some severe asthma patients.98,99

surfactant

Surfactant replacement has been used for many years in neonates to cor-
rect surfactant deficiencies in premature lungs. Adult patients with ARDS-
associated respiratory failure exhibit alterations in both production and 
function of the different subtypes of surfactant.100,101 Trials involving 
the recombinant form of surfactant protein C over the last several years 
have shown promise in animal models102–104 and in subgroups of human 
trials,105,106 but confirmatory trials are still needed to address the patient 
selection and usefulness of surfactant in adult patients with respiratory 
failure requiring intubation.107 

suMMary

The pharmacist that works with mechanically ventilated patients should 
have a fundamental knowledge of mechanical ventilation to provide op-
timal pharmaceutical care. Many medication regimens impact or are im-
pacted by the modes or types of mechanical ventilation. Ventilation and 
pharmacologic therapies continue to evolve quickly for critically ill patients, 
and new treatment strategies may be on the horizon.

Key POints

 • Mechanical ventilation is a key component of critical care practice.
 • The various mechanical ventilation settings can affect the approach 

to sedation and analgesia, as well as how certain medications are de-
livered to the patient.

 • Weaning or liberation from the mechanical ventilator is important 
to shorten length of ICU stay and minimize complications.

 • Non-invasive ventilation is becoming a larger part of critical care 
management.

seLected suggested readings

 • Cawley MJ. Mechanical ventilation: a tutorial for pharmacists. 
Pharmacotherapy. 2007;27:250–266.

 • Gattinoni L, Caironi P, Cressoni M, et al. Lung recruitment in 
patients with the acute respiratory distress syndrome. N Engl J Med. 
2006;354:1775–1786.
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 • AARC Clinical Practice Guideline: Metabolic measurement using in-
direct calorimetry during mechanical ventilation – 2004 revision & 
update. Respir Care. 2004;49(9):1073–1079.

 • Dhand R. Aerosol delivery during mechanical ventilation: from basic 
techniques to new devices. J Aerosol Med Pulm Drug Deliv. 2008;21:45–60. 
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