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CHAPTER 3 

Mechanical Ventilation
David J. Dries and John J. Marini

OBJECTIVES
This chapter will:
1. Describe the physiologic basis of mechanical ventilatory 

support.
2. Discuss pressure- and volume-targeted ventilation.
3. Review common modes of mechanical ventilation.
4. Indicate conceptual changes that shape current approaches 

to ventilation assistance.
5. Present principles of ventilator care for common forms of 

pulmonary dysfunction.
6. Introduce applications of noninvasive ventilation.

PHYSIOLOGY RELEVANT TO  
VENTILATORY SUPPORT

Positive-pressure ventilation first was applied clinically 
during the poliomyelitis epidemics of the 1950s.1 Since 
that time, mechanical ventilatory support has become 
emblematic of critical care medicine. Early ventilation used 
neuromuscular blocking agents to control respiratory efforts. 
Today, patient control of ventilation is encouraged after 
the initial stabilization phase, and awareness of the com-
plications associated with neuromuscular blockade is 
growing.2 Importantly, the increasing recognition that 
ventilators can induce various forms of lung injury has led 
to reappraisal of the goals of ventilatory support.3 Although 
it seems that intricate new modes of mechanical ventilation 
have been introduced to clinical practice, the fundamental 
principles of ventilatory management of critically ill patients 
remain unchanged.

Positive-pressure ventilation can be lifesaving in patients 
with hypoxemia or respiratory acidosis that is refractory 
to simpler measures (Fig. 3.1). In patients with severe 
cardiopulmonary distress and excessive work of breathing, 
mechanical ventilation effectively offloads the burden 
otherwise placed on the respiratory muscles.4 In the setting 
of respiratory distress, ventilatory activity may account for 
as much as 40% of total oxygen consumption.5 Under these 
circumstances, relief of the breathing workload by mechani-
cal ventilation allows diversion of oxygenated blood to 
other tissue beds that may be vulnerable to ischemia. 
Reversal of fatigue, which may contribute to respiratory 
failure, depends on the respiratory muscle rest that mechani-
cal ventilation affords. Positive-pressure ventilation can 
reverse or prevent atelectasis through recruitment and 
prevention of collapse. Although mechanical ventilation 
is not therapeutic by itself, improved gas exchange and 
relief from excessive respiratory muscle work give the lungs 
and airways a chance to heal. Conversely, high ventilatory 
pressures may aggravate or initiate alveolar damage. These 
dangers of ventilator-induced lung injury have led to reap-
praisal of the objectives of mechanical ventilation. Rather 

than seeking normal arterial blood gas values, clinicians 
should accept a degree of respiratory acidosis (and even 
relative hypoxemia) to avoid large tidal volumes and high 
inflation pressures.

Mechanical ventilation strategies should be tailored to 
the underlying pulmonary disease. For example, in patients 
with acute respiratory failure, chronic obstructive pulmonary 
disease, asthma, or other conditions associated with unusu-
ally high minute ventilation requirements, gas trapping 
develops because patients have inadequate expiratory time 
available before the next breath begins. Patients experiencing 
this “breath stacking” have residual positive end-expiratory 
pressure (PEEP) that was not set by the clinician, termed 
auto-PEEP. Retained peripheral gas makes triggering the 
ventilator difficult, because the patient must generate a 
negative pressure equal in magnitude to the level of auto-
PEEP in addition to the trigger threshold of the machine. 
This is one factor that may contribute to a patient’s inability 
to trigger the ventilator despite obvious respiratory effort. 
Auto-PEEP may remain undetected (on the pressure tracing) 
because it is not registered routinely during tidal cycles. 
Persistent end-expiratory flow driven by the excess pressure 
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FIGURE 3.1 Factors responsible for the hemodynamic effects seen 
with positive-pressure ventilation. A drop in intrathoracic pressure 
compresses the vena cava and thus decreases venous return. Alveolar 
distention compresses the alveolar vessels, and the resulting 
increases in pulmonary vascular resistance and right ventricular 
afterload produce a leftward shift in the interventricular septum. 
Left ventricular compliance is reduced by both the bulging septum 
and the higher juxtacardiac pressure resulting from distended lungs. 
(Adapted from Tobin MJ. Mechanical ventilation. N Engl J Med. 
1994;330:1056–1061.)
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prompt aggressive intervention if pH remains acceptable and 
the patient remains alert, especially if CO2 retention occurs 
slowly. Many patients require ventilatory assistance despite 
levels of alveolar ventilation that would be appropriate to 
normal resting metabolism. For example, in patients with 
metabolic acidosis and neuromuscular weakness or airflow 
obstruction, PaCO2 may drop to 40 mm Hg or less but not suf-
ficiently to prevent acidemia. The physiologic consequences 
of altered pH are still debated and clearly depend on the 
underlying pathophysiology and comorbidities. However, 
if not quickly reversible by simpler measures, a sustained 
pH greater than 7.65 but less than 7.10 often is considered 
sufficiently dangerous to require correction by mechanical 
ventilation. Inside these extremes, the threshold for initiating 
support varies with the clinical setting.8 For example, a 
lethargic patient with asthma who is struggling to breathe 
can maintain a normal pH until shortly before suffering a 
respiratory arrest, whereas in an alert cooperative patient 
with chronically blunted respiratory drive, pH may fall to 
7.25 or lower before the patient recovers uneventfully in 
response to aggressive bronchodilation, corticosteroids, and 
oxygen. In less obvious situations, the decision to ventilate 
should be guided by trends in pH, arterial blood gas values, 
mental status, dyspnea, hemodynamic stability, and response 
to therapy. The ongoing need for ventilatory assistance must 
be assessed repeatedly.

Inadequate Oxygenation
Arterial oxygenation results from complex interactions 
between systemic oxygen demand, cardiovascular adequacy, 
and the efficiency of pulmonary oxygen exchange. Improving 
cardiovascular performance and minimizing O2 consumption 
(by reducing fever, agitation, pain, etc.) may improve 
dramatically the balance between delivery and consumption 
of oxygen. Transpulmonary oxygen exchange can be aided 
by supplementing FiO2, by using PEEP, by changing the 
pattern of ventilation to increase mean airway pressure 
(and consequently, mean alveolar pressure and average lung 
size), or by prone positioning. In patients with edematous 
or injured lungs, relief of an excessive breathing workload 
may improve oxygenation by relaxing the expiratory muscles 
and allowing mixed venous O2 saturation to improve, thereby 
reducing the venous admixture.10

Modest fractions of inspired oxygen are administered 
to nonintubated patients by means of masks or nasal can-
nulas. Controlled O2 therapy is best delivered to the 
nonintubated patient with a well-fitting Venturi mask, which 
keeps FiO2 nearly constant despite changes in inspiratory 
flow requirements. Without tracheal intubation or a sealed 
noninvasive ventilation interface, delivery of high FiO2 can 
be achieved only with a tight-fitting, nonrebreathing mask 
that is flushed with high flows of pure O2. Unfortunately, 
apart from the risk of O2 toxicity, such a mask often becomes 
displaced or must be removed intentionally for eating or 
expectoration. Intubation facilitates the application of PEEP 
and CPAP needed to avert oxygen toxicity and enables 
extraction of airway secretions.

Excessive Respiratory Workload
A common reason for mechanical assistance is to amplify 
ventilatory power. The respiratory muscles cannot sustain 
tidal pressures greater than 40% to 50% of their maximal 
isometric pressure. Respiratory pressure requirements rise 
with minute ventilation and the impedance to breathing. 

provides the clue. Newer machines have software to detect 
auto-PEEP under controlled conditions. In older machines, 
occluding the expiratory port of the circuit at the end of 
expiration in a fully relaxed patient causes pressure in the 
lungs and ventilator circuit to equilibrate and the level of 
auto-PEEP to be displayed on the manometer.6 If auto-PEEP 
or breath stacking is detected, improving airflow resistance, 
extending the expiratory time, and reducing the minute 
ventilation help reverse the process.

INDICATIONS FOR MECHANICAL 
VENTILATION

Although often made concurrently, the decisions to institute 
or withdraw mechanical support should be made indepen-
dently of those to perform tracheal intubation or use positive 
end-expiratory pressure. This statement is especially true 
in light of improved noninvasive (nasal and mask) options 
for supporting ventilation with continuous positive airway 
pressure (CPAP).7 As the ventilator assumes the work of 
breathing, important changes occur in pleural pressure, 
ventilation distribution, and cardiac output. Mechanical 
assistance may be needed because oxygenation cannot be 
achieved with an acceptable FiO2 without manipulation of 
PEEP, mean airway pressure, and the pattern of ventilation 
or because spontaneous ventilation places excessive 
demands on ventilatory muscles or on a compromised 
cardiovascular system.8 Relief of the work of breathing 
simultaneously reduces the associated need for cardiac 
output, diminishes oxygen extraction, and improves oxy-
genation efficiency.

Inadequate Alveolar Ventilation
When other therapeutic measures are insufficient to avert 
apnea and ventilatory deterioration, mechanical breath-
ing assistance clearly is indicated. In such cases, there 
are usually signs of respiratory distress or advancing 
obtundation, and serial blood gas measurements show a 
falling blood pH and a stable or rising PaCO2. Although 
few clinicians would withhold mechanical assistance in 
the patient in whom blood pH trends steadily downward 
and there are signs of physiologic intolerance, there is less 
agreement about the absolute values of PaCO2 and blood 
pH that warrant such intervention; these values clearly vary 
with the specific clinical setting and the duration of the 
abnormality. In fact, after intubation has been accomplished, 
pH and PaCO2 values may be deliberately allowed to drift 
far outside the normal range to avoid the high ventilating 
pressures and tidal volumes that tend to induce lung damage. 
This strategy—permissive hypercapnia—is now considered 
integral to a lung-protective ventilatory approach to the 
acute management of severe asthma and adult respiratory 
distress syndrome.9 Acute hypercapnia has well-known and 
potentially adverse physiologic consequences. Nonetheless, 
experimental work in varied models of clinical problems—
notably, ischemia-reperfusion and ventilator-induced lung 
injury—clearly indicates that certain forms of cellular 
injury actually are attenuated by hypercapnia. Whether it 
is hypercapnia or the associated change in hydrogen ion 
concentration that exerts the attenuating effect is still a 
subject of investigation.

Blood pH is generally a better indicator than PaCO2 of 
the need for ventilatory support. Hypercapnia should not 
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tory modes as options for full or partial ventilatory assistance. 
After the breath is initiated, these modes quickly attain a 
targeted amount of pressure at the airway opening until a 
specified time (pressure-control) or flow (pressure-support) 
cycling criterion is met. Maximal pressure is controlled, 
but tidal volume is a complex function of applied pressure 
and its rate of approach to target pressure, available inspira-
tory time, and the impedance to breathing (compliance, 
inspiratory and expiratory resistance, and auto-PEEP). 
High-flow capacity, pressure-targeted ventilation compen-
sates well for small air leaks and is therefore appropriate 
for use with leaking or uncuffed endotracheal tubes, as in 
neonatal or pediatric applications.

Because of its virtually “unlimited” ability to deliver 
flow and its decelerating flow profile, pressure-targeted 
ventilation also is an appropriate choice for spontaneously 
breathing patients with high or varying inspiratory flow 
demands, which usually peak early in the ventilatory cycle. 
The decelerating flow profiles of pressure-targeted modes 
also improve the distribution of ventilation in lungs with 
heterogeneous mechanical properties (widely varying time 
constants). Apart from limiting the lung’s potential exposure 
to high airway pressure and the risk of barotrauma, pressure-
targeted modes of ventilation often prove helpful for the 
adult patient whose airway cannot be completely sealed 
(e.g., in bronchopleural fistula).

Flow-Controlled, Volume-Cycled Ventilation
For many years, flow-controlled, volume-cycled (assist-
control) ventilation has been the technique of choice for 
support of seriously ill adult patients. Flow can be controlled 
by selecting a waveform (e.g., constant or decelerating) and 
setting a peak flow value or by selecting a flow waveform 
and setting the combination of tidal volume and inspiratory 
time. Every breath triggered by patient effort is met with 
a cycle that has an identical flow trajectory for a fixed 
inspiratory period. Through control of the tidal volume 
and backup frequency, a certain lower limit for minute 
ventilation can be guaranteed, but the pressure required to 
ventilate varies widely with the impedance to breathing. 
Moreover, once this mode is chosen, the preset flow profile 
remains inflexible to increased (or decreased) inspiratory 
flow demands. The high-pressure alarm often is triggered 
by expiratory efforts that begin during the ventilator’s 
time-determined inflation phase.

Differences Between Pressure-Targeted and 
Volume-Targeted Ventilation
After the decision has been made to initiate mechanical 
ventilation, the clinician must decide to use either pressure-
controlled or volume-cycled ventilation. For a well-
monitored, passively ventilated patient, pressure-targeted 
and volume-targeted modes can be used with virtually 
identical effects. With either method, FiO2, PEEP, and backup 
frequency must be selected. If pressure control (sometimes 
referred to as pressure assist-control) is used, the targeted 
inspiratory pressure (above PEEP) and the inspiratory time 
(T1) must be selected (usually with consideration of the 
desired tidal volume). Although the exhalation valve remains 
closed, flow may cease when thoracic recoil pressure equals 
the pressure target. An “inspiratory hold” will then occur 
for the remainder of the set T1. Pressure support differs 
from pressure control, in that each pressure-supported breath 
must be initiated (“triggered”) by the patient. Furthermore, 

Patients with hypermetabolism or metabolic acidosis often 
need ventilatory support to avoid decompensation. Impair-
ment of ventilatory drive or muscle strength diminishes 
ventilatory capacity and reserve.

Although little effort is expended by normal subjects 
who breathe quietly, the O2 demands of the respiratory 
system account for a very high percentage of total body 
oxygen consumption (V̇o2) during periods of physiologic 
stress.5,10 Experimental animals in circulatory shock that 
receive mechanical ventilation survive longer than their 
unassisted counterparts. Moreover, in patients with com-
bined cardiorespiratory disease, attempts to withdraw 
ventilatory support for cardiac rather than respiratory reasons 
often fail. Such observations demonstrate the importance 
of minimizing the ventilatory O2 requirement during cardiac 
insufficiency or ischemia to rebalance myocardial O2 supply 
with requirements and/or allow diaphragmatic blood flow 
to be redirected to other oxygen-deprived vital organs. 
Moreover, reducing ventilatory effort may improve afterload 
to the left ventricle. Although it is possible to use nonin-
vasive ventilation or CPAP alone in patients affected by 
cardiac insufficiency, fatigue often sets in unless underlying 
oxygen requirements are reduced substantially; such reduc-
tion in oxygen demand often requires adequate sedation 
or higher pressures than can be provided noninvasively. 
Over time, inhibition of cough by the pressurized mask as 
well as mouth-breathing of large volumes of poorly humidi-
fied gas may result in retention of secretions.

TYPES OF INVASIVE VENTILATION

To accomplish ventilation, a pressure difference must be 
developed phasically across the lung. This difference can 
be generated by negative pressure in the pleural space 
developed by respiratory muscles, by positive pressure 
applied to the airway opening, or by a combination of the 
two. Although of major historical interest, negative-pressure 
ventilators are seldom appropriate for the modern acute 
care setting and are not discussed further. For machine-aided 
cycles, the clinician must determine the machine’s minimum 
cycling rate, the duration of its inspiratory cycle, the baseline 
pressure (PEEP), and either the pressure to be applied or 
the tidal volume to be administered, depending on the 
mode selected.4

Positive-pressure inflation can be achieved with machines 
that control either of the two determinants of ventilating 
power—pressure or flow—and that terminate inspiration 
according to pressure, flow, volume, or time limits.4,11–13 
The waveforms of both flow and pressure cannot be con-
trolled simultaneously, however, because pressure is 
developed as a function of flow and the impedance to 
breathing, which is unalterably determined by the uncon-
trolled parameters of resistance and compliance. Thus the 
clinician has the choice of controlling pressure, with tidal 
volume as a resulting (dependent) variable, or of controlling 
flow, with pressure as the dependent variable. Although 
older ventilators offered only a single control variable and 
single cycling criterion, positive-pressure ventilators of the 
latest generation enable the clinician to select freely among 
multiple options.

Pressure-Preset (Pressure-Targeted) Ventilation
Modern ventilators provide pressure-preset or pressure-
targeted (e.g., pressure-control or pressure-support) ventila-
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or pressure-targeted breaths.4 When pressure is the targeted 
variable and inspiratory time is preset, the mode is known 
as pressure-control or, less commonly, pressure assist-control 
ventilation. Sensitivity to inspiratory effort can be adjusted 
to require a small or large negative pressure deflection 
below the set level of end-expiratory pressure to initiate 
mechanical inspiration. Most of the newest machines can be 
flow-triggered, initiating a cycle when a flow deficit is sensed 
in the expiratory limb of the circuit relative to the inspiratory 
limb during exhalation. As a safety mechanism, a backup rate 
is set so that if the patient does not initiate a breath within 
the number of seconds dictated by that backup frequency 
target, the machine cycle begins automatically. A backup 
rate set high enough to cause alkalosis blunts respiratory 
drive and terminates the patient’s efforts to breathe at the 
apneic threshold for PCO2. In awake, normal subjects, this 
threshold usually is achieved when the PaCO2 is lowered 
abruptly to 28 to 32 mm Hg; it may be considerably higher 
during sleep. Changes in machine frequency have no effect 
on minute ventilation unless the backup frequency is set 
sufficiently high to terminate patient respiratory efforts. 
Thus assist-control ventilation is not appropriate for use 
in weaning.

Synchronized Intermittent Mandatory Ventilation
In a passive patient, synchronized intermittent mandatory 
ventilation (SIMV) cannot be distinguished from assist-
control ventilation; ventilation then is determined by the 
mandatory frequency and tidal volume.15 If the patient initi-
ates effort within the mandated interval, a different type of 
breath, usually pressure-supported, is allowed. Thus, when 
a breath is initiated outside the mandated synchronization 
“window,” tidal volume, flow, and inspiratory-to-expiratory 
time ratio are determined by patient effort, any pressure 
support, and respiratory system mechanics, not by ventilator 
settings.16 These spontaneous breaths tend to be of small 
volume and are highly variable from breath to breath. Respi-
ratory work associated with these breaths may be significant, 
particularly for the patient with underlying cardiopulmonary 
disease. The SIMV mode, although much less popular than 
in previous years, currently is used occasionally to gradually 
augment the patient’s work of breathing by lowering the 
mandatory breath frequency or to ensure backup breaths 

the off-cycling criterion for pressure support is flow rather 
than time, so cycle length is free to vary with patient effort. 
If volume-cycled ventilation is used, the clinician may select 
(depending on ventilator) either tidal volume and flow 
delivery pattern (waveform and peak flow) or flow delivery 
pattern and minimum minute ventilation (with tidal volume 
the resulting quotient of expiratory volume [VE] and backup 
frequency) (Table 3.1).

The fundamental difference between pressure-targeted 
and volume-targeted ventilation is implicit in their names; 
pressure-targeted modes guarantee pressure at the expense 
of letting tidal volume vary, and volume-targeted modes 
guarantee flow—and, consequently, the volume provided 
to the closed circuit in the allowed inspiratory time (tidal 
volume)—at the expense of letting airway pressure vary. 
This distinction governs how the two modes are used in 
clinical practice.

MODES AND SETTINGS

Technologic developments have provided a wide variety 
of modes by which a patient may be mechanically venti-
lated.14 Various modes have been developed with the hope 
of improving gas exchange, patient comfort, or rapid return 
to spontaneous ventilation. Almost any of these newer 
modes, however, can be adjusted to allow full rest of the 
patient or periods of exercise. Thus, in the great majority 
of patients, choice of mode is merely a matter of clinician 
or patient preference. Because controlled ventilation with 
abolition of spontaneous breathing rapidly leads to decon-
ditioning or gradual atrophy of respiratory muscles, various 
assisted modes that are triggered by inspiratory efforts are 
preferred.2 The most common triggered modes are assist-
control ventilation, intermittent mandatory ventilation, and 
pressure-support ventilation. Because of their importance 
and ubiquity, these modes are detailed here.

Assist-Control Ventilation
In assist-control ventilation (or assisted mechanical ventila-
tion [AMV]), each inspiration triggered by the patient is 
powered by the ventilator by means of either volume-cycled 

TABLE 3.1

Comparison of Pressure-Control and Volume-Control Breaths: Fundamental Dichotomy Between Pressure and 
Volume Strategies in Mechanical Ventilatory Support, Showing Dependent and Independent Variables With Points 
for Clinician Input

VARIABLE VOLUME CONTROL BREATH PRESSURE CONTROL BREATH

Tidal volume Set by clinician
Remains constant

Variable with changes in patient effort and respiratory 
system impedance

Peak inspiratory 
pressure

Variable with changes in patient effort and respiratory 
system impedance

Set by clinician
Remains constant

Inspiratory time Set directly or as a function of respiratory frequency 
and inspiratory flow settings

Set by clinician
Remains constant

Inspiratory flow Set directly or as a function of respiratory frequency 
and inspiratory flow settings

Variable with changes in patient effort and respiratory 
system impedance

Inspiratory flow 
waveform

Set by clinician
Remains constant
Can use constant, sine, or decelerating flow waveform

Variable with changes in patient effort and respiratory 
system impedance

Flow waveform always is decelerating

Modified from Branson RD, Campbell RS. Modes of ventilator operation. In MacIntyre NR, Branson RD, eds. Mechanical ventilation. Philadelphia, WB 
Saunders, 2001, p 55.
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sudden decompensation.8 New options for patient-controlled 
breathing that offer advantages over PSV are being employed 
more frequently (see later in this chapter).

Routine Settings
Ventilator settings are based on the patient’s size and condi-
tion. The risk of toxic oxygen effects is minimized by using 
the lowest fraction of inspired oxygen that can satisfactorily 
oxygenate arterial blood. The usual goal is an arterial oxygen 
tension (PaO2) of 60 mm Hg or an oxygen saturation of 
90%, because higher values do not substantially enhance 
tissue oxygenation and because slight reductions in PaO2 
cause oxygen saturation and content to fall precipitously 
below that value.4

Historically practice involved setting tidal volumes at 
10 to 15 mL per kg body weight, which is two to three 
times normal.4 This approach currently is considered inap-
propriate in light of convincing data from experiments 
indicating that alveolar overdistention can produce endo-
thelial, epithelial, and basement membrane injuries associ-
ated with increased microvascular permeability and lung 
injury (ventilator-induced lung injury).3 To reduce this risk, 
monitoring alveolar volume would be ideal, but this is not 
feasible. A reasonable substitute is to monitor peak alveolar 
pressure, as obtained from the plateau pressure measured 
in a relaxed patient by briefly occluding the ventilatory 
circuit at end-inspiration. The incidence of ventilator-
induced lung injury rises markedly when plateau pressure 
is elevated and the excursion of alveolar pressure needed 
to deliver each tidal volume (plateau minus PEEP, or “driving 
pressure”) is high. In patients with severe underlying 
pulmonary dysfunction, there is a growing tendency to 
limit the tidal volume delivered to less than 7 mL/kg to 
achieve a plateau (alveolar) pressure no higher than 30 cm 
H2O. Because it is transpulmonary pressure that distends 
the lung, in patients with very noncompliant chest walls, 
this upper limit value in plateau pressure may be relaxed 
somewhat. Conversely, if the patient makes spontaneous 
efforts to breathe, airway pressures lower than that 30 cm 
HO guideline may not be lung protective. Adherence to 
the low driving pressure approach may lead to an increase 
in PaCO2. Acceptance of elevated carbon dioxide tension 
in exchange for controlled alveolar pressure, as previously 
discussed, is termed permissive hypercapnia. It is important 
to focus on pH rather than arterial PCO2 if this approach 
is employed. In a patient in whom the pH falls below 7.20, 
some clinicians would increase minute ventilation or 
administer bicarbonate.

Flow-Targeted, Volume-Controlled Ventilation
The rate of ventilation that is set depends on the mode and 
on patient requirements. With assist-control ventilation, a 
backup rate should be about 4 breaths/min less than the 
patient’s spontaneous rate; this setting ensures that the 
ventilator will continue to supply adequate minute ventila-
tion if there is a sudden decrease in output from the patient’s 
respiratory centers. With SIMV, the rate is typically high 
at first and then gradually decreased in accordance with 
patient tolerance.

A peak flow rate of about three times the minute ventila-
tion commonly is selected for the constant inspiratory flow 
profile, or about four to six times minute ventilation if the 
profile is decelerating. Peak inspiratory flow rate should 
be fast enough to satisfy peak flow demand but not so high 

without excessive asynchrony when the patient’s breathing 
pattern is unstable (e.g., Cheyne-Stokes). The mandated 
breaths may be pressure or flow targeted and often are 
selected to be somewhat larger than the patient’s own 
pressure-supported breaths.

Pressure-Support Ventilation
Pressure-support ventilation (PSV) is a method in which each 
breath taken by a spontaneously breathing patient receives a 
pressure boost. The patient must trigger the ventilator to acti-
vate this mode; thus PSV is not applied in passive, paralyzed, 
or sedated patients. Ventilation is determined by preset 
inspiratory pressure, patient-determined rate, and patient 
effort. Once a breath is triggered, the ventilator attempts to 
maintain inspiratory pressure at the clinician-determined 
level using whatever flow is necessary to accomplish this 
goal.17,18 As tidal volume rises, eventually flow begins to fall 
as a result of either cessation of patient inspiratory effort 
or increasing elastic recoil of the respiratory system. The 
ventilator maintains inspiratory pressure until inspiratory 
flow falls by an arbitrary amount (for example, to 25% of 
initial flow) or below an absolute flow rate. Apart from 
the selected level of pressure support, the clinician can 
vary the rate of rise to the targeted pressure and, perhaps 
more importantly, the flow off-switch. The patient’s work 
of breathing can be increased by lowering the inspiratory 
pressure or making the trigger less sensitive. The work of 
breathing can increase inadvertently if respiratory system 
mechanics change with no change in ventilator settings. A 
potential advantage of PSV is greater patient comfort and, 
for some patients with very high respiratory drive, reduced 
work of breathing compared with volume-preset modes.

PSV hybridizes the power of the machine and the patient, 
providing assistance that ranges from no support at all to 
fully powered ventilation depending on the machine’s 
developed pressure relative to patient effort.19 Because the 
depth, length, and flow profile of the breath are influenced 
by the patient, well-adjusted PSV tends to be relatively 
comfortable in comparison with time-cycled modes. Adapt-
ability to the vagaries of patient cycle length and effort can 
prove especially helpful for patients with erratic breathing 
patterns that otherwise would be difficult to adapt to a 
fixed flow profile or set inspiratory time (e.g., because of 
chronic obstructive pulmonary disease, anxiety, or Cheyne-
Stokes breathing). Because the cycle length is flow-adjustable 
by the patient, it is not uncommon for high-level PSV to 
be the only commonly available mode that can be tolerated 
during severe dyspnea. The transition to spontaneous 
breathing is eased by the gradual removal of machine 
support. Although PSV has widespread application as a 
weaning mode, it also is valuable in offsetting the resistive 
work required to breathe spontaneously through an endo-
tracheal tube, such as during CPAP or SIMV. When used 
to support ventilation, the pressure support level should 
be adjusted to maintain adequate tidal volume at an accept-
able frequency (<30 breaths/min). In theory, PSV would 
provide sufficient power for the entire work of breathing 
if it were set to meet or exceed the average inspiratory 
pressure required per breath (Preq). For a normal subject 
breathing at a moderate rate, Preq is amazingly small, seldom 
exceeding 7 cm H2O. For patients who are candidates for 
weaning from ventilation, VE usually approximates 10 L/
min or less, and Preq commonly does not exceed 10 to 15 cm 
H2O. This explains why patients seem to be “weaning 
smoothly” until some rather low threshold value of PSV 
is reached, at which point further reductions precipitate 
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patient’s own ventilatory rhythm cycles into its exhalation 
phase. Delayed opening of the exhalation valve causes the 
patient to “fight the ventilator.” As a very general rule of 
thumb, the ventilator’s average inspiratory flow should 
approximate four times the minute ventilation, as already 
noted. Peak flow should be set 20% to 30% higher than 
this average value when the decelerating waveform is used. 
Peak airway pressure is influenced by inspiratory flow rate, 
airway resistance, tidal volume, and total thoracic compli-
ance. During an end-inspiratory pause, the plateau airway 
pressure reflects the maximum stretching force applied to 
a typical alveolus and its surrounding chest wall. To avoid 
barotrauma, maximum pressure (alarm pressure) should 
be set at no more than 15 to 20 cm H2O above the peak 
pressure observed during a typical breath during constant 
flow. The pop-off alarm should be set closer than this (within 
10 cm H2O) if a decelerating flow waveform or pressure 
control is used, because under those conditions, end-
inspiratory dynamic and static (plateau) pressures are not 
as widely separated (Table 3.2).

GENERAL PRINCIPLES OF  
PATIENT MANAGEMENT

Key observations made over the past decade emphasize 
the importance of avoiding invasive ventilation whenever 
possible. When required, limiting the duration of its applica-
tion helps to protect the viability of the lung, diaphragm, 
and skeletal musculature while hastening the return to 
pre-illness status. Recent conceptual advances in several 
areas already influence practice significantly, and more 
extensive deployment of improved technologies offer 
welcome options for our most difficult patients.

as to produce discomfort or excessive shearing stress. An 
inspiratory flow rate of 40 to 60 L/min is appropriate if the 
minute ventilation is 12 L/min and the profile is square 
(50–70 L/min if the profile is decelerating).20 In certain 
patients with obstructive pulmonary disease, better gas 
exchange may be achieved by higher flow rates, probably 
because the resulting increase in expiratory time allows 
for more complete emptying of regions of gas trapping. 
Patients with severe airflow obstruction may prefer a 
constant flow profile. If the flow rate is insufficient to meet 
the patient’s ventilatory requirements, the patient will strain 
against his or her own pulmonary impedance and that of 
the ventilator, with a consequent increase in the work of 
breathing.21 Examination of the monitoring waveform for 
airway pressure may be helpful when flow rate and ventilator 
trigger sensitivity are adjusted.

Few aspects of ventilator management are more contro-
versial than the use of PEEP. In patients with acute respira-
tory distress syndrome (ARDS), a higher PEEP substantially 
improves oxygenation. The reason is probably a reduction 
in intrapulmonary shunting as a result of recruitment 
(prevention of collapse) and redistribution of lung water 
from alveoli to the perivascular interstitial space.22 PEEP 
does not decrease total extravascular lung water. Provided 
that the improvement in PaO2 is not offset by decline in 
cardiac output, FiO2 can be decreased. The addition of 
PEEP influences lung mechanics. Patients with acute lung 
injury commonly have reduced end-expiratory lung volume, 
so their tidal breathing occurs on the low, flat portion of 
the pressure-volume curve. By shifting tidal breathing to 
a more compliant portion of the curve, PEEP can reduce 
the work of breathing.23 In patients with airflow limitation, 
auto-PEEP, and difficulty triggering the ventilator, the addi-
tion of external PEEP (to a level not exceeding the level of 
auto-PEEP) can help counteract dynamic hyperinflation, 
because under these specific circumstances, the patient 
needs only to decrease alveolar pressure to 1 to 2 cm H2O 
below the level of external PEEP, rather than below zero.24 
An appropriate PEEP setting applied to bedridden adults 
without significant coexisting pulmonary problems is 3 to 
7 cm H2O, but this value can range to 15 to 20 cm H2O or 
higher in the setting of ARDS or acute lung injury.

Other Settings
Flow-controlled, volume-cycled ventilators allow the clini-
cian to choose the inspiratory flow rate and define its contour 
(constant “square” or decelerating).25 Inappropriately rapid 
inspiratory flow rates may worsen the distribution of ventila-
tion in some patients; however, a decelerating flow waveform 
helps satisfy rapid early inspiratory flow demand. Although 
peak pressure rises as flow rate increases, the mean airway 
pressure averaged over the entire ventilatory cycle may 
remain unchanged or may even fall as flow rate increases. 
Longer exhalation time is a marked advantage for some 
patients with airflow obstructions. The extent to which the 
ventilator takes up the inspiratory work of breathing is a 
function of the margin by which flow delivery exceeds 
flow demand. It is mandatory that the flow metered by the 
ventilator meets or exceeds the patient’s flow demand 
throughout inspiration. Otherwise, the ventilator not only 
fails to reduce the work of breathing but also may force 
the patient to pull against the resistance of the ventilator 
circuitry as well as against his or her own internal impedance 
to airflow and chest expansion.26

Comfortably rapid inspiratory flow rates also are desirable 
to ensure that the machine completes inflation before the 

TABLE 3.2

Outline of Ventilator Classification Systems

Input Electrical
Pneumatic

Control scheme Control variables:
 Pressure
 Volume
 Flow
Phase variables:
 Trigger
 Limit
 Cycle
 Baseline
 Conditional variables
Control subsystems:
 Control circuit
 Drive mechanism
 Output control valve
 Modes of ventilation

Output Waveforms:
 Pressure
 Volume
 Flow
 Displays

Alarm systems Input power alarms
Control circuit alarms
Output alarms

Modified from Chatburn RL, Branson RD. Classification of mechanical 
ventilators. In MacIntyre NR, Branson RD, eds. Mechanical ventilation. 
Philadelphia: WB Saunders; 2001: p3.
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heterogeneity, improved recruitment of unstable lung units, 
and better airway secretion drainage.32 Some investigators 
have reported reductions in ventilator-associated pneumonia 
incidence, as well. Although prone positioning must be 
conducted by an experienced nursing team, it recently has 
regained popularity and generally is considered to be a 
lifesaving standard of practice for appropriately selected 
patients.

Timely Use of Muscle Relaxants
Until relatively recently, neuromuscular blocking agents 
had been used less often because of concern for lingering 
weakness after their use. However, during the initial phase 
of ventilatory support, patients may breathe so vigorously 
as to make coordination with a mechanical ventilator dif-
ficult and to apply a dangerous tidal stresses to lung tissue. 
Moreover, expiratory muscle activity may compress the 
chest wall, preventing PEEP from its intended recruiting 
action and thereby impairing oxygenation. However, a 
landmark French study demonstrated that when neuro-
muscular blocking agents are applied early on in the course 
of ARDS for less than 48 hours, patients with paralysis 
may improve mortality risk without detectable consequences 
for neuromuscular functioning.33 The precise reason for 
that benefit is unclear, particularly because the mortality 
advantage emerged only after several weeks of ICU manage-
ment. The intriguing results of this well-conducted study 
lack confirmation at the present time, but use of deep 
sedation and neuromuscular blocking agents is justified 
and has taken hold for the initial management of vigorously 
breathing and agitated patients with life-threatening illness.

Ventilator-Induced Diaphragmatic Dysfunction
The diaphragm contracts phasically more than 10 times 
per minute throughout normal life. Perhaps in part for this 
reason, it appears to be exceptionally susceptible to rapid 
weakening once its burden has been relieved by high-level 
ventilatory support. The process of diaphragm thinning 
(demonstrable by ultrasonography and presumably reflecting 
atrophy) may begin within the first day of its complete rest 
and progress rapidly thereafter. Experiments in animals 
and observations in patients suggest that ventilator-induced 
diaphragmatic dysfunction (VIDD) may persist long after 
normal loading conditions are reapplied.34 Although less 
well documented, it appears that excessive diaphragmatic 
loads and dyscoordination with the ventilator cycle may 
also be damaging.

Importance and New Approaches to 
Patient-Ventilator Synchrony
Differences in timing patterns of the patient’s own neural 
drive to breathe and the ventilator’s response may be clas-
sified as those that involve triggering, power assistance 
(flow and pressure profiles), and the off switch for exhalation 
to begin. It has long been understood that dyssynchrony 
can result in ineffective ventilation, discomfort, and the 
need for deeper sedation. However, recent observations 
suggest that its consequences include longer duration of 
machine support, respiratory muscle dysfunction, and other 
adverse outcomes.35 Although it is not yet clear that the 
association is causative, it is encouraging that considerable 
progress has been made in developing modes of support 
that synchronize closely with the neural drive and timing 

Conceptual Advances
Driving Pressure
The difference between plateau pressure and PEEP during 
tidal inflation is known as the driving pressure. A sophis-
ticated statistical analysis of data from important high-quality 
clinical trials indicated that this difference of two static 
pressures is more predictive of mortality risk than is either 
of its component variables, each of which has been incrimi-
nated as causative for ventilator-induced lung injury (VILI).27 
Not only does the maximum tidal inflation pressure exert 
an influence on outcome but also the excursion of pressure 
appears to be key. Although both are undeniably important, 
the dynamic strain rather than the static strain appears best 
correlated with iatrogenic outcomes. The reason for this 
relationship is speculative; however, the energy load (power) 
applied by the ventilator to the respiratory system during 
ventilation is largely dictated jointly by minute ventilation 
and driving pressure.28,29 Driving pressure (which may be 
computed as the ratio of tidal volume to respiratory system 
compliance or as the difference between plateau pressure 
and PEEP) may be misleading when the chest wall is 
unusually stiff or when spontaneous breathing or auto PEEP 
alter its numeric value. It remains to be determined pro-
spectively whether restricting driving pressure will prove 
efficacious in preventing VILI. At present, based on available 
data, it appears prudent to limit driving pressure in passively 
inflated individuals to 15 cm of water or less.27

Dynamic Determinants of Risk of Ventilator-Induced 
Lung Injury
From the time the mechanical ventilation first was associated 
with lung injury, clinicians have concentrated on regulating 
selected static features of the tidal cycle. These include 
PEEP, tidal volume, plateau pressure, and the difference 
between the latter two variables the driving pressure. 
However, increasing evidence indicates that it is not only 
the range of excursion between PEEP and plateau that 
matters but also the rate at which plateau is achieved and 
the frequency with which driving pressure excursions are 
repeated. Thus it is not simply static stress or strain them-
selves that deserve attention, but minute ventilation as well. 
Other dynamic determinants, such as inspiratory flow rate 
and flow profile, appear to modulate their impact.30 Although 
it is premature to incriminate the power (inflation energy 
per minute) delivered by the ventilator as the key integrating 
measure of VILI risk, this would appear to be a promising 
area of investigation that could have important bedside 
implications for devising a safe ventilation strategy for our 
sickest patients.

Prone Positioning
There is little evolutionary precedent for sustaining the 
supine position for the extended periods we customarily 
use in intensive care practice. Although sporadic reports of 
benefit from prone positioning have appeared since the mid-
1970s, subsequent randomized trials comparing supine and 
prone positioning did not convincingly favor the latter until 
comparatively recently. A well conducted and convincing 
trial in which appropriately selected, seriously ill patients 
with ARDS were treated early in their courses for extended 
periods in the prone position demonstrated a marked 
advantage regarding the mortality outcome (PROSEVA).31 
Mechanisms for its action include reduction of mechanical 
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physicians who seek improved gas exchange and minimized 
VILI risk. Sporadically, clinical data have emerged that have 
shown noninferiority or superiority of the high-frequency 
oscillation (HFO) approach for infants and adults. Accord-
ing to this methodology, large amplitude vibrations of the 
proximal airway result in modest but rapid excursions of 
alveolar pressure centered around a relatively elevated 
pressure baseline. Improved oxygenation has been reported 
accompanied by uncertainty as to its mechanism, higher 
mean airway and end-expiratory pressures or improved 
recruitment because of oscillation itself. A pivotal random-
ized clinical trial of HFO (OSCILLATE) was conducted by the 
Canadian trials group with alarming results.39 Operating from 
a high pressure baseline, HFO appeared to inflict a higher 
mortality rate from its onset, forcing the trial to be inter-
rupted prematurely. Another trial that compared patients 
who were less critically ill showed neither superiority or 
inferiority for the HFO approach when applied at a lower 
mean airway operating pressures. Given the need for the 
greater dedication of resources, specialized skill levels, and 
higher sedation requirements necessary to safely administer 
HFO, this once-promising methodology has been shelved 
by most centers in favor of more conventional lung protec-
tive strategies such as prone positioning, neuromuscular 
blockade, and permissive hypercapnia.

High-Flow Nasal Oxygen
The value of well-tolerated noninvasive ventilation (NIV) 
for selected groups of patients, such as those presenting 
with exacerbated chronic obstructive pulmonary disease, 
is undeniable. Unfortunately, many individuals cannot 
tolerate the mask interface and therefore are denied the 
potential benefits of this intervention. Recently, the efficacy 
of high flow nasal oxygen has been promoted as a means by 
which to improve gas exchange—especially oxygenation—in 
patients with mild to moderate respiratory distress. Using 
this technique, very high rates of oxygenated gas (30–60 L/m) 
are introduced continuously into the nasal passages.40 
Although its precise mechanism of action has yet to be 
determined and may vary depending on such features as 
minute ventilation requirement, upper airway anatomy, 
mouth closure, and body habitus, it would appear from 
presently available data that dead space washout of the 
proximal upper airway, low levels of CPAP, and expiratory 
retard are possible contributors. Maintenance of adequate 
hydration of the inspired air stream is mandatory, and when 
this is accomplished HFNO actually may improve secretion 
hydration and mobilization. Although it is clearly a less 
powerful ventilating and oxygenating modality than NIV, 
it is generally better tolerated, often relieves dyspnea, and 
typically attenuates rapid shallow breathing.

Extracorporeal Gas Exchange
Recent decades have seen evolution and modification of 
ECMO technology, particularly in adult populations. Recent 
improvements in ECMO technology coincided with the 
heightened risk of ARDS as shown in recent influenza 
outbreaks. A basic ECMO circuit is composed of a blood 
pump; membrane lung, or oxygenator; heat exchanger; 
cannulas to access the circulatory bed; and associated tubing. 
Based on patient needs, partial to complete cardiopulmonary 
support is available. Among circuit options, venous blood 
may be drained from a major vein and passed through the 
membrane lung for gas exchange and oxygenated blood 
returned to a major artery as in VA-ECMO or vein as in 

needs of the patient and contour the delivered pressure to 
mirror the innate activity of the respiratory muscles. Among 
these newly deployed modes are proportional assist ventila-
tion (PAV) and neurally adjusted ventilatory assist (NAVA).36

Post-Intensive Care Syndrome
Patients receiving mechanical ventilatory support are at risk 
not only for VIDD but also for post-intensive care syndrome 
(PICS), defined as new or worsening impairment in physical, 
cognitive, or mental health status arising and persisting after 
hospitalization with critical illness.37 Physical consequences 
include ICU-acquired weakness occurring in 25% to 80% 
of patients on mechanical ventilation for more than 4 days. 
Less than 10% of patients on mechanical ventilation for 
greater than 4 days are alive and fully independent 1 year 
later. Other complications include cognitive impairment 
sufficiently severe that 25% of patients with ARDS have 
persisting dysfunction years after their illness. Psychologic 
consequences include depression, anxiety, sleep distur-
bances, and posttraumatic stress disorder. Anxiety and 
depression are also common in family members exposed to 
prolonged intensive care. Duration of mechanical ventilation  
and the presence of ARDS are prominent risk factors for PICS. 
The critical care community is just beginning to address  
the growing number of ICU survivors who experience PICS. 
Structured family involvement with referrals for targeted 
follow-up clinics, functional reconciliation, and provision 
of education to families and patients are designed to help 
combat the PICS.

Strategies to Hasten Liberation From  
Invasive Ventilation
Mechanical ventilation, sedative medications, and immo-
bilization are known risk factors for ICU-acquired delirium 
and weakness. A multicomponent liberation and animation 
strategy designed to reduce delirium and weakness recently 
has been proposed. Liberation in this work refers to reducing 
exposure to mechanical ventilation and sedative medications 
through use of coordinated, target-based sedation protocols, 
spontaneous awakening trials, and spontaneous breathing 
trials. Animation refers to early mobilization which reduces 
delirium. This strategy is referred to as the “awakening and 
breathing coordination, delirium monitoring/management, 
and early exercise mobility (ABCDE)” bundle.38 A recent 
multicenter trial demonstrated that a large group of mechani-
cally ventilated patients using the ABCDE bundle spent 
more days breathing without mechanical ventilation than 
historical controls. In addition, fewer patients treated with 
the ABCDE protocol experienced delirium and for patients 
experiencing this complication, its duration was reduced 
significantly. Although support for the ABCDE approach is 
based on carefully conducted studies supporting each of the 
above components, widespread application of the ABCDE 
mobility bundle requires additional study, particularly 
outside major academic centers.

TOOLS FOR THE BEDSIDE

High-Frequency Oscillation
For almost 40 years, the promise of using small tidal 
volumes that cycle at a very fast frequency—high-frequency 
ventilation—has captured the attention of investigators and 
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long-lasting weakness, especially when profound paralysis 
is extended for more than 4 hours.2 These interventions 
help reduce oxygen consumption and carbon dioxide 
production, lower airway pressures, and decrease the risk 
of self-extubation. Because gas exchange abnormalities in 
patients with severe airflow obstruction often result primarily 
from ventilation-perfusion mismatching, an FiO2 setting of 
0.5 will be adequate in the majority of cases. Ventilation 
is initiated most commonly using the assist-control mode 
(or SIMV), the tidal volume should be small (5–7 mL/kg), 
and the backup respiratory rate set at 12 to 15 breaths/
min. If constant flow is the waveform, a peak flow setting 
of 60 L/min is recommended because higher flow rates 
do little to increase expiratory time. These patients are 
at significant risk for development of auto-PEEP,44 and 
the minimum acceptable minute ventilation frequently is 
employed when breathing is controlled. If the patient is 
triggering the ventilator, PEEP may be added to reduce the 
work of triggered inspiration. In general, auto-PEEP does not 
increase as long as PEEP is not set higher than about 85% 
of the initial auto-PEEP level. Goals in this situation are to 
minimize alveolar overdistention (plateau pressure < 30 cm 
H2O) and minimize dynamic hyperinflation (auto-PEEP < 
15 cm H2O). Reducing minute ventilation to achieve these 
goals may cause arterial PCO2 to rise above 40 mm Hg, often 
to 50 to 70 mm Hg or even higher. Although this situation 
requires sedation, such permissive hypercapnia is tolerated 
well except in patients with increased intracranial pressure 
and perhaps those with critical pulmonary hypertension 
or significant ventricular dysfunction.

A third group of patients of particular importance are 
those experiencing acute hypoxemic respiratory failure. 
This situation is created by alveolar filling with blood, pus, 
or edema and by atelectasis, which results from the altered 
mechanics and body positioning. The end result is impair-
ment of lung mechanics and gas exchange. Gas exchange 
impairment results from intrapulmonary shunt that is largely 
refractory to oxygen therapy. In ARDS, the reduced func-
tional residual capacity arising from alveolar flooding and 
collapse leaves many fewer alveoli to accept the tidal 
volume, making the lung appear stiff and dramatically 
increasing the work of breathing.45 The ARDS lung should 
be viewed as a small lung, however, rather than a stiff lung. 
In line with this current concept of ARDS, it is clearly 
established that extensive distention of functioning alveoli 
in the ARDS lung compounds lung injury and may induce 
systemic inflammation.46 The goals of ventilation are to 
reduce work of breathing, avoid toxic concentrations of 
oxygen, and choose ventilator settings that do not amplify 
lung damage. Initial FiO2 should be high in view of hypox-
emia, but very high oxygen fractions are ineffective and 
must be avoided. Prone positioning tends to improve 
oxygenation and reduce lung strain.32 PEEP is indicated in 
patients with diffuse lung lesions but may be less helpful 
in patients with focal infiltrates such as lobar pneumonia. 
In patients with ARDS, PEEP should be instituted imme-
diately and its level adjusted to the lowest level necessary 
to produce a net arterial saturation of approximately 90%. 
Tidal volume should be adjusted to keep plateau pressure 
and driving pressure within acceptable limits (generally 
<15 and <30 cm H2O, respectively). Pressure-control ventila-
tion can be used as well, but parameters for this mode that 
ensure lung-protective ventilation have not been examined 
rigorously. During spontaneous efforts, effective driving 
pressure and plateau pressure may be considerably higher 
than set during PSV and PCV. The inspiratory plateau 
pressure target proposed for passive inflation is <30 cm 
H2O (PEEP plus inspiratory driving pressure). In either 

VV-ECMO. Recent applications of ECMO technology include 
CO2 removal in the patient with hypercarbic respiratory 
failure, support of cardiac failure with VA-ECMO along 
with a common application of ECMO to reduce injurious 
effects of positive pressure ventilation (PPV) in patients 
with hypoxemic respiratory failure.41 Recent studies dem-
onstrate the enhanced utilization of ECMO in various forms 
of respiratory failure and associated survival benefit. 
However, the complication pattern in these patients is 
important. Many of the patients dying with ECMO therapy 
experience cerebral hemorrhage. Although a precise mecha-
nism is unclear, an obvious risk factor for intracranial 
hemorrhage is anticoagulation typically used with ECMO 
circuits. Perhaps the most concerning report of neurologic 
complications after ECMO suggested some form of neurologic 
injury in 50% of the patient group examined.42 Details of 
neurologic risk associated with ECMO require further study.

SPECIFICS OF PATIENT MANAGEMENT

Initial ventilator settings depend on the goals of ventilation 
(full respiratory muscle rest vs. partial exercise) as well as 
the patient’s respiratory system mechanics and minute 
ventilation needs. In all patients, the initial FiO2 should 
usually be 0.5 to 1.0 to ensure adequate oxygenation, 
although it usually can be lowered within minutes when 
guided by pulse oximetry and, in the appropriate setting, 
with application of PEEP.43 In the first minutes after institu-
tion of mechanical ventilation, the clinician should be alert 
for several common problems, most notably airway malposi-
tion, aspiration, and hypotension. Positive-pressure ventila-
tion may reduce venous return. Cardiac output reduction 
is especially likely in patients with low mean systemic 
pressure (hypovolemia, vasodilating drugs, decreased 
sympathetic tone) or a very high ventilation-related pleural 
pressure (chest wall restriction, high PEEP, high auto-PEEP). 
If hypotension occurs, care should be taken to rule out 
mainstem intubation. Intravascular volume should then be 
expanded and pleural pressure reduced through a decrease 
in tidal volume and/or minute ventilation. Although uncom-
mon, tension pneumothorax may be catastrophic in this 
setting.

For patients with relatively normal respiratory mechanics 
and gas exchange, initial ventilator orders should be as 
follows: FiO2 0.5 to 1.0, tidal volume 7 to 10 mL/kg, backup 
rate 8 to 12, and inspiratory flow rate 40 to 60 L/min. 
Alternatively, if the patient has sufficient drive and is not 
profoundly weak, PSV may be used. This is a particularly 
good strategy when the patient’s respiration is otherwise 
overtly dyssynchronous with flow-controlled modes. The 
level of pressure support is adjusted (frequently in the range 
10 to 20 cm H2O above PEEP) to bring respiratory rate down 
to 20 to 25 breaths/min, corresponding to a tidal volume 
of approximately 400 mL in the adult. If gas exchange is 
normal, FiO2 may be further reduced on the basis of pulse 
oximetry or arterial blood gas determinations.

Severe airflow obstruction often is seen in patients with 
asthma or exacerbated chronic obstructive disease but also 
may be encountered in individuals sustaining inhalation 
injury, voluminous aspiration or pulmonary edema, or 
central airway lesions (e.g., tumor or foreign body) that 
are not bypassed by the endotracheal tube. These patients 
are frequently anxious and distressed. Deep sedation 
should be provided in such instances, supplemented in 
the occasional individual by therapeutic administration of 
muscle relaxants. Notably, the use of such agents may cause 
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The process of weaning begins by determining patient 
readiness (Fig. 3.2). In addition to applying the recommenda-
tions from the Task Force for Evidence-Based Guidelines for 
Weaning and Discontinuing Ventilatory Support, patients 
should be screened carefully for mental status, respiratory 
muscle strength, consistent and adequate wakefulness, 
ability to manage secretions, state of nutritional repletion, 
and acid-base and electrolyte status. Particular attention 
should be given to acceptance of hypercapnia if chronically 
present. Finally, normality of levels of electrolytes affecting 
muscle function and cardiac status (calcium, phosphate, 
and potassium) should be ensured. If the aforementioned 
conditions are addressed, weaning may be attempted. 
Protocol using the Rapid Shallow Breathing Index in the 
separation of patients from mechanical ventilation have 
been widely implemented.54

NONINVASIVE VENTILATION

Delivery of ventilatory support without establishment of 
an endotracheal airway is called noninvasive ventilation. 
This type of ventilation is delivered through a sealed nasal 
or oronasal mask. Technical advances have expanded greatly 
the use of noninvasive ventilation, which now has a role 
in the management of acute and chronic respiratory failure 

mode, respiratory rate may be set as high as 24 to 28 breaths/
min in the absence of auto-PEEP. A consequence of lung-
protective ventilation of this kind is hypercapnia. As previ-
ously discussed, this approach of preferring hypercapnia 
to alveolar overdistention, is generally well tolerated.

A final important group of patients requiring mechanical 
ventilation consists of those with restriction of pulmonary 
excursion, frequently associated with chest wall edema 
(massive fluid resuscitation), recent abdominothoracic 
surgery, extensive burns, or morbid obesity. A small tidal 
volume (5–7 mL/kg) and relatively rapid respiratory rate 
(18–24 breaths/min) are valuable in this patient group to 
minimize the hemodynamic consequences of positive-
pressure ventilation and reduce the likelihood of injury to 
the lung.43 The FiO2 setting needed to maintain appropriate 
oxygenation is determined by the extent of alveolar filling or 
collapse. When the restrictive abnormality involves the chest 
wall (may include the abdomen), a large ventilation-induced 
rise in pleural pressure has the potential to compromise 
cardiac output. This compromise would in turn reduce 
mixed venous PO2 and, in the setting of ventilation-perfusion 
mismatch or shunt, PaO2 as well.

DISCONTINUATION OF  
VENTILATORY SUPPORT

Discontinuation of mechanical ventilation can be easy in 
patients needing short-term support. However, it can be 
difficult in patients recovering from a major episode of 
acute respiratory failure, a complicated operative procedure, 
or major torso trauma. Weaning such patients from ventila-
tion is a major clinical challenge and constitutes a significant 
workload in the intensive care unit.4,47

Timing is important in the separation of a patient from 
mechanical ventilation. If weaning is delayed unnecessarily, 
the patient remains at risk for ventilator-associated complica-
tions. If weaning is performed prematurely, cardiopulmonary 
decompensation may delay further ex-tubation.48,49 In 
general, discontinuation of mechanical ventilation is not 
attempted in a patient who has not regained consciousness 
or who has cardiopulmonary instability or an arterial Po2 
value lower than 60 mm Hg with an FiO2 value of 0.40 or 
higher. Satisfactory oxygenation, however, does not reliably 
predict successful “weaning.” A more important determinant 
of weaning outcome is the ability of respiratory muscles 
to address the respiratory work requirements. Similarly, 
parameters traditionally gathered by respiratory care 
practitioners, including maximal inspiratory pressure, vital 
capacity, and minute ventilation, have been used to evaluate 
a patient’s readiness for weaning, but these parameters have 
limited predictive accuracy. The ratio of respiratory fre-
quency to tidal volume during 1 minute of spontaneous 
breathing (rapid shallow breathing index) is a useful but 
not infallible predictor. A value less than 100 indicates 
that a weaning attempt is more likely to be successful.50 
Two widely quoted clinical studies compared ventilator 
modes used in weaning the patient who does not imme-
diately separate from mechanical ventilation. T-piece trials, 
SIMV, and PSV were compared. These studies demonstrated 
that choice of weaning mode does affect outcome in the 
patient with complex respiratory problems. Modes providing 
equal treatment of each breath (T-piece trials and PSV) gave 
better results than SIMV.51,52 Whatever method is chosen, 
the daily trial of unassisted breathing is integral to the 
evaluation.53

FIGURE 3.2 Algorithm for mechanical ventilation weaning protocol. 
CPAP, Continuous positive airway pressure; PEEP, positive end-
expiratory pressure; RR, respiratory rate; RSBI, rapid shallow 
breathing index; TV, tidal volume. 

WEANING PROTOCOL

EXTUBATION
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Not tolerated
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Yes
No

STOP

Yes
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STOP

                         Extubation Assessment

• Hemodynamically stable
• Arterial saturation (SaO2) �92% on �40% O2
• PEEP �5 cm H2O

• RR �30 breaths/min
• Vital capacity �10 mL/kg or spontaneous TV �5 mL/kg
• Airway protection/secretion control

TV (liters)
   spontaneous RR 
• RSBI �  �100

• Hemodynamically stable
• Arterial saturation (SaO2) �92% on �40% O2
• PEEP �5 cm H2O

Weaning Trial

• CPAP (typically 5 cm H2O) or
• T-piece or
• Low-level pressure support ventilation (typically
  5 cm H2O PEEP � 5 cm H2O pressure support)
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occur at approximately a 1% to 2% incidence, are gastric 
distention (avoided by ventilating with pressures below 
30 cm H2O), aspiration, and pneumothorax. Conceptual 
concerns with gastric distention are subsequent vomiting, 
aspiration, and pneumonia. However, in studies addressing 
gastric distention, there did not appear to be a direct cor-
relation between gastric distention and the development of 
pneumonia. Patients in whom gastric distention developed 
did not suffer subsequent aspiration and pneumonia. Pro-
phylactic placement of a nasogastric tube did not prevent 
gastric distention. Furthermore, it has been hypothesized that 
the use of noninvasive ventilation in patients after recent 
upper gastrointestinal surgery could lead to air swallowing 
and disruption of anastomotic suture lines; however, this 
occurrence has not been reported.

Less common complications of noninvasive ventilation 
are pneumothorax requiring a chest tube and conjunctivitis, 
which may develop secondary to air leaks near the eyes 
in about 2% of patients.57 Treatment of the latter problem 
consists of correction of the air leak and administration of 
synthetic eye lubricants. The most serious complication is 
failure to recognize when noninvasive ventilation is not 
giving a patient adequate ventilation, oxygenation, or airway 
support. Delayed intubation may encourage continued 
deterioration of the patient. Whether noninvasive ventilation 
is working is generally evident within the first minutes to 
hours of its application.

CONCLUSION

Positive-pressure ventilation is a lifesaving intervention 
in patients with excessive respiratory work, ventilation 
failure, or oxygenation deficits. Mechanical ventilation is 
not therapeutic by itself, but lung healing is enhanced with 
optimal settings. Research now suggests that ventilatory 
settings that use excessive tidal volumes and airway pres-
sures may, in fact, be deleterious to the critically ill patient. 
Thus acceptance of hypercapnia and lower tidal volumes 
than traditionally employed is now common. Although a 
variety of modes have been introduced on newer ventila-
tors, traditional modes such as assist-control ventilation 
and PSV are most commonly employed. Separation of 
the patient from mechanical ventilation usually can be 
achieved rapidly if the presenting problems that required 
critical care are resolved or stable. Simple evaluation of the 
patient’s respiratory rate and tidal volume gives significant 
insight into readiness for separation from the ventilator. 
Finally, complications of invasive mechanical ventilation 
are avoided in a growing number of patients through the 
use of noninvasive ventilation through nasal or oronasal 
masks. Effectiveness of noninvasive ventilation generally 
is determined within minutes from the clinical response 
to the application of this therapy.

Key Points

1. Mechanical ventilation can be lifesaving in patients 
with hypoxemic or hypercarbic respiratory failure. 
This therapy allows relief of cardiopulmonary 
distress and diversion of oxygen delivery to other 
vital organs.

2. Patients may be ventilated with pressure-targeted 
or volume-targeted ventilation. Pressure-targeted 

and in some patients with heart failure. Noninvasive 
approaches preserve swallowing, feeding, and speech. Cough 
and physiologic air warming and humidification also are 
preserved. Noninvasive ventilation can eliminate the need 
for intubation or tracheostomy, preventing problems such 
as injury to the vocal cords or trachea and infections of 
the lower respiratory tract.

Reported benefits of noninvasive ventilation are numer-
ous, stemming primarily from avoidance of endotracheal 
intubation and its associated complications. Nonintubated 
patients communicate more effectively, require less sedation, 
and are generally more comfortable than intubated patients. 
In addition, patients undergoing noninvasive ventilation 
are often able to continue with standard oral intake. Ventila-
tion without tracheal intubation eliminates complications 
such as trauma with tube insertion, mucosal ulceration, 
aspiration, infection (pneumonia and sinusitis), and impaired 
swallowing after extubation. The benefit of noninvasive 
ventilation most discussed is a reduction in the incidence 
and subsequent mortality and cost impact of ventilator-
associated pneumonia.55

For patients with only marginal compensation, nonin-
vasive techniques may prove especially helpful at night, 
when sleep impairs ventilatory drive or immobilizes the 
nondiaphragmatic musculature crucial to maintaining 
adequate ventilation. Indeed, nocturnal nasal ventilation 
(by nasal mask or other occlusive fitting) seems to be useful 
over extended periods for selected patients with irreversible 
neuromuscular disease, sleep apnea, and airflow obstruction. 
Intermittent rest of fatigued respiratory muscles and, in a 
minority of cases, improved lung compliance may result. 
The precise reason for nocturnal noninvasive ventilation’s 
benefit during waking hours remains undetermined. It has 
been suggested that nocturnal support may allow the sleep 
quality needed to preserve adequate ventilatory drive and 
muscle strength.

In published studies, alert, cooperative, spontaneously 
breathing patients fare much better with noninvasive 
ventilation than patients without those characteristics. The 
patient must be able to protect the airway. Hemodynamic 
or electrocardiographic instability or an unstable airway 
argues against the use of noninvasive ventilation; thus the 
unconscious trauma patient with multiple injuries including 
maxillofacial fractures is not a candidate for noninvasive 
ventilation. A further contraindication is compromise of 
cough and secretion clearance. A common reason for failure 
of noninvasive ventilation has been abundant secretions 
secondary to pneumonia. Relative contraindications include 
the inability to adequately fit and seal the mask or to cough 
with prompting and difficulty with removal of the mask 
in the event of emesis. Most investigators now believe that 
patients with cardiogenic pulmonary edema may improve 
with the aid of noninvasive ventilation to help unload 
respiratory muscles and decrease work and oxygen cost of 
breathing as well as to recruit lung units and reduce alveolar 
edema.56

The primary complication of noninvasive ventilation is 
focal skin necrosis secondary to prolonged pressure from the 
mask on the underlying skin.7 The necrosis typically occurs 
over the bridge of the nose but also may occur over the 
zygoma; it is prevented by avoidance of excessive pressure 
when the straps are tightened to the mask. The straps should 
be just tight enough to seal any large air leaks. Skin necrosis 
can be prevented further by the prophylactic placement of 
hydrocolloid dressing (DuoDerm) or a similar product on 
the bony contact points. Facial soft tissue sores occur in 
7% to 10% of patients receiving full–face mask noninvasive 
ventilation. The other complications, which all seem to 



of this therapy are numerous and include more 
effective communication, lower sedation require-
ments, continuation of oral intake, and reduction 
of complications such as pneumonia. Conditioned 
gas delivery by a high-flow nasal cannula is an 
effective option for some patients.
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