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he ancient Greek physi-

cian and philosopher

Claudius Galen (129-

210) was the first to
describe the artificial ventilation
of an animal.! More than
1000 years later, in the 16th cen-
tury, this technique was applied
to human resuscitation.? Exclud-
ing these historical anecdotes,
mechanical ventilation did not
become a major therapeutic
intervention until the polio-
myelitis epidemic swept through
Europe and the United States in the 1940s and 1950s.
Since the middle of the 20th century, a wide variety of
ventilatory techniques have been developed for the
treatment of patients with respiratory failure. This article
reviews the available modalities of mechanical ventila-
tion in terms of clinical indications and practical ap-
plications. Ventilator settings, alternative modes of venti-
lation, ventilation complications, and weaning from
mechanical ventilation are also discussed.

CLINICAL GOALS

The basic purpose of mechanical ventilation is to
support patients whose respiratory systems have failed
until adequate function returns (Table 1). Reversal of
acute, severe hypoxemia or respiratory acidosis with
mechanical ventilation can be life-saving.® Mechanical
ventilation can also relieve respiratory distress in pa-
tients for whom the work of breathing has become
intolerable. In addition, prevention or reversal of atelec-
tasis and reversal of respiratory muscle fatigue can be
accomplished by mechanical ventilation. Even in pa-
tients with healthy lungs, mechanical ventilation is often
employed when sedation or neuromuscular blockade is
necessary (eg, operative anesthesia). By decreasing sys-
temic or myocardial oxygen consumption, mechanical
ventilation may also assist patients who experience com-
promised myocardial function when the work of
breathing becomes excessive. Other objectives of
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mechanical ventilation include
reduction in intracranial pres-
sure by controlled hyperventila-
tion for patients with closed
head injury, and stabilization of
the chest wall, as in cases of mas-
sive flail chest.*

Generally, mechanical vent-
ilation supplies only symp-
tomatic relief, not actual therapy
for respiratory failure or acute
lung injury. A notable exception
is the state of congestive heart
failure, during which mechani-
cal ventilation may augment cardiac output and there-
fore be therapeutic. latrogenic lung injury may be
inflicted during mechanical ventilation, and preventive
measures should be taken.

MODES OF MECHANICAL VENTILATION

Studies have demonstrated that suppression of
spontaneous breathing and complete dependence on
controlled mechanical ventilation lead to rapid respira-
tory muscle atrophy.® Therefore, modes of mechanical
ventilation that allow spontaneous breathing, or
patient-triggered modes, are favored when feasible.

Assist/Control Mode Ventilation

Assist/control ventilation (ACV) is a combined
mode of ventilation. The mechanical ventilator deliv-
ers a positive pressure breath of a predetermined tidal
volume in response to each of the patient’s inspiratory
efforts (termed assisted ventilation). However, should a
patient fail to initiate a breath within a specific time
period, the ventilator automatically delivers a mechani-
cal breath to maintain a minimum or “backup” respira-
tory rate (termed controlled ventilation).® To trigger an
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assisted breath, the patient must lower the airway pres-
sure by a preset amount, called the trigger sensitivity.
Figure 1 demonstrates examples of pressure and vol-
ume waveforms during volume-cycled ACV.

Intermittent Mandatory Ventilation

Intermittent mandatory ventilation (IMV) is a type
of ventilatory support in which mandatory positive
pressure breaths are delivered at preset time intervals.
Between these breaths, the patient may breathe sponta-
neously from a separate circuit containing continuously
flowing gas. IMV is associated with patient-ventilator
dyssynchrony because the mandatory breaths are not
delivered in concert with the patient’s inspiratory
effort. A mechanical breath could therefore be deliv-
ered during a spontaneous inspiration, leading to
lung overdistention. IMV has largely been abandoned
in favor of synchronized intermittent mandatory ven-
tilation (SIMV).

Synchronized Intermittent Mandatory Ventilation

In SIMV, the patient receives a mandatory number
of positive pressure breaths per minute, each of which
is synchronized to patient effort. The ventilator can
detect the initiation of a spontaneous breath by a
patient and does not deliver a machine breath during
a spontaneous breath. Between mechanical breaths,
however, the patient may breathe an indefinite num-
ber of times from a reservoir (Figure 2). Spontaneous
breaths produce no response from the ventilator.
Figure 3 shows typical pressure and volume waveforms
during volume-targeted SIMV.

Pressure-Support Ventilation

Pressure-support ventilation (PSV) is a relatively
new mode of mechanical ventilation. During PSV, each
time the patient initiates a spontaneous breath, the
negative pressure or flow in the inspiratory circuit
opens a valve. The ventilator then delivers a flow of gas
sufficient to maintain a constant inflation pressure.
Once the patient’s inspiratory flow rate falls below a
preset threshold level, the flow of gas terminates. With
this mode of ventilation, the patient controls respirato-
ry rate and inspiratory time and flow. Tidal volume and
minute ventilation are determined partly by the patient
and partly by the ventilator. The tidal volume the pa-
tient actually receives depends on the set level of pres-
sure support, patient effort, and the pulmonary me-
chanics. Pressure support may also be applied to a
patient’s spontaneous breathing during SIMV. Figure 4
shows pressure and volume waveforms during PSV.

Table 1. Possible Outcomes of Mechanical Ventilation

Reversal of severe hypoxemia

Reversal of acute, severe respiratory acidosis

Relief of respiratory distress

Prevention or reversal of atelectasis

Reversal of respiratory muscle fatigue

Allowance for sedation or neuromuscular blockade
Decrease in systemic or myocardial oxygen consumption
Reduction of intracranial pressure through hyperventilation
Stabilization of chest wall

VENTILATOR SETTINGS
Tidal Volume

Traditionally, an initial tidal volume of 10 mL/kg has
been recommended and remains a valid formula for
patients without acute lung injury. Recently, however, a
large clinical trial was stopped early when fewer deaths
occurred among patients with acute respiratory distress
syndrome (ARDS) who received small (6 mL/kg) rather
than large (12 mL/kg) tidal volumes.” Therefore, in the
ARDS population, an initial tidal volume of 6 mL/kg is
recommended.

Research has suggested that, at least in animal mod-
els, overdistention of alveoli by large tidal volumes may
actually induce lung damage (eg, increased pulmonary
microvascular permeability, pulmonary edema, and
lung rupture).®® Excessive lung distention is of major
concern, but direct measurement of the actual volume
of air that reaches specific alveoli is not possible.
However, lung volume is directly related to the pressure
that distends the alveoli. This pressure can be approxi-
mated by measuring the end-inspiratory plateau pres-
sure. Plateau pressure is measured by occluding the
ventilator circuit at the end of inspiration. Largely
based on animal data, a plateau pressure of less than
35 cm water (H,O) has been recommended as safe.* To
achieve this target, tidal volume may need to be
decreased to below 5 mL/kg, the physiologic value for
spontaneous breathing. Low tidal volumes may lead to
decreased ventilation and an elevated arterial partial
pressure of carbon dioxide (Paco,), a ventilatory strate-
gy referred to as permissive hypercapnia.’® When using
permissive hypercapnia, clinicians are advised to focus
on the pH, rather than the Paco,. Although some
authorities recommend the administration of intra-
venous bicarbonate once the pH is below 7.2, this prac-
tice remains controversial.*
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Assist/Control Ventilation

Figure 1. Pressure and volume
waveforms during assist/control
ventilation. Note that the first
breath is provided by the venti-

lator without any patient trigger
(controlled breath) and the sec-
ond and third breaths are trig-
gered by the patient (assisted
breaths). H,O = water.
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Respiratory Rate

The ideal mechanical respiratory rate depends on
the particular mode of ventilation. When using ACV,
the respiratory rate should be approximately
4 breaths/min less than the patient’s spontaneous res-
piratory rate, thus assuring adequate ventilation if the
patient’s spontaneous efforts cease.® If SIMV is
employed or if the patient has no spontaneous respira-
tions, the rate should be initially set at 10 breaths/min;
respiratory rate should be increased if a higher minute
ventilation is needed (as with respiratory acidosis) and
decreased gradually as patient tolerance permits. No
respiratory rate is set for PSV.
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One-way valve exhalation

Sensitivity

To trigger an assisted breath during ACV or a pressure-
supported breath during PSV, a patient must lower air-
way pressure by a preset amount to open the “demand
valve” that delivers gas. The required change in airway
pressure (ie, trigger sensitivity) is typically set from -1 to
-3 cm H,O. The actual negative pressure a patient must
generate, however, can be much higher if the demand
valve is poorly responsive.t? Conversely, if the trigger sen-
sitivity is set too low, the ventilator may deliver breaths
too frequently (commonly referred to as auto-cycling)
and produce severe respiratory alkalosis.®> Some ventila-
tors may be triggered by inspiratory flow rather than



Howman Mechanical

Ventilation 26-36

PP

Synchronized Intermittent Mandatory Ventilation

40 r Pressure
@) Mandatory
r 30 A/Mandatory breath «~ breath
IS
G 20 Spontaneous breath
§ N N Figure 3. Pressure and volume
& 10 _\/\ \/\ waveforms during synchronized
o intermittent mandatory ventilation.
0 Note that the first and last breaths
1000 - are mandatory and the second and
- 800} Volume third breaths are spontaneous.
£ H,O = water.
% 600
g 400 -
200
0 1 1 1 ]
0 2 4 6 8 10 12 14
Time, sec
Pressure-SupportVentilation
Pressure
Q 30
I
g 20 +
g
§ 107 Figure 4. Pressure and volume
§ 0 waveforms during pressure-support
f t ! I t ventilation. Note that each breath is
800 1 Volume triggered by patient effort. The breaths
E 600 - vary in tidal volume and inspiratory
g time. H,0 = water.
5 400
o
= 200 |
1 1
0 2 4 6 8 10 12 14 16

Time, sec

pressure. This method of triggering appears to require
less patient effort.®

Fraction of Inspired Oxygen

Inhalation of any gas with a fraction of inspired oxy-
gen (Fi0,) higher than the Fio, of room air can poten-
tially be toxic. However, 0.6 has been established as the
threshold of a toxic concentration of Fio,.}* To minimize
the risk of toxicity, the lowest Fio, that achieves adequate
oxygenation should be employed. Acceptable arterial
oxygen saturation is usually defined as 90% or greater,
which usually corresponds to an arterial partial pressure
of oxygen (Pao,) of approximately 60 mm Hg or more.

Positive End-Expiratory Pressure

In individuals with healthy lungs, the intrathoracic
pressure at the end of exhalation closely approximates
atmospheric pressure. Intrapleural pressure, however, is
slightly negative. This negative pressure keeps a
resting volume of air inside the lung at the end of exha-
lation, called the functional residual capacity (FRC). FRC
provides a reservoir of gas that maintains a constant
Pao, and Paco,, a crucial physiologic function. Patients
with respiratory failure who require mechanical ventila-
tion, however, usually have a reduced FRC as a conse-
quence of surfactant loss and alveolar instability, which
leads to alveolar collapse. In turn, alveolar collapse can
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lead to severe and rapid hypoxemia that is reversed by
artificially increasing airway pressure at the end of expi-
ration to force the alveoli open and maintain a greater
lung volume.

Improvement in oxygenation correlates with the
mean airway pressure, which is defined as the airway
pressure averaged over time. Therefore, methods that
raise the mean airway pressure also improve oxygena-
tion. Positive end-expiratory pressure (PEEP) is the
most commonly employed method to elevate mean
airway pressure and improve oxygenation (Figure 5).
PEEP and continuous positive airway pressure, which
is PEEP applied to spontaneous breaths, may enhance
oxygenation and allow reduction in Fio, with its atten-
dant risk of toxicity. Excessive PEEP, however, may
reduce cardiac output and impair systemic oxygen
delivery, thus offsetting any improvement in oxygena-
tion. The application of PEEP has traditionally been
used to improve oxygenation in patients with respira-
tory failure caused by various conditions, especially
ARDS.

Use in patients with acute respiratory distress syn-
drome. PEEP improves oxygenation in patients with
ARDS by decreasing intrapulmonary shunting.’® This
decrease is accomplished in several ways, including the
recruitment of collapsed alveoli, increase in FRC, and
redistribution of lung water from the alveoli into the
perivascular interstitial space.'® Patients with ARDS typi-
cally have a decreased end-expiratory lung volume, so
that tidal breathing takes place on the lower, flat part of
the pressure-volume curve.!” By increasing tidal volume,
the application of PEEP moves tidal breathing to a part
of the curve with higher compliance and decreases the
work of breathing.’” In one group of patients with
ARDS, survival rates at 28 days improved when PEEP
was applied to keep the alveoli open as a part of a pro-
tective ventilatory strategy.’®

Auto—Positive End-Expiratory Pressure

Some patients with asthma or chronic obstructive
pulmonary disease (COPD) may develop air trapping
caused by flow limitation and inadequate emptying of
the lungs during exhalation. This higher lung volume
at the end of exhalation leads to an increased end-
expiratory pressure called auto-PEEP. Auto-PEEP
(Figure 5) is measured by occluding the expiratory
port of the ventilator during the last 0.5 seconds of
exhalation. The auto-PEEP measurement is extremely
sensitive to timing. Several trials are usually needed to
achieve proper timing with respect to the ventilatory
cycle and patient effort.

Modern ventilators measure auto-PEEP automatical-
ly. Most older ventilator models cannot sense auto-
PEEP, and the patient must decrease airway pressure by
an amount equal to auto-PEEP plus the trigger sensitivi-
ty in order to trigger the ventilator. Auto-PEEP may
therefore cause difficulty triggering the ventilator dur-
ing spontaneous breaths, which may lead to an exces-
sive work of breathing and respiratory muscle fatigue in
some patients.?® The normal triggering effort during
spontaneous breaths can be returned by adding extrin-
sic PEEP to a level just below the auto-PEEP level.?°
Application of extrinsic PEEP is not helpful in patients
who are not breathing spontaneously.

Not all patients with detectable auto-PEEP experi-
ence air trapping and hyperinflation. Auto-PEEP may
occur without air trapping during forcible exhalation.?
Auto-PEEP and air trapping may also occur without
flow limitation if the patient’s ventilatory requirements
are very high and the time for full exhalation is not suf-
ficient.2! High resistance to exhalation, as demonstrat-
ed in patients with small endotracheal tubes, may also
cause auto-PEEP without air trapping.?t In such cases,
the addition of extrinsic PEEP does not decrease the
work of breathing and may be detrimental .

If extrinsic PEEP is applied to patients with true air-
flow limitation, airway pressures must be monitored. If,
after the addition of extrinsic PEEP, the peak and
plateau airway pressures do not rise during a passive
machine-delivered breath, flow limitation is present and
the extrinsic PEEP may be potentially beneficial.?? In
other patients, extrinsic PEEP has the potential to wors-
en hyperinflation and cause volume-related trauma and
hemodynamic compromise.?

Inspiratory Flow Rate

During ACV and SIMV, the inspiratory flow rate
is often set at 60 L/min on a mechanical ventilator.
Patients with COPD, however, may attain better gas
exchange with flow rates as high as 100 L/min. Higher
flow rates allow the delivery of a tidal volume in a short-
er period of time and leave a longer period of time for
exhalation, which favors more complete lung empty-
ing and less gas trapping.?* With higher flow rates, how-
ever, peak inspiratory pressure also increases and may
exceed the ventilator safety limits, which reduces deliv-
ered tidal volume. If the inspiratory flow rate is too
slow to meet the ventilatory requirements, the patient
generates highly negative intrapleural pressure by in-
haling against a closed inspiratory valve.?® The negative
intrapleural pressure may lead to muscle fatigue and
even pulmonary edema.
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ALTERNATIVE MODES OF VENTILATION
Noninvasive Positive Pressure Ventilation

Positive pressure ventilation may be delivered
through the endotracheal tube of an intubated patient
or through specialized face or nasal masks in patients
who are not intubated. This technique is referred to as
noninvasive positive pressure ventilation (NIPPV). ACV,
SIMV, or PSV with or without PEEP or continuous posi-
tive airway pressure may all be delivered noninvasively.
In patients with acute respiratory failure, studies show
that noninvasive ventilation results in effective improve-
ments in gas exchange, fewer complications, and a
shorter stay in the intensive care unit when compared
with conventional ventilation.?® Similarly, NIPPV
reduces the need for intubation, length of hospital stay,
and in-hospital mortality in patients with acute exacer-
bations of COPD.?” Continuous positive airway pressure
delivered noninvasively by nasal mask is commonly
used in patients with obstructive sleep apnea to prevent
upper airway collapse during inspiration.?? NIPPV has
also proven useful in the long-term management of
neuromuscular diseases.?

Negative Pressure Ventilation

Negative pressure ventilators expose the chest wall to
subatmospheric pressure during inspiration, which low-
ers intrapleural pressure and allows air to enter the
lungs. Expiration occurs when the pressure around the
chest wall returns to atmospheric levels. Several uncon-
trolled trials support the benefits of intermittent nega-
tive pressure ventilation in patients with chronic respira-
tory failure caused by neuromuscular, chest wall, or
central hypoventilation disorders.*® Similar efficacy was
not demonstrated in patients with severe, stable
COPD.® The usefulness of negative pressure ventilation
in adult patients with acute respiratory failure remains
unproven.*®

Airway Pressure Release Ventilation

Airway pressure release ventilation (APRV) is a ven-
tilatory mode that reverses the normal process of
breathing. The lungs are kept inflated at a preset pres-
sure level to achieve alveolar distention and recruit-
ment. Exhalation occurs only through cyclic release of
the constant airway pressure, which is followed by a
rapid restoration. APRV maintains an adequate mean
airway pressure; FRC is also maintained without requir-
ing an elevated peak airway pressure. Although APRV
appears to be effective as a ventilatory mode and theo-
retically should be beneficial as a lung-protective strate-
gy, no advantages over conventional mechanical venti-
lation have been demonstrated.®
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Mandatory Minute Ventilation

In mandatory minute ventilation, the physician sets
a target minute ventilation. If the patient’s sponta-
neous breathing is not adequate to meet that preset
need, the ventilator makes up the difference by supply-
ing mechanical breaths. If the patient spontaneously
meets or exceeds the target minute ventilation, no sup-
port from the ventilator is provided.*

Pressure-Control Ventilation

Pressure-control ventilation (PCV) delivers a preset
airway pressure, as opposed to a preset volume. Pressure-
control ventilators that deliver ACV or SIMV breaths are
now available. During PCV, the inspiratory pressure and
inspiratory time are set by the physician. The actual tidal
volume achieved, however, depends on the mechanical
properties of the lungs and is not constant. During PCV,
the inspiratory flow increases rapidly at first and then
decreases exponentially during lung inflation to keep the
airway pressure at the preset value. This decreasing inspi-
ratory flow pattern reduces peak airway pressures and
can improve gas exchange.®

SALVAGE MODES OF MECHANICAL VENTILATION

At times in the course of acute respiratory failure,
adequate oxygenation with a nontoxic Fio, or ade-
quate ventilation cannot be achieved with the modali-
ties of ventilatory support previously described. In
these cases, “salvage” modes of mechanical ventilation
may be employed.

Pressure-Control Inverse Ratio Ventilation

During normal spontaneous breathing, the ratio
of inspiratory to expiratory time is 1:2 to 1:3. During
pressure-control inverse ratio ventilation (PC-IRV), the
inspiratory time is prolonged, lasting up to 50% to 75%
of the respiratory cycle, which yields an inspiratory to
expiratory time ratio of 1:1 to 3:1. This inversion holds
the lungs at peak inflation pressure for a longer time
period than conventional ventilation, increasing mean
airway pressure without increasing peak inspiratory pres-
sure. Because oxygenation correlates with lung volumes,
which derive from mean airway pressure, PC-IRV, like
PEEP, has the potential to improve oxygenation. PC-IRV
is uncomfortable for the patient, and heavy sedation
may be required. In addition, this mode of ventilation
can lead to auto-PEEP, worsen hypercapnia, and precipi-
tate barotrauma. PC-IRV should be applied judiciously
and only by experienced clinicians.

High-Frequency Jet Ventilation
High-frequency jet ventilation employs a nozzle or
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injector to deliver jets of gas directly into the lung at
high rates. Although high-frequency jet ventilation has
been advocated in patients with severe ARDS or bron-
chopleural fistulae, no advantage has been demonstrat-
ed in prospective comparisons with conventional me-
chanical ventilation.®* A study comparing “ultrahigh
frequency”-jet ventilation (ie, respiratory rates greater
than or equal to 180 breaths/min) and conventional
ventilation in patients with ARDS suggested improve-
ment in oxygenation in the ultrahigh frequency arm.®
No randomized trial has confirmed these findings.

High-Frequency Oscillation

High-frequency oscillators rhythmically apply pressure
to the airway at very high rates using pistons or micro-
processor gas controllers.® In a preliminary evaluation,
high-frequency oscillation was shown to be safe and effec-
tive in improving gas exchange in adults with severe
ARDS who failed conventional mechanical ventilation.*

Partial Liquid Ventilation

Partial liquid ventilation utilizes perfluorocarbon lig-
uids. These liquids do not mix with surfactant and have
a low surface tension and a high solubility coefficient
for oxygen and carbon dioxide.*® During partial liquid
ventilation, liquid perfluorocarbon is instilled into the
lungs until the level approximates FRC; standard
mechanical ventilation is then superimposed. The pre-
liminary results of a multicenter, randomized, con-
trolled study of the safety and efficacy of partial liquid
ventilation in patients with ARDS found no significant
differences in mortality or ventilator-free days in com-
parison with conventional mechanical ventilation.*®

Extracorporeal Membrane Oxygenation

Although technically not a mode of mechanical ven-
tilation, extracorporeal membrane oxygenation
(ECMO) has been utilized to support oxygenation and
ventilation in severe respiratory failure patients who
have little or no contribution from the lungs. ECMO
utilizes external membranes for oxygenation and
removal of carbon dioxide from the blood. This tech-
nique is expensive and has a high morbidity. Trials
have not demonstrated any survival benefit of ECMO
in the treatment of ARDS.*041

COMPLICATIONS OF MECHANICAL VENTILATION

Mechanical ventilatory support is by no means risk
free, and one of the principal goals of mechanical venti-
lation is avoidance of complications. Close monitoring
is necessary to identify patients at risk for or in the early
phases of iatrogenic complications. Patients should also

be continuously tested to detect when they are able to
discontinue mechanical ventilatory support, because
the incidence of most problems is correlated to the
duration of mechanical ventilation.®

Complications can be related to the endotracheal
tube (ie, laryngeal injury, tracheal stenosis, tracheomala-
cia, or sinusitis).® The toxic effects of oxygen have been
mentioned previously. Barotrauma, such as pneumo-
thorax, subcutaneous emphysema, or pneumomedi-
astinum, occurs in approximately 10% to 20% of
mechanically ventilated patients.*? Barotrauma is proba-
bly related to asymmetric alveolar overdistention in addi-
tion to high airway pressures. Because mechanically ven-
tilated patients are usually supine, the classic apical or
apicolateral presentation of pneumothorax occurs less
frequently than in nonventilated patients and the diag-
nosis is often missed.® Positive pressure ventilation may
cause diminished venous return and, in turn, decrease
cardiac output in patients with normal myocardial func-
tion. Patients with impaired myocardial contractility,
however, can experience increased cardiac output be-
cause left ventricular afterload is decreased when intra-
thoracic pressure increases and, conversely, transmural
aortic pressure decreases.®

Ventilator-Associated Pneumonia

Ventilator-associated pneumonia is an ominous de-
velopment that carries a crude mortality rate of ap-
proximately 30%.4 Nonpharmacologic strategies to
prevent ventilator-associated pneumonia include:*

* Rigorous hand washing by caregivers

e Semirecumbent positioning of the patient to
prevent aspiration

e Adequate nutritional support
« Avoidance of gastric distention

* Early removal of endotracheal and nasogastric
tubes

e Continuous subglottic suctioning

Although maintenance of adequate pressure in the
endotracheal tube cuff is also recommended, cuff pres-
sure above 25 mm Hg may affect perfusion of the tra-
cheal mucosa and result in injury.® The use of sucralfate
in place of histamine,-receptor antagonists or antacids
for stress-ulcer prophylaxis is associated with lower rates
of ventilator-associated pneumonia.* Other pharmaco-
logic interventions that have been advocated for pre-
vention of ventilator-associated pneumonia include:
avoidance of unnecessary antibiotics, use of chlorhexi-
dine oral rinse, and use of prophylactic antibiotics and
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Table 2. Criteria for Weaning a Patient from
Mechanical Ventilation

Hemodynamic and cardiopulmonary stability

Pao, = 60 mm Hg, Fio, < 40%, and positive end-expiratory
pressure <5 cm H,0O

Adequate and stable hemoglobin
Stable renal function
Conscious and alert status

No need for vasoactive or sedative agents, or alert on a stable
dose of vasoactive or sedative agents

Afebrile, or febrile and hemodynamically stable status
Intact respiratory drive
Ability to protect airway and clear secretions

Fio, = fraction of inspired oxygen, H,O = water, Pao, = arterial partial
pressure of oxygen.

granulocyte colony-stimulating factor in ventilated
patients with neutropenic fever.** Routine antibiotic
prophylaxis in non-neutropenic patients, however, is
not recommended and may be detrimental.*®

WEANING FROM MECHANICAL VENTILATION

The term weaning is commonly used to describe the
process of removing a patient from mechanical ventila-
tion and restoring spontaneous breathing. In some cases
(eg, patients recovering from drug overdose or opera-
tive anesthesia), ventilatory support may simply be
removed when clinical observations suggest that the
patient is capable of resuming spontaneous breathing.
In other cases, especially in patients recovering from
ARDS or severe COPD, weaning can be a labor-intensive
and time-consuming endeavor.

Anticipation of Weaning

Discontinuation of mechanical ventilation is general-
ly not considered until the patient has achieved hemo-
dynamic and cardiopulmonary stability. Additionally,
many authors recommend that the patient should at
least have a Pao, greater than or equal to 60 mm Hg
while breathing, an Fio, less than or equal to 40%, and
a PEEP less than or equal to 5 cm H,0.2 Ideally, the pa-
tient should be awake and alert, have adequate and sta-
ble hemoglobin and renal function, and be free of the
need for vasoactive or sedative agents. The patient
should also be afebrile or febrile and hemodynamically
stable, have an intact respiratory drive, and have the
ability to protect the upper airway and adequately clear
secretions. Table 2 lists the criteria for weaning a patient
from mechanical ventilation.
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Prediction of Weaning Success

Successful discontinuation of mechanical ventila-
tion depends in large part on the ability of the respira-
tory muscles to tolerate a workload that is usually ele-
vated as the lungs recover.” Parameters that have been
associated with successful weaning include a minute
ventilation less than 10 L/min, a vital capacity greater
than or equal to 10 mL/kg, and a negative inspiratory
pressure less than or equal to -15 cm H,0.% The rapid
shallow breathing index (ie, the ratio of respiratory fre-
quency to tidal volume) has also been advocated.
Values less than 105 breaths/min/L are highly predic-
tive when identifying patients who are able to tolerate
discontinuation of mechanical ventilation.*’

Methods of Weaning

Weaning is practiced in a rather empiric manner
and little standardization of technique exists. Some clin-
icians recommend alternating trials of spontaneous
breathing, lasting from a few minutes to a few hours,
with full ventilatory support. The trial of spontaneous
breathing may last up to 2 hours, although recent evi-
dence suggests that a 30-minute trial is equally as effica-
cious in predicting successful weaning.*® Spontaneous
breathing can be achieved by removing patients from
the ventilator and placing them on an open breathing
circuit that provides a continuous flow of gas (ie, “T-
tube”). The patient may also breathe spontaneously
while still attached to the ventilator, receiving 5 to 7 cm
H,O of pressure support. At the end of the trial, if the
patient remains clinically stable with an acceptable arte-
rial oxygen saturation, extubation may be performed
based on the physician’s clinical judgment. If the
patient does not tolerate the trial, full ventilatory sup-
port is resumed at the first sign of distress. Trials of
spontaneous breathing may be attempted again later,
usually at a rate of one trial per day.*

Other methods of weaning include gradual reduc-
tion in the number of SIMV breaths, which slowly shifts
the work of breathing to the patient. A patient may also
be gradually removed from PSV; pressure support levels
must reach 5 to 7 cm H,O prior to extubation. In many
patients, clinicians combine SIMV with PSV. When
weaning is considered in this population, the number
of mandatory SIMV breaths is first decreased to zero
and then the amount of pressure support is lowered to
between 5 and 7 cm H,O. If the patient tolerates a peri-
od of breathing at this level of support, extubation is
attempted.

Trials comparing different modes of weaning have
produced conflicting results.**% Therefore, the opti-
mal weaning technique remains unknown. Regardless
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of method, weaning should be stopped and mechani-
cal ventilatory support should be restarted if signs of
fatigue, distress, respiratory acidosis, or hypoxemia
occur. After extubation, patients should be closely
monitored for the development of respiratory distress,
fatigue, or stridor.

SUMMARY

In conclusion, mechanical ventilation has been a life-
saving development during this century. Many methods
of mechanical ventilation exist, but which method is
superior when employed in particular disease states has
yet to be determined. Like all therapeutic modalities,
mechanical ventilation is not without complications.
Physicians must be familiar with the mechanisms and
potential hazards of mechanical ventilation in order to
care for the patients who require it. HP

REFERENCES

1. Galen C: On the Functions of Parts of the Human Body.
Darenberg C, translator. Paris: JB Balliere, 1954.

2. Baker AB: Artificial respiration: the history of an idea.
Med Hist 1971;15:336-351.

3. Tobin MJ: Mechanical ventilation. N Engl J Med 1994;
330:1056-1061.

4. Slutsky AS: Mechanical ventilation. American College of
Chest Physician’s Consensus Conference. Chest 1993;
104:1833-1859.

5. Anzueto A, Peters JI, Tobin MJ, et al: Effects of pro-
longed controlled mechanical ventilation on diaphrag-
matic function in healthy adult baboons. Crit Care Med
1997;25:1187-1190.

6. Mador MJ: Assist-control ventilation. In Principles and
Practice of Mechanical Ventilation. Tobin MJ, ed. New York:
McGraw-Hill, 1994:207.

7. NHBLI clinical trial stopped early: successful ventilator
strategy found for intensive care patients on life support.
NHBLI Press release, March 15, 1999.

8. Dreyfuss D, Soler P, Basset G, Saumon G: High inflation
pressure pulmonary edema: respective effects of high air-
way pressure, high tidal volume, and positive end-expira-
tory pressure. Am Rev Respir Dis 1988;137:1159-1164.

9. Hernandez LA, Coker PJ, May S, et al: Mechanical venti-

lation increases microvascular permeability in oleic

acid-injured lungs. J Appl Physiol 1990;69:2057-2061.

Hickling KG, Henderson SJ, Jackson R: Low mortality

associated with low volume pressure limited ventilation

with permissive hypercapnia in severe adult respiratory
distress syndrome. Intensive Care Med 1990;16:372—-377.

Tuxen DV: Permissive hypercapnia. In Principles and

Practice of Mechanical Ventilation. Tobin MJ, ed. New York:

McGraw-Hill, 1994:371-392.

Gurevitch MJ, Gelmont D: Importance of trigger sensi-

tivity to ventilator response delay in advanced chronic

obstructive pulmonary disease with respiratory failure.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

Crit Care Med 1989;17:354—-359.

Sassoon CS, Lodia R, Rheeman CH, et al: Inspiratory
muscle work of breathing during flow-by, demand-flow,
and continuous-flow systems in patients with chronic
obstructive pulmonary disease. Am Rev Respir Dis 1992;
145:1219-1222.

Lodato RF: Oxygen toxicity. Crit Care Clin 1990;6:
749-765.

Dantzker DR, Brook CJ, Dehart P, et al: Ventilation-
perfusion distributions in the adult respiratory distress
syndrome. Am Rev Respir Dis 1979;120:1039-1052.

Malo J, Ali J, Wood LD: How does positive end-expiratory
pressure reduce intrapulmonary shunt in canine pulmon-
ary edema? J Appl Physiol 1984,57:1002-1010.

Katz JA, Marks JD: Inspiratory work with and without
continuous positive airway pressure in patients with
acute respiratory failure. Anesthesiology 1985;63:598-607.
Amato MB, Barbas CS, Medeiros DM, et al: Effect of
protective-ventilation strategy in mortality in the acute
respiratory distress syndrome. N Engl J Med 1998;338:
347-354.

Rossi A, Ranieri MV: Positive end-expiratory pressure.
In Principles and Practice of Mechanical \entilation. Tobin
MJ, ed. New York: McGraw-Hill, 1994:259-303.

Smith TC, Marini JJ: Impact of PEEP on lung mechanics
and work of breathing in severe airflow obstruction.
J Appl Physiol 1988;65:1488-1499.

Marini JJ: Should PEEP be used in airflow obstruction?
Am Rev Respir Dis 1989;140:1-3.

Hinson JR, Marini JJ: Principles of mechanical ventilator
use in respiratory failure. Annu Rev Med 1992;43:341-361.
Tuxen DV: Detrimental effects of positive end-expiratory
pressure during controlled mechanical ventilation of
patients with severe airflow obstruction. Am Rev Respir Dis
1989;140:5-9.

Connors AF Jr, McCaffree Dr, Gray BA: Effect of inspira-
tory flow on gas exchange during mechanical ventila-
tion. Am Rev Respir Dis 1981;124:537-543.

Marini JJ, Capps JS, Culver BH: The inspiratory work of
breathing during assisted mechanical ventilation. Chest
1985;87:612-618.

Antonelli M, Conti G, Rocco M, et al: A comparison of
noninvasive positive-pressure ventilation and conven-
tional mechanical ventilation in patients with acute res-
piratory failure. N Engl J Med 1998;339:429-435.
Brochard L, Mancebo J, Wysocki M, et al: Noninvasive
ventilation for acute exacerbations of chronic obstruc-
tive pulmonary disease. N Engl J Med 1995;333:817-822.
Takasaki Y, Orr D, Popkin J, et al: Effect of nasal continu-
ous positive airway pressure on sleep apnea in conges-
tive heart failure. Am Rev Respir Dis 1989;140:1578-1584.
Pinto AC, Evangelista T, Carvalho M, et al: Respiratory
assistance with a noninvasive ventilator (Bipap) in
MNDZ/ALS patients: survival rates in a controlled trial.
J Neurol Sci 1995;129:19-26.

Hillberg RE, Johnson DC: Noninvasive ventilation.
N Engl J Med 1997;337:1746-1752.

Hospital Physician December 1999 35



Howman Mechanical

Ventilation

pp. 26-36

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Hudson LD: New therapies for ARDS. Chest 1995;
108(suppl 2):79S-91S.

Hewlett Am, Platt AS, Tery VG: Mandatory minute vol-
ume: a new concept in weaning from mechanical venti-
lation. Anagsthesia 1977;32:163-169.

Rappaport SH, Shpiner R, Yoshihara G, et al: Ran-
domized, prospective trial of pressure-limited versus vol-
ume-controlled ventilation in severe respiratory failure.
Crit Care Med 1994;22:22-32.

Carlon GC, Howland WS, Ray C, et al: High-frequency
jet ventilation: a prospective randomized evaluation.
Chest 1983;84:551-559.

Gluck E, Heard S, Patel C, et al: Use of ultrahigh fre-
quency ventilation in patients with ARDS: a preliminary
report. Chest 1993;103:1413-1420.

Froese AB, Bryan AC: High frequency ventilation. Am
Rev Respir Dis 1987;135:1363-1374.

Fort P, Farmer C, Westerman J, et al: High-frequency
oscillatory ventilation for adult respiratory distress syn-
drome: a pilot study. Crit Care Med 1997;25:937-947.
Shaffer TH, Wolfson MR, Clark LC Jr: Liquid ventila-
tion. Pediatr Pulmonol 1992;14:102-109.

Bartlett RH, Croce M, Hirschl R, et al: A phase Il ran-
domized, controlled trial of partial liquid ventilation
(PLV) in adult patients with acute hypoxemic respirato-
ry failure (AHRF). Crit Care Med 1997;25:A35.

Zapol WM, Snider MT, Hill JD, et al: Extracorporeal
membrane oxygenation in severe acute respiratory fail-
ure: a randomized prospective study. JAMA 1979;242:
2193-2196.

Morris AH, Wallace CJ, Menlove RL, et al: Randomized
clinical trial of pressure-controlled inverse ration ventila-
tion and extracorporeal CO, removal for adult respira-

42.

43.

44,

45.

46.

47.

48.

49.

50.

tory distress syndrome. Am J Respir Crit Care Med 1994,
149:295-305.

Petersen GW, Baier H: Incidence of pulmonary baro-
trauma in a medical ICU. Crit Care Med 1983;11:67—69.
Kollef MH: The prevention of ventilator-associated
pneumonia. N Engl ] Med 1999;340:627-634.

Cook D, Guyatt G, Marshall J, et al: A comparison of
sucralfate and ranitidine for the prevention of upper
gastrointestinal bleeding in patients requiring mechani-
cal ventilation. Canadian Critical Care Trials Group.
N Engl J Med 1998;338:791-797.

Jubran A, Tobin MJ: Respiratory mechanics and muscle
function during discontinuation of mechanical ventila-
tion. Am Rev Respir Dis 1993;147:A875.

Gammon RB, Strickland JH Jr, Kennedy JI Jr, Young KR
Jr: Mechanical ventilation: a review for the internist. Am
J Med 1995;99:553-562.

Yang KL, Tobin MJ: A prospective study of indexes pre-
dicting the outcome of trials of weaning from mechani-
cal ventilation. N Engl J Med 1991;324:1445-1450.
Esteban A, Alia I, Tobin MJ, et al: Effect of spontaneous
breathing trial duration on outcome of attempts to dis-
continue mechanical ventilation. Spanish Lung Failure
Collaborative Group. Am J Respir Crit Care Med 1999;159:
512-518.

Esteban A, Frutos F, Tobin MJ, et al: A comparison of
four methods of weaning patients from mechanical
ventilation. Spanish Lung Failure Collaborative Group.
N Engl J Med 1995;332:345-350.

Brochard L, Rauss A, Benito S, et al: Comparison of
three methods of gradual withdrawal from ventilatory
support during weaning from mechanical ventilation.
Am J Respir Crit Care Med 1994;150:896—-903.

Copyright 1999 by Turner White Communications Inc., Wayne, PA. All rights reserved.

36 Hospital Physician December 1999



