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ABSTRACT: Pulmonary hyperinflation is a major medical problem in patients
with advanced chronic obstructive pulmonary disease (COPD) or acute asthma.
The apparent beneficial effects of pulmonary hyperinflation on lung mechanics,
such as an increased airway patency and lung elastic recoil, are by far overwhelmed by the deleterious effects on the pressure generating capacity of the respiratory muscles. Moreover, the ventilatory workload can be remarkably increased:
1) by the displacement of the respiratory system toward the upper, flat portion of
the pressure-volume curve; 2) by the need to expand the chest wall and not only
the lungs; and 3) by the intrinsic positive end-expiratory pressure (PEEPi) systematically associated with dynamic hyperinflation.
In mechanically ventilated patients, the mechanisms underlying pulmonary
hyperinflation as well as its pathophysiological consequences do not differ from
those described in spontaneously breathing patients. However, there are some
specific issues that should be taken into account, namely the effect of the endotracheal tube and the mode and setting of the ventilator. In mechanically ventilated patients, pulmonary hyperinflation increases the risk of barotrauma and may
hamper weaning due to the excessive burden of PEEPi, which can even lead to
ineffective inspiratory efforts.
Because of its harmful consequences, pulmonary hyperinflation must be treated
aggressively by pharmacological therapy and, when needed, by ventilatory treatment. The setting of the ventilator must be predetermined to ensure the longest
possible time for expiration, and positive end-expiratory pressure can be applied
to prevent an excessive workload for the patient and ineffective inspiratory efforts.
Eur Respir J 1997; 10: 1663–1674.

In normal subjects, during tidal ventilation, the elastic
energy stored in the respiratory system during the preceding inspiration is sufficient for expiration. The functional residual capacity (FRC), which is the amount of
gas in the lungs and airways at the end of a spontaneous expiration, is determined by the opposing elastic
forces of the lungs and chest wall, thus corresponding
to the static equilibrium volume of the total respiratory
system (or "relaxation volume") (Vr) [1]. Pulmonary hyperinflation is defined as an increase in FRC above the
predicted value, even above the predicted total lung
capacity (TLC). Dynamic pulmonary hyperinflation is
defined as an increase in the end-expiratory lung volume (EELV) above Vr, due mainly to a discrepancy between the time needed to decompress the lungs to Vr
and the time actually available between two inspirations
(or mechanical lung inflations) [2].
Pulmonary hyperinflation is a common feature in patients with emphysema and advanced chronic obstructive
pulmonary disease (COPD) [3]. Dynamic pulmonary hyperinflation occurs during acute exacerbations of COPD
[3, 4], and in patients with acute asthma attacks [5]. In
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ventilator-dependent patients, dynamic pulmonary hyperinflation may be found not only in patients with airway
disease, such as asthma or COPD, but also in patients
with acute lung failure (ARF) or acute respiratory distress syndrome (ARDS) [6]. The mechanisms leading to
pulmonary hyperinflation in ventilator-dependent patients, and its possible pharmacological and physiological
treatment will be examined in this article.
Background
Pulmonary hyperinflation has different causes, such
as changes in the elastic and resistive properties of the
lungs and the chest wall or changes in the timing and
pattern of activation of respiratory muscles [3, 7], and
bears relevant clinical consequences.
Causes of pulmonary hyperinflation
Major causes of pulmonary hyperinflation are: 1) the
loss of lung elastic recoil; 2) abnormal airflow resistance; and 3) short expiratory time.

Previous articles in this series: No. 1: G.J. Gibson. Pulmonary hyperinflation a clinical overview. Eur Respir J 1996; 9: 2640–2649. No. 2:
E.W. Russi, U. Stammberger, W. Weder. Lung volume reduction surgery for emphysema. Eur Respir J 1997; 10: 208–218. No. 3: R. Pellegrino,
V. Brusasco. On the causes of lung hyperinflation during bronchoconstriction. Eur Respir J 1997; 10: 468–475. No. 4: A. de Troyer. Effect of
hyperinflation on the diaphragm. Eur Respir J 1997; 10: 708–713. No. 5: M. Decramer. Hyperinflation and respiratory muscle interaction. Eur
Respir J 1997; 10: 934–941.
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The loss of lung recoil displaces the pressure-volume
(P-V) relationship of the lung to the left, thus increasing Vr if the chest wall elastic recoil remains unchanged, as is often the case in COPD patients [8]. At high
lung volume, namely above 55% of vital capacity (VC)
[1], the chest wall recoils inward (rather than outward,
as occurs at normal FRC) such that pleural pressure
remains positive throughout tidal expiration. Due to the
loss of support determined by the destruction of the
alveolar walls [9], small airways may be dynamically
compressed during expiration by the positive pleural
pressure, and can close earlier than normal, thus increasing the amount of air that is trapped in the lungs at the
end of tidal expiration. This phenomenon is referred to as
"air-trapping" and contributes to the increase in FRC [3].
The loss of lung recoil reduces the driving pressure
for expiratory flow, which is also retarded by abnormal
airway resistance due to inflammatory changes in the
bronchial wall, mucus in the lumen, or smooth muscle
contraction [10]. The association of: 1) loss of driving
pressure; 2) dynamic compression of the small airways; and 3) reduced bronchial calibre can give rise to
expiratory flow limitation during tidal breathing, which
is a well-recognized condition in patients with advanced COPD [3, 4]. Under those circumstances, expiration cannot be completed within the time available, and
inspiration starts before the lungs are fully decomposed,
such that FRC stabilizes above Vr [11].
Expiratory flow may also be retarded by other mechanisms, such as increased post-inspiratory inspiratory muscle activity (PIIA) and narrowing of the glottis during
expiration [7, 8]. These events, associated with tachypnoea, represent a common mechanism to maintain FRC
in order to improve airway patency and ventilation distribution in infants [12].
Dynamic pulmonary hyperinflation may also be determined by modifications in the timing of respiration.
Indeed, a short expiratory duration (tE), determined by
an increased respiratory frequency (fR) or a long inspiratory time (tI) to total respiratory cycle duration (ttot)
ratio (tI/ttot), i.e. duty cycle, may prevent complete decompression of the lungs [2, 13]. The causes of pulmonary
hyperinflation are summarized in table 1.
Consequences of pulmonary hyperinflation
The pathophysiological effects of pulmonary hyperinflation are multiple and complex in nature. Although
some potentially beneficial consequences cannot be
ignored, the detrimental effects of pulmonary hyperinflation on lung and chest wall mechanics can totally
overwhelm the potential benefits. The increase in lung
volume may have a beneficial impact on lung mechanics by increasing airway patency. This, in turn, reduces
Table 1. – Causes of pulmonary hyperinflation
Loss of lung elastic recoil
Air-trapping
Expiratory flow limitation
Increased airflow resistance
Postinspiratory activity
Short expiratory time: increased fR, increased tI/ttot
fR: respiratory frequency; tI/ttot: inspiratory time to total respiratory cycle duration, i.e. duty cycle.

airway resistance and decreases the work of breathing,
improves the distribution of ventilation and allows an
increase in minute ventilation (V 'E) in patients who are
using maximal expiratory flow during breathing at rest
[14]. In addition, the displacement of tidal breathing
toward the upper flat portion of the total respiratory system P-V curve may increase the driving pressure for
expiration and, hence, improve the rate of lung emptying. However, this upward movement of lung volume
brings tidal breathing to the section of the P-V curve
where the chest wall recoils inward [1], thus increasing
the elastic work of breathing because not only are the
lungs in their less compliant portion but the chest wall
must also be expanded. In addition, the inward chest
wall recoil at high lung volume increases tidal expiratory flow limitation, as mentioned previously [15].
Pulmonary hyperinflation can profoundly alter the
capacity of the inspiratory muscles to generate pressure
both for length-tension reasons and geometric arrangement [16, 17], as has been examined by other articles
in this series.
An additional major consequence of dynamic pulmonary hyperinflation is the development of intrinsic
positive end-expiratory pressure (PEEPi), i.e. a positive
end-expiratory alveolar pressure due to incomplete expiration [18–20]. PEEPi has important implications for
the dynamics of breathing. Under normal circumstances, the ventilatory load on the respiratory muscles is
made up of three types of resistance to motion: 1) the
elastic resistance of lung and chest wall tissues when a
change of volume occurs; 2) the frictional resistance to
flow offered by the airways and the nonelastic deformation of tissue; and 3) the inertial forces, which depend
on the mass of tissue and gas and are usually small
enough to be neglected during tidal breathing [21, 22].
When there is no distortion of the respiratory system
from its configuration during relaxation, the dynamics
of breathing can be represented by a simple equation of
motion using a model in which a rigid pipe ends in a
compliant balloon [23]:
Pmus = Pel + Pres

(1)

where Pmus is the pressure applied to the respiratory
system by the contracting inspiratory muscles, and Pel
and Pres are the pressures required to overcome the opposing elastic forces and to generate flow in the tubes,
respectively. Assuming that the P-V relationship is linear in the tidal volume (VT) range and that the resistive
properties of the conducting airway are well described
by Röhrer's equation, the equation of motion becomes:
Pmus = (VT/Crs) + (K1V ' + K2V '2)

(2)

where Crs is the compliance of the respiratory system,
V ' is ventilatory flow, and K1 and K2 are constants.
This equation is valid, provided that inspiration starts
from Vr. If FRC is above Vr, as occurs during dynamic
pulmonary hyperinflation, and the end-expiratory alveolar pressure is positive because of PEEPi, the equation
becomes:
Pmus = PEEPi + (VT/Crs) + (K1V ' + K2V '2)

(3)

In fact, PEEPi, i.e. the end-expiratory Pel, represents
the inspiratory threshold load, which must be fully
counterbalanced by the contracting inspiratory muscles
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Pulmonary hyperinflation in patients with airflow obstruction
COPD. Several measurements have shown that a slight
degree of dynamic hyperinflation and PEEPi exist in
COPD patients under stable conditions [30–33]. In acute exacerbations of COPD [3, 34, 35], airflow resistance increases because of airway inflammation due, for
instance, to respiratory tract infections [35, 36]. This imposes a substantial resistive load on the respiratory muscles, and also further slows the rate of lung emptying,
conceivably by increasing the amount of dynamic pulmonary hyperinflation and PEEPi; on average, PEEPi
increases from a few cmH2O to higher values [37]. The
workload on the respiratory muscles increases due to
high flow resistance and high PEEPi [38, 39], and the
pressure generating capacity of the respiratory muscles
is remarkably challenged by the abrupt dynamic increase in lung volume [40] and by a reduction in blood
flow to the respiratory muscle [41]. The breathing pattern becomes rapid and shallow (fig. 1) as a result of
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before a negative pressure can be created in the central
airway to generate inspiratory flow. Clearly, the impact
of PEEPi on the energetics of breathing will depend on
its magnitude, which can be related to the amount of
dynamic hyperinflation. However, if the P-V curve is
nonlinear at a lung volume below the dynamic FRC
level, approaching Vr, PEEPi may be greater than the
value predicted on the basis of the dynamic increase in
lung volume. Another factor that has to be taken into
account is the expiratory muscle activity, which can
determine a positive end-expiratory alveolar pressure in
the absence of dynamic pulmonary hyperinflation or can
contribute to PEEPi [24]. It has been shown that the
expiratory muscles are active during expiration in patients with stable [25] and exacerbated COPD [26–28],
and that a variable portion of PEEPi may be due to
active expiration rather than to incomplete lung emptying. This issue will be reconsidered in the section dedicated to measurement.
Pulmonary hyperinflation also has important cardiovascular consequences, which have recently been reviewed [29]. Briefly, large changes in intrathoracic pressures
during the respiratory cycle profoundly affect venous
return, right cardiac function, and cardiac output in general. The heart and the large vessels are contained within a thoracic compartment that senses pleural pressure
as its surrounding pressure. Pleural pressure varies with
ventilation and ventilatory manoeuvres whereas pulmonary vascular resistance varies with changes in lung
volume. Thus, the heart is in an environment of ever
changing pressures and resistances, independent of any
measurable change in systemic arterial pressure. The
salient factors that determine heart-lung interactions are:
1) changes in intrathoracic pressure, which modulate
right atrial pressure and alter the pressure gradient for
venous return; 2) the common interventricular septum
and the pericardium, which directly affect the perceived biventricular diastolic compliance by the effect that
the end-diastolic pressure of one ventricle exerts on the
other; 3) changes in lung volume, which directly affect
resistance to pulmonary blood flow and alter systolic
pulmonary arterial pressure; and 4) changes in the intrathoracic pressure, which alter transmural aortic pressure and affect left ventricular systolic pressure load.
Under all conditions, hyperinflation impairs right ventricular (RV) ejection, and often decreases cardiac output, both by impeding RV ejection and by decreasing
systemic venous return. The major mechanical consequences of pulmonary hyperinflation are summarized in
table 2.
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Table 2. – Consequences of dynamic hyperinflation
Changes in lung mechanics
Improved airway patency
Increased lung recoil
Increased elastic work of breathing
Inspiratory threshold load (PEEPi)
Decreased venous return and cardiac output
Decreased respiratory muscle pressure generating capacity
Decreased operational length
Impaired geometric arrangement
PEEPi: intrinsic positive end-expiratory pressure.
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Fig. 1. – a) ventilatory flow; b) volume, and c) oesophageal pressure (Poes), in an intubated, spontaneously breathing patient with
acute exacerbation of chronic obstructive pulmonary disease (COPD).
The expiratory flow is abruptly stopped at end-expiration, whilst Poes
swing (namely the inspiratory effort) has already begun. The difference between the point corresponding to the onset of the change in
Poes and the point of zero flow on the Poes tracing, represents dynamic positive end-expiratory pressure (PEEPi,dyn), which has to be
counterbalanced by the contracting inspiratory muscles in order to
start inspiration. In this patient, the inspiratory muscles have to develop a pressure of 7.3 cmH2O before the inspiratory flow can start.
Tidal volume (VT) was 0.3 L, respiratory frequency (fR) was 35
breaths·min-1, and minute ventilation (V 'E) was 10.5 L·min-1.
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(where Pa,CO2 is arterial carbon dioxide tension, V 'CO2
is carbon dioxide elimination, and VD/VT is physiological dead space/tidal volume ratio) the rapid shallow breathing is a very poor compensatory mechanism, since the
low VT, in patients with an abnormal VD, can lead to
progressive hypercapnia. This would require mechanical ventilation to support alveolar ventilation, to unload
the respiratory muscles, and to prevent excessive deterioration in arterial blood gas tensions and pH [42].
Asthma. An increase in lung volumes is usually observed during an acute attack of asthma [43, 44]. The residual volume (RV) can increase because of gas-trapping
due to premature airway closure [45], while Vr has been
found to increase significantly because of changes in
the position of the P-V curve of the lung [46]. The increase in FRC is also due to the sudden and marked
increase in airflow resistance, due to intense airway
smooth muscle contraction, mucous plugging in the
bronchial lumen, and inflammatory infiltration of the
bronchial wall [47, 48]. Studies during induced bronchoconstriction have suggested that increased postinspiratory activity of the inspiratory intercostal muscles
(PIIA) could also play a role in the determination of
pulmonary hyperinflation in asthma [49]. Pulmonary
vascular resistance and, therefore, right ventricular afterload are increased because of hyperinflation, increased
transmural pressure, and reflex vasoconstriction secondary to alveolar hypoxia and acidosis.
Pulmonary hyperinflation and
mechanical ventilation
In mechanically ventilated patients, the mechanisms
leading to pulmonary hyperinflation do not differ substantially from those described in spontaneously breathing
patients, namely the loss of elastic recoil, an increased
airflow resistance and a short expiratory time. However,
there are some specific issues which should be taken
into account, namely, the effect of the endotracheal tube
and the mode and setting of the ventilator.
Effect of the endotracheal tube. Mechanical ventilation is
usually delivered through an endotracheal tube, bypassing the compliant region of the upper airway. The
endotracheal tube is stiff, such that the total elastic opposing forces to lung expansion are not basically affected.
In contrast, the endotracheal tubes provide a substantial
flow resistance, which increases with increasing flow,
as illustrated in figure 2. An additional resistance is provided by ventilator tubings, circuits, and devices, such
as the positive end-expiratory pressure (PEEP) valve [50].
Therefore, the pressure necessary to overcome total
flow resistance is substantially greater in intubated mechanically ventilated patients than in patients breathing
spontaneously through an intact upper airway. Clearly,
the additional flow resistance provided by narrow bore

Mode and setting of the ventilator. The magnitude of
dynamic hyperinflation and PEEPi may depend heavily
on the ventilator setting, namely VT, fR and inspiratory to
expiratory time ratio (I:E). For instance, a large VT requires a long tE, which may not be compatible with the
targeted arterial blood gas tensions, and expiration remains incomplete, being stopped by the next mechanical
inflation before full decompression of the lung (fig. 3).
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sizes. Also indicated are the results obtained by fitting measurements
to a power function of the form Pres = aV 'b, where a and b are constants.
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endotracheal tubes and ventilator circuits, together with
the patient's airway resistance, contributes significantly
to slow lung emptying [50, 51]. For instance, dynamic
pulmonary hyperinflation and PEEPi may occur not
only in patients with asthma and exacerbated COPD,
but also in ventilator-dependent patients without airway
diseases, and even in patients with acute respiratory distress syndrome (ARDS), despite the fact that in these
patients the low compliance provides a high driving pressure for expiration [7, 52].
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stimulation of the irritant receptors and of the mechanical constraint due to the nonlinearity of the respiratory
system P-V curve at high lung volume. Moreover, the
respiratory muscles are operating at less than optimal
length [34, 35]. However, in view of the relationship:
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Fig. 3. – Tracings of ventilatory flow, volume and pressure at the
airway opening (Pao) in a mechanically ventilated patient with chronic
obstructive pulmonary disease (COPD), at a positive end-expiratory
pressure (PEEP) of 5.5 cmH2O. In this patient, expiratory flow continues throughout expiration, and the end-expiratory pause is replaced by a sudden reverse of flow from expiration to inspiration. Note
also that inspiratory flow starts only after a pressure change of +4.5
cmH2O has been applied by the ventilator, as indicated by the vertical dashed line. This pressure is required to overcome the end-expiratory elastic recoil and is termed dynamic intrinsic positive end-expiratory
pressure (PEEPi,dyn). ∆Pel,rs: change in elastic recoil pressure of the
respiratory system; Insp: inspiration.

LUNG HYPERINFLATION AND VENTILATOR DEPENDENCE

Flow L·s-1

a) 1

0

-1
b)
Volume L

0.4

0

Pao cmH2O

c) 10

0

Poes cmH2O

d) 5

0

1667

mic blood pressure and oxygen transport [18, 29]. Furthermore, the dynamic hyperinflation associated with large
VT may unduly raise the end-inflation
pressure, enhancing the risk of alveolar distension and disruption (barotrauma), particularly in patients with
acute exacerbation of COPD [53] or
asthma [54, 55].
A special mode of controlled ventilation is the mechanical ventilation
with inverse ratio (IRV), i.e. a longer
than usual tI and low V 'I, followed by
a short tE. It has been claimed that
IRV can improve oxygenation in patients with severe hypoxaemia refractory to conventional ventilation and
PEEP, by producing a lower peak cycling pressure (Ppeak) and using less
PEEP than during conventional mechanical ventilation. Although it has not
been taken into adequate account for
long [56], the short tE of the IRV setting is of necessity associated with a
dynamic increase in the EELV and
PEEPi. The presence of PEEPi and the
related rise in mean airway pressure
can explain the observed improvements
in arterial oxygen tension (Pa,O2) as
well as the drop in cardiac output
[57]. Because some level of PEEPi
already exists, less PEEP is required to
raise the Pa,O2 as compared to CMV
[58]. It has been suggested that there
is a lower risk of barotrauma using
IRV, but this has not yet been proved. Furthermore, recent studies [27]
have questioned the benefits of IRV
on oxygenation.
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tilation (ACV), synchronized interFig. 4. – Records of: a) ventilatory flow; b) volume; c) pressure at the airway opening (Pao); mittent mandatory ventilation (SIMV),
and d) oesophageal pressure (Poes) in a ventilator-dependent patient during pressure support. and pressure support ventilation (PSV),
The third inspiratory effort (arrow), as indicated by the negative swing in Poes, was not able
to trigger the pressure boost. The ineffective efforts can be detected by the deflection on the PEEPi influences the dynamics of breathing. In general, the pressure thresflow and volume record and by the small decrease in Pao.
hold to trigger the mechanical breath
In some patients with severe airway disease, even a long
is set at -1 to -2 cmH2O, requiring only a small effort
tE, approaching 30 s, may not be sufficient to complete
by the patient. If PEEPi is present and acts as an inspiexpiration [52]. A high fR reduces the time available for
ratory threshold load, it adds to the triggering pressure,
exhalation and favours dynamic hyperinflation. Likesuch that the total amount of effort needed for the
wise, a long tI with a low inspiratory flow (V 'I) also
patient to trigger the ventilator is made up of the small
shortens tE and may cause a dynamic increase in EELV
triggering pressure plus PEEPi. Clearly, high levels of
and PEEPi [7].
PEEPi severely increase the magnitude of the total
Involvement of dynamic hyperinflation and PEEPi may
inspiratory effort needed for the patient to trigger the
depend on the mode of mechanical ventilation.
ventilator. In some instances, the negative pressure in
the pleural swing generated by the contracting inspiratory muscles may even be smaller than PEEPi, and
Controlled mechanical ventilation (CMV). During
hence insufficient to trigger the ventilator, making the
CMV, the pressure to inflate the lungs is provided by
inspiratory effort ineffective [59] (fig. 4). Under those
the ventilator, such that PEEPi has no impact on the
circumstances, i.e. great inspiratory effort to trigger the
energetics of breathing. However, high levels of PEEPi
ventilator and ineffective efforts, mechanical ventilation
impair cardiac filling and reduce cardiac output, syste-
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may fail to achieve one of its major goals, namely to
rest the patient's inspiratory muscles, which continue to
contract under load. Discontinuation of mechanical
support becomes difficult and the weaning procedure
may be hampered [59, 60].
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Measurement of dynamic hyperinflation and PEEPi in
ventilator-dependent patients
Dynamic pulmonary hyperinflation and PEEPi must
first be suspected, even if not quantified, from the shape
of the end-expiratory flow, i.e. the lack of an end-expiratory pause in the flow-time record (fig. 5), and the
presence of end-expiratory flow in the flow-volume curve
(fig. 6).
The magnitude of dynamic pulmonary hyperinflation
and PEEPi can easily be measured in ventilator-dependent
patients during a complete relaxed expiration, as illustrated in figure 7, and by means of end-expiratory occlusion, as illustrated in figure 5. Some values of change
in functional residual capacity (∆FRC) and of PEEPi in
ventilator-dependent patients are reported in table 3.
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Fig. 6. – Relaxed expiratory volume-flow curves in a mechanically
ventilated patient with acute exacerbation of chronic obstructive pulmonary disease (COPD) during controlled ventilation. ——: tidal
expiration; - - - - : an attempt at complete expiration to the relaxation
volume, which, however, was not achieved. At the end of the tidal
expiration, flow is suddenly stopped by the next mechanical lung
inflation, indicating dynamic pulmonary hyperinflation. The volume
axis (extrapolated to zero) was transformed into a pressure axis (right
ordinate) by dividing volume (V) by respiratory compliance according to the formula: Pel,rs = V/Crs, where Pel,rs is the elastic recoil
pressure of the respiratory system, and Crs is the respiratory compliance calculated by the interrupter technique. Dynamic hyperinflation,
i.e. the difference between the relaxed volume and the tidal expired
volume, amounted to >1.5L with a corresponding intrinsic positive
end-expiratory pressure (PEEPi) amounting to >12 cmH2O.
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Fig. 5. – Representative record with measurement of intrinsic positive end-expiratory pressure (PEEPi) by end-expiratory airway occlusion (EEO) in a mechanically ventilated patient with acute exacerbation
of chronic obstructive pulmonary disease (COPD) during controlled
ventilation with constant inspiratory flow. Records of: a) ventilatory
flow; b) volume; and c) pressure at the airway opening (Pao). Inspiration
is upward. The horizontal line in the upper panel indicates zero flow.
The first mechanical inflation is regular, namely without EEO: endexpiratory pressure is apparently atmospheric. In contrast, at the end
of the second tidal expiration, the expiratory circuit of the 900 C
Siemens ventilator is occluded, using the end-expiratory hold button
of the ventilator, and Pao becomes positive, reflecting the end-expiratory elastic recoil of the respiratory system due to incomplete expiration. The value of PEEPi is provided by the difference between the
EEO Pao plateau and atmospheric pressure. Visual detection of the
plateau on Pao provides direct evidence of absence of leaks in the
circuits, respiratory muscle relaxation, and equilibration between
alveolar and tracheal pressure. Insp: inspiration.
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Fig. 7. – Volume-time relationship with a complete relaxed expiration following a brief end-inspiratory occlusion in a ventilator-dependent patient. EILV: end-inspiratory lung volume; VT: tidal volume;
EELV: end-expiratory lung volume; ∆FRC: difference in volume from
EELV to the relaxed functional residual capacity (FRC), or relaxation
volume (Vr).

LUNG HYPERINFLATION AND VENTILATOR DEPENDENCE

Table 3. – Values of intrinsic positive end-expiratory
pressure (PEEPi), measured as illustrated in figure 7,
and of change in functional residual capacity (∆FRC),
measured as illustrated in figure 5, in ventilator-dependent patients with COPD or asthma
[Ref.]

PEEPi cmH2O

∆FRC L

[7]
[40]
[52]
[61]
[62]
[63]
[64]
[65]

11.5±3.1
12.0±0.4
13.6±6.7
5.1±0.3
4.6±0.9
7.3±2.2
9.8±0.5
5.7±0.9

0.53±0.26
0.93±0.07
0.66±0.02
0.42±0.18
0.60±0.46
0.91±0.99
0.34±0.06

It has to be considered that values of PEEPi and ∆FRC are
dependent not only on patients' respiratory mechanics but also
on the ventilator setting, i.e. VT, tE, etc. COPD: chronic
obstructive pulmonary disease, VT: tidal volume; tE: expiratory time.

Pdi
Pga
Poes
cmH2O cmH2O cmH2O

V'
L·s-1

These measurements are more complicated in actively breathing subjects, for instance during assisted ventilation and weaning from mechanical ventilation. In fact,
neither a complete relaxed expiration to Vr nor a plateau during the end-expiratory occlusion can be easily
obtained in these subjects, and measurement of PEEPi
may require the use of an oesophageal balloon to estimate changes in Ppl [20]. In this condition, dynamic
intrinsic PEEP (PEEPi,dyn) is measured from the decrease in Ppl preceding the onset of inspiratory flow,
because PEEPi is offset first (fig. 1). However, if the
expiratory muscles are contracting during expiration,
the fall in Ppl preceding inspiration may be due to the
0.5
0
0.5
0

a b

a b

Insp

Exp
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relaxation of the expiratory muscles rather than to contraction of the inspiratory muscles [24–27]. Nevertheless, it has been suggested that, in this condition, PEEPi
can be measured by subtracting the decrease in gastric
pressure (Pga) from the decrease in Ppl from the onset
of the inspiratory effort (indicated by the onset of the
transdiaphragmatic pressure swing) to the point of zero
flow (fig. 8) [26]. Other authors suggested subtracting
the complete fall in Pga [27].
This issue is still a matter of debate. In addition, it
should be remembered that during measurement of PEEPi
the diaphragmatic force of contraction can increase Pga
whilst the concomitant relaxation of the expiratory muscles decreases Pga, such that the relative magnitude of
these two separate events remains unpredictable. Furthermore, expiratory rib cage muscles can be active and
also affect oesophageal pressure (Poes). Therefore, after
correction for Pga, the measurement of PEEPi,dyn from
the decrease in Poes preceding inspiration may not be
fully satisfactory [28]. It is our opinion that the endexpiratory occlusion method of obtaining a plateau of
airway pressure, and hence measuring PEEPi as the static end-expiratory recoil pressure, should also be used
during ACV, SIMV and PSV.
Treatment
Clearly, the anatomical changes determining pulmonary hyperinflation, such as the loss of lung elastic recoil and small airways compression due to destruction
of pulmonary tissue, are to a large extent irreversible.
In contrast, some mechanisms underlying dynamic pulmonary hyperinflation, such as abnormal flow resistance and short expiratory duration, may be modified
with pharmacological treatment or by changing the ventilator settings.
Pharmacological treatment

-20
10
5
20
0
1s

Fig. 8. – Experimental record illustrating the measurement of dynamic
intrinsic positive end-expiratory pressure (PEEPi,dyn) from simultaneous recording of ventilatory flow and oesophageal pressure during
spontaneous breathing in a representative patient showing evidence
of expiratory muscle activity during an acute exacerbation of chronic obstructive pulmonary disease (COPD). Tracings represent: ventilatory flow (V '); oesophageal pressure (Poes); gastric pressure (Pga);
and transdiaphragmatic pressure (Pdi). The first vertical line (a) indicates the point corresponding to the onset of the inspiratory effort
(Pdi swing). The second vertical line (b) indicates the point corresponding to the start of inspiratory flow. The dotted horizontal line
represents zero flow. Insp: inspiratory flow; Exp: expiratory flow.
Tidal volume was 0.33 L. Note that Pga increased throughout most
of the expiration. By contrast, Pga became less positive from the onset
of the inspiratory effort, indicated by the start of positive Pdi swing
to the start of inspiratory flow. In this case PEEPi,dyn was measured
as the negative Poes deflection between the point corresponding to
the onset of Pdi swing and the point of zero flow subtracted by the
amount of Pga negative deflection observed in that interval. (From
[26], with permission).

Bronchodilators. Bronchodilators are the most important
medical therapy of pulmonary hyperinflation, because reduction of airflow resistance through bronchial smooth
muscle relaxation improves the rate of lung emptying,
thereby diminishing dynamic hyperinflation and PEEPi.
As illustrated in figure 9, adrenaline i.v. produced a
marked bronchodilatation associated with a decrease of
PEEPi in a ventilator-dependent patient with acute severe asthma [66].
Beta2-agonists are the bronchodilators of choice. Many
studies [67–69] have shown that β2-agonists cause a significant bronchodilatation in mechanically ventilated
patients with COPD, and, hence, a reduction of pulmonary hyperinflation (fig. 10). However, some questions
remain open regarding the optimal delivery of inhaled
β2-agonists in the critical care setting [69]. Recent data
suggest that, in nonintubated asthmatic patients, metereddose inhalers (MDIs) combined with a spacing device
are just as effective as nebulizers, and are quicker and
cheaper to use [70]. In mechanically ventilated patients,
there is a consensus that, whether MDIs or nebulizers
are used, higher drug dosages are required to achieve a
physiological effect than in nonintubated patients [70].
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There are no strong conclusions about the use of theophylline in acute asthma. Some authors have demonstrated that the addition of theophylline to β2-agonists in
the first hours of treatment does not confer additional
benefit, whilst there is an increase of side-effects [76].
In mechanically ventilated patients with COPD, POGGI
et al. [76] have shown that doxophylline, a newer methylxanthine, can produce significant bronchodilatation.
After an initial enthusiasm, the ability of theophylline
to enhance respiratory muscle function and to improve
the weaning process has not been conclusively demonstrated [77].

∆V L
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Fig. 9. – Static pressure-volume (P-V) curves in a mechanically
ventilated patient with acute severe asthma. Experimental points were
obtained by the interrupter technique. — —: interrupter measurements at baseline; — —: interrupter measurements after 0.1 mg adrenaline. The relaxant effect of adrenaline on bronchial smooth muscle
decreased both the amount of dynamic pulmonary hyperinflation and
PEEPi, without changes in the slope of the P-V curve, i.e. respiratory compliance. Although patients were allowed 30 s for breathing
out, expiration was still not completed because of the extreme flow
resistance and possibly expiratory flow limitation. Pao: pressure at
airway opening; PEEPi: intrinsic positive end-expiratory pressure;
∆V: difference in volume.
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Corticosteroids. The benefits of steroids in the treatment
of asthma are well known [73]. Some authors suggest
that steroids given in the emergency room significantly reduce the rate of admissions and the number of future
relapses in patients with acute asthma [70]. In COPD
patients with acute exacerbation, a course of oral steroids [78] may be needed but the risks of side-effects,
in particular steroid-induced myopathy [79], must be
taken into account, especially in older patients [80]. However, in mechanically ventilated COPD patients, NAVA
et al. [81] showed that a bolus of methylprednisolone
given intravenously acutely decreased the respiratory
resistance and PEEPi, and concluded that this drug may
be used in combination with standard bronchodilators,
or even alone, to improve bronchial patency.
Heliox. Heliox is a mixture of the gases helium and oxygen, with a density less than that of air. Breathing of
heliox decreases airflow resistance in bronchi where
flow is turbulent. Heliox has been used to reduce flow
resistance in mechanically ventilated patients with acute
bronchial asthma [70]. Furthermore, inhalational anaesthesia decreased flow resistance and hyperinflation in
ventilator-dependent asthmatics [82].

0
Control Saline 0.4 0.8 1.2
Dose# mg

60 120 180
Time† min

Fig. 10. – Effect of fenoterol on end-expiratory lung volume
(EELV), in mechanically ventilated patients with acute exacerbation
of chronic airflow obstruction. Values are presented as mean and SEM
(n=7). *: analysis of variance (ANOVA) was significant (p<0.05),
when all values were compared to control using the Wilcoxon's test
for paired data. #: cumulative dose of fenoterol aerosol; †: time since
last dose of fenoterol. At the time of the study, the patients were
receiving continuous amynophylline.

A recent study [69] has shown that, if a proper technique of delivery is used to avoid aerosol deposition in
the endotracheal tube and ventilator circuit, MDI is an
effective, convenient and safe method even with low
doses (four puffs) of a sympathomimetic aerosol [71,
72]. BERNASCONI et al. [68] suggested that frequent administration of smaller doses of β2-agonists might be
preferable to occasional administration of larger doses.
Anticholinergics usually produce less bronchodilation
than β2-agonists in patients with acute asthma [73], but
may be more effective in patients with COPD. Their use
is recommended in COPD patients suffering from daily
symptoms [73, 74]. In ventilator-dependent patients, the
combination of a β2-agonist with an anticholinergic was
more effective than an anticholinergic alone to decrease
airflow resistance [75].

Ventilator setting
In ventilator-dependent patients with airway diseases,
the ventilatory pattern should be set so as to provide the
longest expiratory phase compatible with the patient's
comfort and adequate gas exchange. This can be achieved during controlled ventilation by decreasing fR and
tI or increasing V 'I. At any given level of V 'E, a rise in
V 'I will reduce tI and increase tE, reducing the tI/ttot
or the I:E ratio [37]. Traditionally, this approach has
been discouraged, to prevent excessive increase in Ppeak
and to reduce the risk of barotrauma. However, Ppeak
is a poor indication of the risk of barotrauma, since it
includes the resistive pressure dissipation in the endotracheal tube. A better approximation of alveolar pressure may be obtained from the value of the plateau
pressure during the end-inspiratory occlusion [83]. In this
connection, it should be mentioned that 5 s of airway
occlusion are needed to reach the plateau of airway
pressure, and, hence, to measure the static recoil pressure of the respiratory system at the occluded lung volume [83].
Controlled hypoventilation in asthma. The traditional
view that a Pa,CO2 higher than 6.0 kPa (45 mmHg) is an
adverse event in mechanically ventilated patients with
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PEEP and continuous positive airway pressure (CPAP).
In mechanically ventilated patients with severe pulmonary hyperinflation, low levels of PEEP and CPAP have
been applied to unload the respiratory muscles during
assisted mechanical ventilation and weaning, respectively [15, 56, 87]. In fact, PEEP and CPAP counterbalance
PEEPi and reduce the level of inspiratory effort needed either to trigger the mechanical breath or to sustain
spontaneous ventilation. A recent study by APPENDINI et
al. [26] has shown that low levels of PEEP significantly
unload the inspiratory muscles during noninvasive mechanical ventilation and in tracheostomized ventilatordependent COPD at any given level of PSV. However,
neither PEEP nor CPAP treat pulmonary hyperinflation,
and levels higher than 5–7 cmH2O must be used with
caution in order not to cause a further increase in lung
volume. Furthermore, it should be taken into account
that application of PEEP and CPAP does not increase
lung volumes only in patients with expiratory flow limitation. This makes the assessment of expiratory flow
limitation mandatory before PEEP and CPAP are applied.
As shown by figure 11, the presence of expiratory
flow limitation can be assessed by means of the negative expiratory pressure (NEP) technique recently developed by MILIC-EMILI and co-workers [88–90]. Briefly,
a small NEP of about -5 cmH2O can be applied at the
airway opening during tidal expiration, such that the
ensuing expiratory flow-volume curve is compared with
the previous control expiration. As illustrated in figure
11, expiratory flow increases with NEP in the absence
of expiratory flow limitation, whereas in patients with
expiratory flow limitation, expiratory flow does not increase with NEP, either throughout the tidal expiration

a)
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-0.25
-0.50
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-0.50

-0.75

-0.50

-0.75

Flow L·s-1
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0.50
Volume L

asthma has been challenged by the work of PERRET and
co-workers [84–86], who used "controlled hypoventilation" to improve the clinical outcome in patients with
status asthmaticus. The use of lower than traditional inflation volume resulted in a dramatic drop in ventilator-induced barotrauma. Indeed, the lower VT decreases
the end-inflation pressure and PEEPi by reducing the
amount of air to be exhaled. However, the reduction in
V 'E and VT decreases alveolar ventilation and, hence,
determines a rise in Pa,CO2, which has been called "permissive hypercapnia" [86].
The volume measured during a complete, or almost
complete, relaxed expiration starting from end-inspiration has been termed VEI and includes both VT and the
volume exhaled from the tidal end-expiration to Vr (VEE)
(figs. 3 and 4). WILLIAMS et al. [54] suggested that measurement of VEI could provide a useful guideline to prevent excessive pulmonary hyperinflation, resulting in a
better clinical outcome. A value of VEI <20 mL·kg-1 was
indicated as sufficiently safe to prevent incidence of
barotrauma. Clearly, in the management of the individual patient, risks related to pulmonary hyperinflation
on the one hand and to permissive hypercapnia on the
other must be carefully evaluated. For example, purposeful hypoventilation is a strategy best avoided in
patients with raised intracranial pressure and in patients
with severely depressed myocardial function. It has
been suggested that Pa,CO2 should not exceed 12.0 kPa
(90 mmHg) [86], and that a pH <7.20 should be treated with sodium bicarbonate [70].

0.25
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-0.25
-0.50
0

-0.25
Flow
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Fig. 11. – Effects of a negative expiratory pressure (NEP) on expiratory flow-volume curves: a) in a patient without flow limitation;
and b) in a patient with flow limitation. In the latter, NEP does not
increase flow in the second half of the expiration.

or for part of it, although a transient change may appear
due to displacement of gas from the expiratory line for
rapid decompression.
Summary
Pulmonary hyperinflation is a major medical problem,
particularly in ventilator-dependent patients with exacerbated COPD or acute asthma. Apparent beneficial
effects on lung mechanics, such as an increased airway
patency and elastic recoil, are overwhelmed by the deleterious effects on the pressure generating capacity of
respiratory muscles. Moreover, the ventilatory workload can be remarkably increased by the displacement
of the respiratory system toward the upper, flat portion
of the P-V curve, by the need to expand the chest wall
and not only the lungs, and by the PEEPi systematically associated with dynamic hyperinflation.
Pulmonary hyperinflation increases the risk of barotrauma and may hamper weaning due to the excessive
burden of PEEPi which can even lead to ineffective inspiratory efforts. Because of its harmful consequences,
the causes of pulmonary hyperinflation must be treated
aggressively with bronchodilators and steroids whenever needed. In spontaneously breathing patients, the
shallow and rapid breathing pattern may be controlled,
in some instances, by reducing the patient's pain, fever
and anxiety. In ventilator-dependent patients, the setting
of the ventilator must be predetermined to ensure the
longest possible time for expiration, and positive end-
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expiratory pressure can be applied to prevent an excessive workload for the patient and ineffective inspiratory efforts.
17.
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