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Preface 

The close correlations between anatomo-functional data and clinical aspects are 
substantiated by the study and interpretation of the data of respiratory mechan
ics. This field has developed to such an extent that, today, it is hard to single out 
one researcher who is an expert of the whole sector, whereas super experts can be 
found among scholars who, thanks to their studies and continuous comparisons, 
have contributed to the widening of knowledge and the development of that part 
of research which correlates some basic disciplines with clinical medicine. 

This notion is of paramount importance. Indeed, it has to be regarded as a 
starting point requiring a more precise definition. The analysis of data concern
ing ventilation parameters is based on the use of mathematical models that are 
necessary to simplify the complexity of the various clinical situations. For a cor
rect application and interpretation of data, the most recent technological acquisi
tions in terms of ventilatory support require to be used as a function of simple 
mathematical models for the study, control and evolution of the lung diseases 
that concern the ICU. 

Thus, the need has arisen to compare the experience acquired in the field of 
applied physiology and in the clinical sector. 

In particular, in intensive care, the use of sophisticated respiratory function 
monitoring and support equipment stresses the need to analyse in depth various 
aspects of respiratory physiology: the machanisms of ventilation setting muscu
lar fatigue, the static and dynamic properties of the respiratory system, respirato
ry work, gas exchange and pulmonary perfusion. Advanced research in the fields 
of the techniques supplying partial support to ventilation and applied pharma
cology considerably benefits from a better understanding of the factors and 
mechanisms regulating the respiratory function. 

It is therefore fundamental to stress the importance for ICU physicians to 
plan a clinical approach increasingly oriented towards a customized ventilatory 
support, adequately relying on applied research. 

Antonino Gullo 
Joseph Milic-Emili 
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Chapter 1 

Control of breathing: neural drive 

C. STRAUS, I. ARNULF, T. SIMILOWSKY, J .-PH. DERENNE 

Introduction 

Breathing is a complex behaviour, governed by control systems hierarchically 
arranged to regulate ventilation. Their aim is to respond optimally to the prevail
ing metabolic needs and to various demands on the respiratory apparatus. Two 
aspects can grossly be identified. On the one hand, there is an automatic control 
system permanently aimed at maintaining the arterial pH, 0 2 and C02 pressures 
(Pa02, PaC02) within the normal range. This regulation is remarkably precise 
and can cope with major and rapid variations in metabolic needs or oxygen con
sumption. On the other hand, various systems can disrupt the automatic regula
tion in order to use the respiratory system in non respiratory tasks: speech is the 
main one in humans, but also include activities such as singing, swallowing, 
sucking, sniffing, sneezing, hiccough, vomiting, coughing, yawning, defaecating, 
straining and posture control. 

Schematic description of the system 

Three players contribute to the system which controls ventilation (Fig. I): 
- receptors (chemosensitive, barosensitive, stretch sensitive) collect various signals 

and transduce them as afferent parts of reflexes to the central controller; 
- the central controller integrates these signals and generates neural drive; it is 

modulated by supra-pontine influences such as the degree of wakefulness, 
emotions and also voluntary commands of cortical origin; 

- muscular effectors (e.g. upper airway dilatators, the diaphragm, intercostal and 
abdominal muscles etc.) receive this neural drive and produce forces. Applied 
to the passive respiratory system (lung, bronchial tree, chest wall) these forces 
are transformed into pressures finally dragging gas from the atmosphere to the 
alveoli where gas exchange between air and blood can occur. 

Central controller 

The central controller [ 1] is located in the brainstem and can be conceived to be 
of two main parts (Fig. 2}, the first gating the activity of the second: 
- a central pattern generator which can essentially be viewed as a timer that 

paces the rhythm, provided it receives some excitatory input from (chemo) 
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Cortex 

CENTRAL CONTROL 
(brainstem) 

RECEPTORS 
(chemo-, stretch, baro-, ... ) 

Fig.l. The control systems of breathing 

·------ EFFECTORS (Muscles of 
the pump and UAW) 

receptors and suprapontine influences. It is formed of parallel, self-sustaining 
oscillating networks organized as a set of coupled oscillators, widespread in the 
medulla, probably to secure continuous operation under all conditions; 

- neuronal networks that shape the inspiratory bursts producing ramp-like 
activity for bulbo-spinal neurons and square wave pattern for upper airway 
motorneurons. Expiratory (E) and inspiratory (I) related neurons receive reci
procal inhibition and are located mainly in the dorso-medial and ventro-lateral 
parts of the medulla oblongata. The dorso-medial group contains the nucleus 
of Tractus Solitarius (NTS) and seems involved in the control of timing. The 
ventro-lateral group includes the nucleus Retroambigualis, the nucleus 
Paraambigualis and the nucleus Retrofacialis and appears to be more strongly 
involved in the control of inspiratory amplitude. 

The neural drive generated by these networks consists of 3 phases : inspirato
ry phase, expiratory phase I and expiratory phase II. 

The inspiratory motor activity has a sudden onset followed by a ramp
shaped increase in discharge rate, progressing until it is switched off. This activi
ty is the result of three types of neuronal activity: 
- early burst inspiratory neurons; 
- inspiratory ramp neurons; 
-late onset ("switch-off") neurons. 
During expiratory phase I, which immediately follows switch off of inspiratory 
activity, a post-inspiratory inhibiting activity counteracts the initially strong 
elastic recoil of the chest and slows down the rate of exhalation in the first part 
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Supropontine influences 

+ 

Chemoreceptors I 
influences ~~ 

o :o 
phrenic 
nerve 

14 4 
Fig. 2. Central control of breathing 

of expiration. This activity is directly influenced by the degree of lung inflation. 
During expiratory phase II the inspiratory muscles are inactive allowing pas

sive expiration. Expiratory muscles, such as abdominal muscles and internal 
intercostals, are recruited only in cases of increased ventilatory drive by the acti
vation of two types of neurons: 
- early whole expiratory neurons; 
- expiratory ramp neurons. 

The upper airway dilator muscles are generally activated significantly earlier 
than the pump muscle in order to allow the airways to be dilated before any neg
ative intrathoracic pressure is created. This illustrates the complexity of the sys
tem and the refined precision of its operating mode. 

Receptors and reflexes 

The receptor and reflexes of the control systems of breathing are described in 
Table 1. 
1. The slow adaptative receptors are stretchreceptors located in airways in con
tact with smooth muscles. They are sensitive to pulmonary inflation: the bursts 
are transmitted through the myelinic large vagal fibers and are responsible for a 
reduction of respiratory frequency, via a reduction of expiration time. This phe
nomenon, now described as the Hering-Breuer reflex, plays a major role in some 
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Table 1. Receptors and reflex of the control sustems of breathing 

Type of reflex Receptors Afferent Effect References 

Hering Breuer Stretch R X (fiA) inflation-> apnea Hering & Breuer 
(Slowly 1868 
Adaptative R) 

Pulmonary Irritant R X Deflation I RF + Guz 1970 
deflation (Rapidly bronchoconstriction 

Adaptative R) +coughing 

J Reflex J receptors X (fc) congestion I RF Paintal1969 
0 arterial pressure 

Mechano R Intercost I intercostal burst Euler 1974 
Chestwall al nerves 

(f g) 

Phrenico-Phrenic Mechano R I Phrenic EMG Green 1974 
reflex Golgi (position change) 

Baro reflex Baro R IX HTA -> 0Vt Grunstein 1975 

Chemo reflex Central IX I ventilation (linear) 
COzl chemo R (V4) 

and 
peripheral 

Chemo reflex Central I ventilation 
H+l chemoR 

Chemo reflex Chemo R IX IV non linear 
00z peripheral respiration 

central(?) depression 

animal species (rat, rabbit, etc.) but its importance in man is minor [2-4]. 
2. The rapidly adaptative receptors are irritant receptors located in airway epithe
lium. They are sensitive to various stimuli such as smoke, cold, dust, inflation and 
deflation; the bursts are transmitted through the vagal nerve and provoke cough, 
bronchoconstriction, tachycardia and polypnea (deflation reflex) [4, 5]. 
3. The J receptors, or C fiber receptors, are located in the bronchial and alveolar 
wall, probably close to small vessels; they are sensitive to capillary inflation and 
to interstitial oedema. Their bursts, through slow amyelinic vagal fibers, provoke 
cough, rapid and shallow respiration and at the most apnea [ 6]. 
4. The spindles are located in intercostal muscles and are responsible, through 
the gamma loop, for an enhancement in intercostal muscle activity when 
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stretched. Diaphragmatic receptors are essentially Golgi tendon organs [7-9]. 
5. The carotid baroreceptors when stimulated by an increased arterial pressure, 
induce reflex hypoventilation and apnea [ 10]. 
6. The aortic and central chemoreceptors are synergically stimulated by hypoxia 
and hypercapnia [ 11]. 

Heart-lungs transplantation in humans provide a model of complete vagal 
denervation. Studies in such patients indicate that the level and pattern of venti
lation are well controlled in the absence of intrapulmonary afferent inputs, at 
least under resting and exercise conditions, therefore suggesting a minor role for 
intrapulmonary receptors [12-14]. 

How should the control of breathing be explored? 

Clinicians confronted with respiratory abnormalities may wish to understand 
and quantify the part of central dysfunction. Abnormal blood gases with quasi
normal classical pulmonary function tests point to altered control of breathing. 
In such a situation voluntary hyperventilation is required to lower PaC02. 

A combination of tests is available (Fig. 3) which can help identify the natur~ 
of the problem, and at times its level. None of these tests is perfect, each having 
its own sensitivity and specificity and each being more or less related to one or 
another aspect of the regulating system. A short description and critique of the 
main tests follows. 

SUPRA PONTINE INFLUENCES STIMULI: 

• 
- C02, HYPOXIA 
-LOADING 
-EXERCISE 

RESPIRATORY CENTERS - VOLONTARY HYPERPNEA 

~ 
-SLEEP 
-ELECTRIC 

r MOTONrONES ---------- ... ENG 

REFLEXES ..,__ RESPIRATORY AND UAW MUSCLE --- ._ EMG L + _____ .,.OCClUSION PRESSURE 

PASSIVE VENTILATORY SYSTEM ------ ._ RESPIRATORY WORK 

+ VENTILATION 

Fig. 3. Interaction levels between the control systems of breathing and the tests respira
tory controller assessment 
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Respiratory drive and timing 

Minute ventilation ("Ve) is the product of the tidal volume (V1) and the respiratory fre
quency(£): 

Ve=V1• f 

f is the inverse of total breath duration (T1od: 

1 
f=-

Tiol 

Therefore: 

T1o1 is the sum of inspiratory and expiratory duration (Ti and Te): 

(1) 

(2) 

(3) 

(4) 

By multiplying the denominator and the numerator by Ti and Te, Eq. 3 becomes: 

. VI Ti VI Te 
VE=-- ·-- =-- ·--

Ti T1o1 Te T1o1 
(5) 

VtfTi is the mean inspiratory flow which is a mechanical transformation of central 
inspiratory drive. The fraction of inspiratory time to total respiratory cycle duration 
Ti/T1o1 is a dimensionless index of"effective" respiratory timing [15]. Ti/T101 is one of 
the major determinants of inspiratory muscle fatigue, particularly diaphragm 
fatigue [ 16, 17]. On the other hand, a reduction of minute ventilation due to a reduc
tion ofTi/T1otimplies that the duration of expiration has increased in relation to that 
of inspiration. This may be due to central (bulbo-pontine) or peripheral influences 
(e.g. reflexes originating in the chest wall, lung and upper airway). A reduction in 
Vt!T1o1 can be caused by decreased central inspiratory drive, neuromuscular inade
quacy and increased impedance of the respiratory system [15]. Airway occlusion 
pressure can help differenciate if changes in respiratory system mechanics play a 
role or not in the reduction ofVtiTi [15, 18]. Assessment of respiratory neural drive 
may also be provided by volume wave shape analysis [ 15, 19]. 

Work of breathing 

The work of breathing is measured on the esophagal pressure-lung volume dia
gram. Minute ventilation, breathing frequency, lung compliance and airway resis
tance all influence the work of breathing and the energy demands of the respira
tory muscles. A hyperstimulated central respiratory drive likewise imposes an 
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increased inspiratory muscle work of breathing. Thus, work of breathing is an 
index of the output of the respiratory motor neurons. However, inspiratory work 
depends on lung volume and the force-velocity properties of the respiratory 
muscles [20]. Because the determination of the pressure-volume curve of the 
lungs requires the use of an esophagal catheter, the determination of the work of 
breathing is used in research rather than in clinical practice [ 21]. Being a com
posite index, it is difficult to interpret with respect to the control of breathing 
alone; however, this is possible if repeated measurements are made during a peri
od of reasonable "mechanical steady state". 

Airway occlusion pressure 

Airway occlusion pressure is a simple non invasive means of respiratory con
troller assessment which was introduced in the 1970s [22, 23]. The airways are 
occluded at end expiration and mouth pressure is measured during the following 
inspiration. Since there is no flow or lung volume variation, if one neglects gas 
decompression (Boyle's law), mouth pressure is independent of the respiratory 
system compliance and resistance, and occlusion pressure is independent of the 
mechanical properties of the passive ventilatory system. In addition, there is n0 
volume related vagal feedback and no Hering-Breuer reflex. Airway occlusion 
pressure is a global index of the inspiratory center activity which depends also on 
nervous transmission and respiratory muscle mechanics. It is correlated with 
electrical activity of the phrenic nerve in animals [24] and of the diaphragm in 
man and animals [25-27]. In anesthetized man airway occlusion pressure 
increases linearly with increasing alveolar PCOz (PACOz). The shape of the pres
sure wave, defined as the ratio of pressure values measured at any fixed times 
after the onset of the occlusion pressure wave, remains identical at any P A C02 

[ 15]. Thus mouth pressure measured any time after occlusion is correlated with 
maximal pressure. This is a very relevant fact for clinical investigations because 
conscious man perceive occlusion after 150 to 200 ms. After this time, occlusion 
pressure will reflect the subject's reaction to the load. Before 150 ms, the pressure 
wave is reproducible and presumably independent of cortical influences [23]. The 
pressure developed 100 ms after the onset of the occlusion pressure wave is conse
quently used as a clinical index of the respiratory controller (Po.J). Nevertheless, 
the interpretation of Po.1 in clinical research is complex [28]. For instance: 
- in chronic obstructive pulmonary disease (COPD) patients with high flow 

resistance and lung compliance, inequalities of time constants may alter the 
early part of the occlusion pressure wave by a small passive pressure transient 
associated with pendelluft or stress relaxation. Moreover, if the time constant is 
long, a phase shift between pressure and flow can occur which will markedly 
affect Po.b especially if, instead of a straight ramp, the driving pressure wave is 
convex or concave. Many situations can induce changes in the shape of the 
pressure wave. For example, in anesthetized humans, increasing lung volume 
with positive pressure makes the inspiratory pressure wave more concave [29]; 

- P0.1 depends on respiratory muscle functions. An increase in lung volume will 
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shorten the diaphragm which will become less effective as a pressure generator. 
If the muscles are unequally damaged, as in quadriplegia for example, the loss of 
synergism can impair pressure generation and the ratio of occlusion pressure to 
neural drive can be altered. 

Po.I remains a simple, reliable means for the clinical investigation of neural 
respiratory drive but the interpretation of variations of occlusion pressure is not 
always easy. 

Response to C02 

C02 inhalation is a means of testing the reflex loop between chemoreceptor stim
ulation, central control and ventilatory response. The C02 stimulus can be 
applied by two methods, i.e. steady-state and rebreathing. Response can be evalu
ated by looking at ventilation or occlusion pressure. The relationship between 
PaCOz and ventilation is usually linear [30) . 

Steady-state method 

With this technique the subject inhales a mixture of C02 and expires freely. 
Ventilation is measured after reaching a so-called steady-sate 15-20 minutes later. 
At least two different FiCOz are used. 

This technique is hindered by several problems: it is time consuming {15-20 
min), requires invasive measurement of PaCOz and is not very precise (only 2 to 4 
points to draw the relationship). Furthermore, "steady-state" is not stable, mainly 
because of central adaptation, i.e. PaCOz modifies ventilation but ventilation in 
turn modifies PaC02. 

Rebreathing 

The subject inspires from a bag containing a mixture of 50 % 02, 7 o/o C02 and 43 % 
N2 and expires, via a closed circuit, in to the same bag. Because all expired C02 is 
reinspired, the fractional inspiratory concentration of C02 (FiCOz) keeps increas
ing. Equilibrium between pulmonary gas and container is reached after 30 seconds 
(Fig. 4). 02 enrichment of the gas mixture suppresses the influence of the hypoxic 
drive. 

.. Occlusion Pressure 

---1.,~ Ventilation 

Fig. 4. Rebreathing technique 
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Compared to the so-called "steady-state" technique, the rebreathing method 
has several advantages: the test is short (4-5 min), does not require blood gas 
measurement (it relies on the assumption that P A COz = PaCOz) and provides 
many points to describe the COz response. Due to of the very principle of the test, 
ventilation cannot lower PaCOz and therefore the only parameter assessed is the 
influence of the latter on the former. 

The COz rebreathing method hence appears the method of choice to assess 
COz response. It can be easily associated with the measurement of occlusion pres
sure. However, the interpretation of the results has limits. For example, the 
response to COz may be genetically determined, as illustrated by the weak 
response in particular ethnic groups (New-Guinean) and certain families [31]. 
Particular physiological states are also associated with altered COz response (ath
letes [32], premature infants [33]). COz response is enhanced by metabolic acido
sis and diminished by alcalosis [34]. It can be influenced by various drugs and 
hormones [30]. 

Response to Oz 

Hypoxic stimulation of ventilation [ 35] can be realised in three ways: 
-inhalation of pure Nz for a few respiratory cycles [36]; 
- inhalation of a single low FiOz gas mixture; 
-inhalation of successive gas mixtures with decreasing FiOz [37]. 

All these techniques require arterial puncture for PaOz measurement. COz 
enrichment of the gas mixture is needed for the two last methods in order to 
avoid hyperventilation induced hypocapnia. The relationship between ventilation 
and PaOz is not linear, but rather curvilinear, which makes calculations more dif
ficult. 

Electromyography of the diaphragm 

Neural drive output is transmitted to the respiratory muscles and their activation 
can be assessed by recording their electrical activity. Electromyography is a selec
tive investigation tool which provides specific data about individual muscles. The 
electromyographic signal can be used rough or integrated. In man, the most 
important inspiratory muscle is the diaphragm. Diaphragmatic electromyogram 
in man can be obtained with a bipolar electrode introduced into the esophagus 
via the nose and positioned in contact with the diaphragm [38]. With this tech
nique the electromyogram of the crural part of the diaphragm can be recorded, 
provided adequate signal treatment is used [39, 40]. Diaphragm EMG can also be 
recorded with surface electrodes positioned on the chest at the right 6-7th and 
left 7-8th intercostal spaces [41]. However, with this technique the electrical activ
ity recorded arises from all muscle underlying the electrodes, that is the 
diaphragm but also intercostal and abdominal muscles. Lung volume, position of 
the electrodes, and other factors have been shown to affect the electromyogram 
signal [42]. For all these reasons, the usefulness of electromyograms to evaluate 
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neural drive is limited. Between patients comparison is not possible and within 
patient comparison is conceivable only during a given recording session, all other 
factors being otherwise controlled for. 

Phrenic nerve stimulation 

The nature and integrity of neural drive pathways can be assessed by phrenic 
nerve stimulation. Phrenic nerve electrical percutaneous stimulation is relatively 
easy to perform in man. The stimulator is positioned at the posterior border of 
the sterno-mastoid muscle at the level of the upper margin of the thyroid carti
lage. Mono- or bipolar electrodes deliver pulses of 0.1 to 0.2 ms and 5 to 60 rnA 
[43]. After phrenic stimulation, diaphragm activation and contraction can be 
assessed by means of EMG recording [41], esophageal, transdiaphragmatic or 
mouth pressure measurements [44-46]. Phrenic nerve conduction time can be 
measured with surface EMG in both normal subjects and patients [47]. 

This technique has been used to extend to the diaphragm the twitch occlusion 
theory introduced by Merton [48]. Briefly, this theory states that muscle response 
to stimulation of its governing nerve linearly decreases with the intensity of a vol
untary isometric contraction underlying the stimulation. If a voluntary effort is 
associated with complete suppression of response to stimulation, it is considered 
the result of maximal activation of all available muscle fibers. Bellemare and 
Bigland-Ritchie [44] demonstrated that a pattern similar to that described by 
Merton for a hand muscle could be demonstrated for the diaphragm. They con
cluded that maximal voluntary activation of the diaphragm was possible in nor
mal subjects. This finding has been extended to patients with chronic obstructive 
pulmonary disease, demonstrating that voluntary activation was not a limiting 
factor of diaphragm performance in this setting [49]. Bellemare and Bigland
Ritchie [SO] derived from diaphragm twitch occlusion a simple index to help dif
ferenciate the intrinsic function of the diaphragm from its activation by neural 
drive and assess the central component of diaphragmatic fatigue. 

Transcutaneous bilateral electrical phrenic nerve stimulation is not always an 
easy technique, however. The exact localisation of the phrenic nerve at the neck 
may take up to 30 minutes [51] and sometimes be impossible [52]. Keeping the 
stimulus constant is difficult. Subject tolerance can be poor in the absence of 
strong motivation. Bilateral phrenic nerve stimulation can now be performed by 
use of cervical magnetic stimulation [53]; a painless, easy to perform and reliable 
method. As concerns assessment of phrenic conduction, both techniques seem 
equivalent. 

Cortical involvement in respiratory neural drive 

Breathing is essentially an automatic phenomenon. Among skeletal muscles, the 
diaphragm is peculiar in that it must cyclically contract 24-hour a day in order to 
sustain ventilation and maintain life. This activity is controlled by automatic 
brainstem mechanisms that also regulate respiratory homeostasis. Besides, every-
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one knows and experiences daily the fact that voluntary commands can disrupt 

the automatic control of breathing. Voluntary respiratory patterns can be generat
ed, of which apnea diving and pulmonary function testing are examples. Above 
all, the diaphragm plays, together with other respiratory muscles, important roles 
in various non respiratory activities such as speech, singing, swallowing, posture 
etc. This supports a motor cortical representation of the diaphragm in man, asso

ciated with rapid conduction cortico-spinal pathways that have been evidenced in 
man by use of cortical electrical stimulation and diaphragmatic EMG [54]. 

Coupled with phrenic nerve stimulation, cortical stimulation provides a tool 
for respiratory cortico-spinal drive assessement. Cortical magnetic stimulation is 
easier to perform than electrical stimulation and is an efficient tool to assess cor
tico-diaphragmatic drive [55]. The localisation of the motor cortical diaphrag

matic representation in man [56] and the unilaterality of the cortical motor area 
of each hemidiaphragm [57] have been reported with magnetic stimulation. 
However, these stimulation techniques do not investigate the respiratory con
troller activity, but help only in assessing neural pathways. 

The involvement of the cerebral cortex in the generation of respiratory neural 
drive is suggested by several facts. Macefield and Gandevia [58] have shown that 
some respiratory movements may be associated with cortical "preparation", as 
demonstrated by the existence of premotor potentials. Colebatch et al. [59] have 

shown by use of positron emission tomography that the copying of a respiratory 
pattern from a pre-recorded oscilloscope signal was associated with activation of 
cortical areas both in the primary motor region but also in premotor areas. 

Murphy et al. [55] have, surprisingly enough, suggested a putative role for the 
cerebral cortex in C02 response by demonstrating COz rebreathing-associated 
facilitation of diaphragm response to cortical magnetic stimulation. 

Sleep and neural drive 

Sleep is a natural condition during which neural drive to breathe varies and can 
be studied and separated in function of different sleep stages. 

To simplify, during stable slow wave sleep cortical influences on ponto-bulbar 
centers are suppressed. Ventilation is very steady and is regulated solely by chem
ical stimuli. PaC02 is slightly increased and tidal volume is slightly decreased in 

line with an hypotonia related increase in upper airway resistance. Central respi
ratory C02 chemosensitivity does not decrease during sleep, although the ventilato

ry responses to hypercapnic and hypoxic stimuli are diminished [60]. Occlusion 
pressure response to hypercapnia is not reduced during NREM sleep [ 61]. 

During REM sleep, on the other hand, cortical influences on ponto-bulbar cen

ters are maintained. As compared to wakefulness, the reactivity of these centers to 
chemo-, baro-, and mechano-stimuli is much delayed. This state could schematical

ly correspond to some sort of "functional vagotomy". Neural drive then depends 
more on cortical influence than on afferent information. 

Muscular atonia compromises rib cage inspiratory muscles. Ventilation is 
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irregular with a succession of central apneas and periods of polypnea that are syn
chronized with rapid eye movement bursts. Mean tidal volume and respiratory fre
quency, hence minute ventilation, are similar to their NREM sleep values [ 62, 63]. 
From a physiological modelling point of view, NREM sleep provides a unique 
opportunity to study central chemosensitivity out of cortical control whereas 
REM sleep correponds to a model of ventilation devoid of reflex control arising 
from afferent impulses. 

From a more practical point of view, ventilation is more fragile or, better, less 
well protected during sleep. As a result, any change in arterial blood gases or the 
work of breathing that would have been adequately compensated during wakeful
ness can be a problem during sleep. For example, during slow wave sleep the 
absence of descending output to upper airway muscles leads to increased upper 
airway resistance. Particularly in patients with impaired baseline load compensa
tion capabilities, this can result in obstructive sleep apnea and hypoventilation 
(e.g. patients with kyphoscoliosis or thoracic neuromuscular disorders). REM 
sleep, on the other hand, is associated with respiratory deterioration in patients 
with compromised diaphragmatic function. 

Neural drive during anesthesia 

Almost all drugs used in anesthesia alter breathing efficiency as a side effect of 
their primary purpose. Assessment of these alterations rests on the measurement 
of various parameters such as minute ventilation, respiratory time components, 
occlusion pressure, end tidal PC02 (PETC02) and PaC02, this at baseline or after 
stimulation of the system by C02 increase or hypoxia. 

In summary, inhalation anesthetics increase PaC02 and respiratory frequency, 
while minute ventilation and tidal volume are decreased. Response to C02 and to 
hypoxia are impaired. Enflurane, halothane and isoflurane depress VtiTi. 
Morphine-like agents and sedatives such as barbiturates or benzodiazepines 
increase PaC02, decrease respiratory frequency and alter response to C02 and 
hypoxia [64]. However, these observations do not necessarily imply that respirato
ry centers are impaired as a result of the pharmacological effects of the drugs. 
During halothane anesthesia, breathing is entirely due to the activity of the 
diaphragm, without the contribution of the accessory respiratory muscles [ 65] 
while isoflurane increases airway resistance [66]. These phenomena may help to 
explain the reduction in mean inspiratory flow (VtiTi) observed with these agents. 
Moreover, P0.1 response to C02 is not depressed in patients under methoxyflurane 
anesthesia [15] or in coma due to voluntary intoxication with barbiturates and 
carbamates [67]. These considerations imply that mechanical factors are the major 
causes of the ventilatory depression caused by these drugs. 
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Respiratory drive in respiratory diseases 

Chronic pulmonary diseases 

a. Chronic Obstructive Pulmonary Diseases (COPD) are characterized by an 
increased airway resistance and by respiratory muscle impairment. Moreover, 
expiration of COPD patients is impaired by dynamic compression of the airways. 
Te is increased and Ti is shortened causing a reduction in Ti/Ttot· However minute 
ventilation is normal and respiratory frequency is increased. Ti/Ttot is correlated 
with FEV1> but there is no significant difference between hypercapnic and non
hypercapnic patients [68]. The ventilatory response to C02 is diminished in 
emphysematous patients in relation to the degree of airway obstruction [69]. This 
response tends to be more depressed in hypercapnic than in normocapnic 
patients [70]. Indeed, neuromuscular coupling seems to be altered in hypercapnic 
COPD patients [71]. Po.I and the integrated EMG of the diaphragm are increased 
in COPD patients suggesting that inspiratory neural drive is increased [68, 71]. In 
acute failure of COPD, V1 is low and respiratory frequency is high. Dead space 
(V d) and V diVt are increased leading to hypercapnia. Already above normal val
ues at baseline in these patients, Po.I [72] and total inspiratory work of breathing 
[73] are further increased. It had long been postulated that oxygen administra
tion in these patients resulted in decreased minute ventilation due to removal of 
the hypoxic drive, the hypercapnic one being already blunted. However, measure
ment of respiratory parameters in COPD patients experiencing acute respiratory 
failure has demonstrated that, after a transient decrease, minute ventilation 
promptly returns to its initial value. Oxygen induced hypercapnia cannot there
fore be attributed to depressed neural drive, but rather is explained by impaired 
ventilation-perfusion characteristics of the lungs [74]. 
b. Asthmatic patients also exhibit an increased airway occlusion pressure 
although the shape of the ventilatory response to C02 is diminished [75]. Recent 
data in patients having survived near fatal asthma suggest that in some such cases 
response to hypoxia may be altered, whereas response to C02 can be normal or 
slightly decreased. These patients differed most of all from controls in their 
reduced capacity to detect added resistive loads [76]. This emphasizes the role of 
respiratory afferences in adequate adaptation to changing respiratory mechanical 
or chemical condition~. 
c. In patients with pulmonary fibrosis, lung elastance is greatly increased. Both 
Ti and Teare shorter than in normal subjects and minute ventilation is increased. 
V1 is almost normal and mean inspiratory flow (VtiTi) is increased while Ti/Ttot is 
normal [18]. The respiratory response to C02 is variable depending on the severi
ty of the disease but airway occlusion pressure is always increased which seems to 
indicate that respiratory drive is increased [77]. 
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Control of breathing in chest wall diseases 

Many conditions such as kyphoscoliosis, obesity, thoracoplasty, ankylosing 
spondylitis (AS) or tetraplegia lead to chest wall deformation [78]. In all cases 
this deformation is associated with an increased elastic load of the respiratory 
system. In some cases other kinds of loads are present (e.g. mass loading in obe
sity), or there are concomitant alterations of the active respiratory system that 
hinder compensation (e.g. muscular paralysis in tetraplegia). 
a. Kyphoscoliosis is characterized by a distortion of the rib cage and an increase 
of elastic loading. Increased stiffness of the chest wall requires more respiratory 
work to be done by the muscles, particularly the inspiratory ones, in order to ade
quately ventilate the lungs. This can be achieved through extrinsic (neural) com
pensation, i. e. increased neural drive, which is the most important mechanism. 
However, intrinsic compensation also exists that allows the system to take advan
tage of the mechanical changes (e.g. longer, therefore more efficient, diaphragm 
due to decreased in kyphoscoliosis). Kyphoscoliotic patients compensate for the 
load by using, as compared to normals, a larger percentage of their inspiratory 
muscle force for quiet breathing. 
This condition leads to a higher risk of diaphragmatic fatigue and hypercap
nia. During NREM sleep kyphoscoliosis is associated with hypoventilation. 
b. Ankylosing spondylitis (AS) is particular in that increased elastic load of the 
rib cage is associated with increased, not decreased, functional residual capacity. 
The ventilatory and occlusion pressure responses to C02 rebreathing in patients 
with AS are similar to those observed in normal subjects, suggesting a normal or 
higher neuromuscular output [79]. 

Control of breathing in neuromuscular disease 

Neuromuscular diseases are an heterogeneous group of diseases. The level of 
neural impairment is variable: it can be central (cortical, brainstem, spinal affec
tions), peripheral (acute polyneuritis), neuromuscular (myasthenic syndrome) at 
muscular (dystrophia such as Duchenne's, myotonia such as Steinert's, and all 
congenital, metabolic and inflammatory muscles diseases). 

Disorders of the lower motorneurons, such as amyotrophic lateral sclerosis, 
spinal muscular atrophies or poliomyelitis, are associated with a blunted hyper
capnic ventilatory response. Volontary hyperventilation is normal [80]. This indi
cates that the behavioural pathway of the ventilatory drive is intact, at least dur
ing wakefulness, and that sleep is a condition exposing to hypercapnia. 

Post-polio syndrome with chronic hypercapnia probably involves breathing 
control alterations since it results in kyphoscoliosis and diaphragmatic palsy. The 
role of long term metabolic dysfunction of surviving motorneurons has been 
postulated [ 81]. 

During acute polyneuritis related ventilatory failure Ti/Ttot remains low as if 
the respiratory controller was set in order to avoid respiratory muscle fatigue, 
even at the expense of alveolar ventilation. Neural drive appears reduced and 
muscle activation is decreased [82]. 
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In myasthenia gravis ventilatory response after C02 rebreathing is lower than 
normal. P0.1 is slightly above normal under baseline (room air) conditions, and 
slightly decreased during C02 rebreathing. Since all these abnormalities are cor
rected by administration of anticholinesterasic drugs whose action is peripheral 
in nature, alteration of respiratory drive is not likely to play a significant role in 
such diseases [83, 84]. 

In Duchenne's and Steinert's diseases the Po. I response to hypercapnia seems nor
mal, although the minute ventilation, tidal volume and VtfT; responses to hypercap
nia and hypoxia are reduced. Patients with Duchenne's dystrophia have obstructive 
sleep apnea associated with deep oxygen desaturations during REM sleep, conversely 
to patients with Steinert's myotonia who have a mild central sleep apnea syndrome. 
This central depressant effect on the respiratory center during Steinert's myotonia is 
associated with a high incidence of complications during anesthesia [85, 86]. 

Obesity 

Obesity is not always associated with hypoventilation: most obese patients do not 
have arterial hypercapnia. Only in patients described below as Pickwickians is 
there evidence of impaired control of breathing. 

The obesity-hypoventilation syndrome or Pickwick syndrome, is character
ized by an increase in respiratory load from obesity, increased upper airway resis
tance and decreased lung compliance. Clinically it is associated with daytime 
sleepiness, cyanosis, polycythemia, right heart insufficiency, hypoxia and hyper
capnia. It seems that central chemosensitivity is markedly decreased, and this is 
probably one of the rare conditions where neural drive of breathing is indeed 
profoundly impaired and the actual source of disease [87, 88]. 

Distinct from central sleep apnea syndrome is the obstructive sleep-apnea syn
drome. It is a very common clinical entity, characterized by a normal awake ventila
tion, but recurrent cyclic apneas during light NREM and REM sleep. Upper airway 
instability, in other words pharyngeal collapse, is the main source of apnea. This 
condition leads to sleep fragmentation, excessive daytime sleepiness, systemic and 
pulmonary hypertension and cardiac arrhythmias. In these patients the diaphragm 
contracts more and more during the apneas, a reaction which increases the negative 
pharyngeal pressure and makes apnea longer. If anything, the respiratory centers 
during this phase can be viewed as struggling, and obviously not depressed. Neural 
inspiratory drive appears normal in the obstructive sleep apnea syndrome [ 89]. 
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Chapter 2 

Respiratory muscle function 

A. DE TROYER 

Introduction 

The mechanical action of any skeletal muscle is essentially determined by the 
anatomy of the muscle and by the structures it has to displace when it contracts. 
The respiratory muscles are morphologically and functionally skeletal muscles, and 
their task is to rhythmically displace the chest wall and pump gas in and out of the 
lungs. Understanding the actions of the respiratory muscles, therefore, requires a 
clear understanding of their anatomy and of the mechanics of the chest wall. 

This review will thus start with a discussion of the basic mechanical structure 
of the chest wall in humans. It will then analyze the actions of the muscles that 
displace the chest wall. For the sake of clarity, the functions of the diaphragm, the 
muscles of the rib cage and the muscles of the abdominal wall will be analyzed 
separately. It must be appreciated, however, that all these muscles normally work 
together in a coordinated manner; some of the most critical aspects of their 
mechanical interdependence will be emphasized here. 

The chest wall 

The chest wall can be thought of as consisting of two compartments, the rib cage 
and the abdomen, separated from each other by a thin musculotendinous structure, 
the diaphragm (Fig. 1). Expansion of the lungs can be accommodated by expansion 
of either the rib cage or the abdomen or both compartments simultaneously. 

From a mechanical standpoint, the abdomen can be considered as a liquid
filled container. That is, if one neglects the 100-300 ml of abdominal gas volume, 
the abdominal contents are virtually incompressible. Consequently, any local 
inward displacement of its boundaries results in an equal outward displacement 
elsewhere. Many of these boundaries, however, such as the spine dorsally, the 
pelvis caudally, and the iliac crests laterally, are virtually immobile. The parts of 
the abdominal container that can be displaced are thus largely limited to the ven
tral abdominal wall and the diaphragm. When the diaphragm contracts during 
inspiration (see below), therefore, its descent usually results in an outward dis
placement of the ventral abdominal wall; conversely, when the abdominal mus
cles contract, they cause an outward displacement of the belly wall which results 
in a cranial motion of the diaphragm into the thoracic cavity. 
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Fig. I. Functional anatomy of the human chest wall at relaxed end-expiration (sagittal section) 

Although the rib cage is a complicated structure, the ribs essentially move 
through a rotation around the axis defined by their articulations with the verte
bral bodies and the transverse processes (Fig. 2). This movement is thus largely 
monoaxial. The axes of the necks of the ribs, however, are oriented laterally and 
dorsally. In addition, the plane of each rib (i.e., the plane defined by three points 
widely distributed on the arc of the rib) slopes downward from the back towards 
the front and also downward from the midline towards the side. 

As a result, the displacements produced have three components: sagittal 
(dorsoventral), frontal (laterolateral) and axial (craniocaudal). Hence, when the 
ribs move axially in the cranial direction, there is usually an increase in the 
dorsoventral and lateral dimensions of the rib cage; the muscles which elevate 
the ribs are thus inspiratory in their action on the rib cage. Conversely, an axial 
motion of the ribs in the caudal direction is usually associated with a decrease in 
rib cage dimensions. The muscles that lower the ribs as their primary action 
therefore have an expiratory effect on the rib cage. It must be appreciated, how
ever, that although the motion of the ribs in humans is essentially monoaxial, the 
costovertebral and costosternal articulations are lax enough to enable the rib 
cage to depart from a unitary behavior. Thus, significant deformations of the rib 
cage can occur under the influence of muscle contraction and pressure. 
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Fig. 2. Motion of the ribs in humans. The ribs move essentially through a rotation around 
the axis of the neck (broken axis and arrow), but their configuration is such that a rota
tion in an inspiratory direction causes increases in the anteroposterior and transverse 
diameters of the rib cage (dotted line) 

The diaphragm 

Functional anatomy 

The diaphragm is anatomically unique among skeletal muscles in that its muscle 
fibres radiate from a central tendinous structure (the central tendon) to insert 
peripherally into skeletal structures. The crural (or vertebral) portion of the 
diaphragmatic muscle inserts in the ventrolateral aspect of the first three lumbar 
vertebrae and on the aponeurotic arcuate ligaments, and the costal portion inserts in 
the xiphoid process of the sternum and the upper margins of the lower six ribs. From 
their insertions the costal fibers run cranially so that they are directly apposed to the 
inner aspect of the lower rib cage; this is the so-called "zone of apposition'' of the 
diaphragm to the rib cage [1] (Fig. 3). Although the older literature suggested the 
possibility of an intercostal motor innervation of some portions of the diaphragm, it 
has now been clearly established that its only motor supply is through the phrenic 
nerves which, in man, originate in the third, fourth, and fifth cervical segments. 

Action of the diaphragm 

As the muscle fibres of the diaphragm are activated during inspiration, they devel
op tension and shorten. As a result the axial length of the apposed diaphragm 
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Apposition 

Fig. 3. Frontal section of the chest wall at end-expiration illustrating the functional ana
tomy of the diaphragm. Note the orientation of the costal diaphragmatic fibers; these 
fibers run cranially and are directly apposed to the inner aspect of the lower rib cage 
(zone of apposition) 

diminishes and the dome of the diaphragm, which corresponds primarily to the 
central tendon, descends relative to the costal insertions of the muscle. The dome 
of the diaphragm remains relatively constant in size and shape during breathing, 
but its descent has two effects. Firstly, it expands the thoracic cavity along its cran
iocaudal axis. Hence, pleural pressure falls and, depending on whether the airways 
are open or closed, lung volume increases or alveolar pressure falls. Secondly, it 
produces a caudal displacement of the abdominal viscera and an increase in 
abdominal pressure which, in turn, pushes the ventral abdominal wall outwards. 

In addition, because the muscle fibres of the costal diaphragm insert into the 
upper margins of the lower six ribs, they also apply a force on these ribs when 
they contract, and the cranial orientation of these fibres is such that this force is 
directed cranially. It has, therefore, the effect of lifting the ribs and rotating them 
outward. The fall in pleural pressure and the increase in abdominal pressure that 
results from diaphragmatic contraction, however, act on the rib cage simultane
ously, which probably explains why the action of the diaphragm on the rib cage 
has been controversial for so long. 

Action of the diaphragm on the rib cage 

When the diaphragm in anesthetized dogs is activated selectively by electrical 
stimulation of the phrenic nerves, the upper ribs move caudally and the cross-sec-
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tional area of the upper portion of the rib cage decreases [2]. In contrast, the 
cross-sectional area of the lower portion of the rib cage increases. When a bilateral 
pneumothorax is subsequently introduced so that the fall in pleural pressure is 
eliminated, isolated contraction of the diaphragm causes a greater expansion of 
the lower rib cage, but the dimensions of the upper rib cage now remain 
unchanged [2]. It appears, therefore, that the diaphragm has two opposing effects 
on the rib cage when it contracts. On the one hand, it has an expiratory action on 
the upper rib cage, and the fact that this action is abolished by a pneumothorax 
indicates that it is due to the fall in pleural pressure. On the other hand, the 
diaphragm also has an inspiratory action on the lower rib cage. Measurements of 
chest wall motion in patients with traumatic transection of the lower cervical cord 
(in whom the diaphragm is often the only muscle active during quiet breathing [3, 
4]) have shown that the action of the diaphragm on the human rib cage is essen
tially similar; in these patients, the lower rib cage thus expands during inspiration 
whereas the anteroposterior diameter of the upper rib cage decreases (Fig. 4). 

Theoretical and experimental work has confirmed that the inspiratory action of 
the diaphragm on the lower rib cage results in part from the force the muscle 
applies on the ribs by way of its insertions; this force is conventionally referred to as 
the "insertional" force [5, 6]. This inspiratory action of the diaphragm, however, is 
also related to its apposition to the rib cage. The zone of apposition makes the 
lower rib cage, in effect, part of the abdominal container and measurements in dogs 
and rabbits have established that during breathing the changes in pressure in the 
pleural recess between the apposed diaphragm and the rib cage are almost equal to 
the changes in abdominal pressure. Pressure in the pleural recess rises, rather than 
falls, during inspiration, thus indicating that the rise in abdominal pressure is truly 
transmitted through the apposed diaphragm to expand the lower rib cage. This 
mechanism of diaphragmatic action has been called the "appositional" force. 

Although the insertional and appositional forces make the normal diaphragm 
expand the lower rib cage, it should be appreciated that this action of the 

'diaphragm is largely determined by the resistance provided by the abdominal con
tents to diaphragmatic descent. If this resistance is high (i.e., if abdominal compli
ance is low) the dome of the diaphragm descends less, so that the zone of apposi
tion remains significant throughout inspiration and the rise in abdominal pressure 
is greater. Therefore, for a given diaphragmatic activation, the appositional force 
tending to expand the lower rib cage is increased. Conversely, if the resistance pro
vided by the abdominal contents is small (if the abdomen is very compliant), the 
dome of the diaphragm descends more easily, the zone of apposition decreases 
more, and the rise in abdominal pressure is smaller. Consequently, the inspiratory 
action of the diaphragm on the rib cage is decreased. If the resistance provided by 
the abdominal contents were eliminated, not only would the zone of apposition dis
appear in the course of inspiration, but also the contracting diaphragmatic muscle 
fibres would become oriented transversely inward at their insertions onto the ribs. 
The insertional force would then have an expiratory, rather than inspiratory, action 
on the lower rib cage. Indeed, when a dog is eviscerated the diaphragm causes a 
decrease, rather than an increase, in lower rib cage dimensions [2, 5]. 
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Fig.4. Pattern of chest wall motion in a healthy subject (a) and a CS tetraplegic patient (b) 
breathing at rest in the seated posture. The respiratory changes in anteroposterior (AP) 
diameter of the abdomen, lower rib cage (S1h costalcartilage) .and upper rib cage (manu
brium sterni) are shown, as well as the changes in transverse diameter of the lower rib 
cage. In all traces an upward deflection corresponds to in increase in diameter, and a 
downward deflection corresponds to a decrease in diameter. I indicates the duration of 
inspiration 

The muscles of the rib cage 

The intercostal muscles 

The intercostal muscles are two thin layers of muscle occupying each of the inter
costal spaces. The external intercostals extend from the tubercles of the ribs dor
sally to the costochondral junctions ventrally and their fibres are oriented 
obliquely caudal and ventrally from the rib above to the rib below. In contrast, 
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the internal intercostals extend from the angles of the ribs dorsally to the ster
nocostal junctions ventrally and their fibres run obliquely caudal and dorsally 
from the rib above to the rib below. Thus, although the intercostal spaces contain 
two layers of intercostal muscle in their lateral portion, they contain a single layer 
in their ventral and dorsal portions. Dorsally from the angles of the ribs to the 
vertebrae the only fibres come from the external intercostal muscles, whereas 
ventrally, between the sternum and the chondrocostal junctions, the only fibres 
are those of the internal intercostal muscles. These latter, however, are particularly 
thick in this region of the rib cage, where they are conventionally called the "paraster
nal intercostals". All the intercostal muscles are innervated by the intercostal nerves. 

The action of the intercostal muscles on the ribs is conventionally viewed 
according to the theory proposed by Hamberger in the mid 1700's [7]. As illus
trated in Fig. 5, when an intercostal muscle contracts in one interspace, it pulls the 
upper rib down and the lower rib up. However, as the fibres of the external inter
costal slope obliquely caudal and ventrally from the rib above to the one below, 
their lower insertion is more distant from the centre of rotation of the ribs (the 
vertebral articulations) than the upper one. When this muscle contracts, the 
torque acting on the lower rib is thus greater than that acting on the upper rib, and 

External 

Internal Parasternal 

Fig. 5. Diagram illustrating the actions of the intercostal mucles as proposed by 
Hamberger [7]. The hatched area in the left panels represents the spine (dorsal view) and 
the hatched area in the lower right panel represents the sternum (ventral view). The two 
bars oriented obliquely represent two adjacent ribs. The external and internal intercostal 
muscles are depicted as single bundles and the torques acting on the ribs during contrac
tion are represented by arrows 
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hence its net effect should be to raise the ribs. In contrast, the fibres of the internal 
intercostal run obliquely caudal and dorsally from the rib above to the one below. 
Therefore, their lower insertion is less distant from the centre of rotation of the 
ribs than the upper one and, as a result, when this muscle contracts, the torque 
acting on the lower rib is less than that acting on the upper rib, so that its net 
effect should be to lower the ribs. The parasternal intercostals are part of the inter
nal intercostal layer, but their action should be referred to the sternum rather than 
to the vertebral column, their contraction should, therefore, raise the ribs. 

This theory is an oversimplification and does not explain important features 
of intercostal muscle mechanics [8, 9]. A number of electromyographic record
ings from intercostal nerves and muscles in animals have demonstrated that the 
parasternal intercostals and external intercostals are electrically active during the 
inspiratory phase of the breathing cycle; interestingly, the inspiratory activation 
of the external intercostals takes place mostly in the dorsal region of the rostral 
interspaces, where these muscles are thickest and have the greatest inspiratory 
mechanical advantage [9]. Normal humans at rest have similar phasic inspiratory 
activity in the parasternal intercostals and in the external intercostals of the most 
rostral interspaces [10, 11]. Furthermore, in the dog, when either the parastern~l 
intercostal or the external intercostal in a given interspace is selectively activated 
by electrical stimulation it causes cranial displacement of the ribs into which it 
inserts [8]. In addition, when the diaphragm and all the external intercostals in 
dogs are denervated so that the parasternal intercostals are the only muscles 
active during inspiration, the ribs move cranially. Similarly, inspiratory cranial 
displacement of the ribs is seen when the canine diaphragm and parasternal inter
costals have been paralyzed so that the external intercostals are the only muscles 
active during inspiration. Thus, both the parasternal intercostals and the external 
intercostals contract during inspiration, including resting breathing, to pull the 
ribs cranially and to expand the rib cage compartment of the chest wall. Studies in 
dogs have shown, however, that the contribution of the parasternal intercostals to 
resting breathing is much larger than that of the external intercostals [ 12]. 

The internal interosseous intercostals, on the other hand, have an expiratory 
action on the rib cage. In spontaneously breathing animals, these muscles con
tract during the expiratory phase of the breathing cycle, and in contrast to the 
external intercostals their contraction is confined to the caudal interspaces. In 
this way, they help the triangularis sterni (see below) to pull the ribs caudally and 
deflate the rib cage. As with the external intercostals, however, the contribution of 
the internal intercostals to resting breathing appears to be small [10]. 

The insertions and fiber orientations of the external and internal intercostal 
muscles would suggest that these muscles are also ideally suited to twist the rib 
cage [8]. Thus, contraction of the external intercostals on one side of the sternum 
would rotate the ribs in a transverse plane so that the upper ribs would move for
ward while the lower ribs would move backward. In contrast, contraction of the 
internal intercostals on one side of the sternum would move the upper ribs back
ward and the lower ribs forward. Recent studies in normal humans have shown 
that the external and internal interosseous intercostals are indeed actively 
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involved in rotations of the thorax [13]. Specifically, the external intercostals on 
the right side of the chest are activated when the trunk is rotated to the left, 
whereas they are silent when the trunk is rotated to the right. Conversely, the 
internal intercostals on the right side of the chest are activated when the trunk is 
rotated to the right. Active use of these muscles during such postural movements 
is consistent with their abundant supply of muscle spindles. 

The scalene muscles 

The scalene muscles in man comprise three bundles that run from the transverse 
processes of the lower five cervical vertebrae to the upper surface of the first two 
ribs. When these muscles are selectively activated by electrical stimulation in 
dogs, they produce a marked cranial displacement of the ribs and sternum and 
cause an increase in rib cage anteroposterior diameter. Although the scalenes 
have traditionally been considered as "accessory" muscles of inspiration, studies 
with needle electrodes have established that in normal humans they invariably 
contract in concert with the diaphragm and the parasternal intercostals during 
inspiration [11, 14] (Fig. 6). 

There is no clinical setting that causes paralysis of all the inspiratory muscles 
without also affecting the scalenes and, therefore, the isolated action of these 
muscles on the human rib cage cannot be precisely defined. Two observations, 
however, indicate that contraction of the scalenes is an important determinant of 
expansion of the upper rib cage during breathing. First, when normal subjects 
attempt to inspire with the diaphragm alone there is a marked, selective decrease 
in scalene activity associated with either less inspiratory increase or a paradoxi
cal decrease in anteroposterior diameter of the upper rib cage [11]. Second, the 
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Fig. 6. Pattern of electrical activation of the scalene and paresternal intercostal muscles in 
normal humans. The subject shown here is breathing quietly in the seated position. The 
inspiration phase of the breathing cycle (I) is indicated by an increase in rib cage and 
abdomen anteroposterior (AP) diameter 
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inward inspiratory displacement of the upper rib cage characteristic of tetraple
gia is usually not observed when scalene function is preserved after the lower 
cervical cord transection (4]. Since the scalenes are innervated from the lower 
five cervical segments, persistent inspiratory contraction is frequently seen in 
subjects with a transection at the C7 level or below. In such subjects, the antero
posterior diameter of the upper rib cage tends to remain constant or to increase 
slightly during inspiration. 

The sternocleidomastoids and other accessory muscles of inspiration 

Many additional muscles, such as the pectoralis minor, the trapezius, the erector 
spinae, the serrati and the sternocleidomastoids, can elevate the ribs when they 
contract. These muscles, however, run between the shoulder girdle and the rib 
cage, the spine and the shoulder girdle or the head and the rib cage, and have pri
marily postural functions. In healthy individuals, they are active only during 
increased inspiratory efforts and in contrast to the scalenes, they are thus real 
"accessory" muscles of inspiration. 

Of all these muscles only the sternocleidomastoids have been thoroughly 
studied. These descend from the mastoid process to the ventral surface of the 
manubrium sterni and the medial third of the clavicle and their action in man 
has been inferred from measurements of chest wall motion in patients with tran
section of the upper cervical cord. Indeed, in such patients the diaphragm, inter
costals, scalenes and abdominal muscles are paralyzed, but the sternocleidomas
toids (the motor innervation of which largely depends on the eleventh cranial 
nerve) are spared and contract forcefully during unassisted inspiration. When 
breathing spontaneously these patients show a marked inspiratory cranial dis
placement of the sternum and a large inspiratory expansion of the upper rib 
cage, particularly in its anteroposterior diameter. There is, however, a decrease in 
the transverse diameter of the lower rib cage [3, 15]. 

The triangularis sterni 

The triangularis sterni, also called transversus thoracis, is a flat muscle that lies 
deep to the sternum and the parasternal intercostals. Its fibres originate from the 
dorsal aspect of the caudal half of the sternum and insert into the inner surface 
of the costal cartilages of ribs 3 to 7. The motor supply of the muscle comes from 
the intercostal nerves. 

Although this muscle has long been neglected, it has an important respiratory 
function in quadrupeds [16]. In the dog and in the cat the triangularis sterni 
invariably contracts during the expiratory phase of the breathing cycle and this 
contraction acts to pull the ribs caudally and to deflate the rib cage below its neu
tral (resting) position. Consequently, when the muscle relaxes at the end of expi
ration there is passive rib cage expansion and an increase in lung volume that 
precedes the onset of inspiratory muscle contraction. In these animals the trian
gularis sterni thus shares the work of breathing with the inspiratory muscles and 
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helps the parasternal intercostals produce the rhythmic inspiratory expansion of 
the rib cage [16]. 

In contrast to quadrupeds, the triangularis sterni in normal humans is usually 
inactive during resting breathing. However, it invariably contracts during volun
tary or involuntary expiratory efforts such as coughing, laughing and speech. 
Normal humans, in fact, cannot produce expiratory efforts without contracting 
the triangularis sterni. Presumably, the muscle then acts in concert with the inter
nal interosseous intercostals to deflate the rib cage and increase pleural pressure. 

The abdominal muscles 

Functional anatomy 

The four abdominal muscles with significant respiratory function in man consti
tute the ventrolateral wall of the abdomen with the rectus abdominis being most 
ventral of these muscles. It originates from the ventral aspect of the sternum and 
the fifth, sixth and seventh costal cartilages, and runs caudally along the whole 
length of the abdominal wall to insert into the pubis. This muscle is enclosed in a 
sheath formed by the aponeuroses of the other three muscles. The most superfi
cial of these is the external oblique which originates from fleshy digitations of the 
external surface of the lower eight ribs well above the costal margin, and directly 
covers the lower ribs and intercostal muscles. Its fibres radiate caudally to the 
iliac crest and inguinal ligament and medially to the linea alba. The internal 
oblique lies deep to the external obliques, its fibres arise from the iliac crest and 
inguinal ligament and diverge to insert on the costal margin and an aponeurosis 
contributing to the rectus sheath down to the pubis. The transversus abdominis is 
the deepest of the muscles of the lateral abdominal wall. It arises from the inner 
surface of the lower six ribs where it interdigitates with the costal insertions of 
the diaphragm. From this origin and from the lumbar fascia, the iliac crest and 
the inguinal ligament its fibres run circumferentially around the abdominal vis
ceral mass and terminate ventrally in the rectus sheath. 

Actions of the abdominal muscles 

These four muscles have important functions as rotators and flexors of the trunk, 
but as respiratory muscles they have two principal actions. Firstly, as they contract 
they pull the abdominal wall inward and produce an increase in abdominal pres
sure. This causes the diaphragm to move cranially into the thoracic cavity, which 
in turn results in an increase in pleural pressure and a decrease in lung volume. 
Secondly, they displace the rib cage due to their insertions on the ribs. These inser
tions would suggest that the action of the abdominal muscles was to pull the lower 
ribs caudally and to deflate the cage, another expiratory action. Measurements of 
rib cage motion during separate stimulation of the four abdominal muscles in 
supine dogs have shown, however, that these muscles also have an inspiratory 
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action on the rib cage [ 17]. Indeed, as previously discussed (Fig. 3 }, there is a 
large zone where the diaphragm is directly apposed to the rib cage which allows 
abdominal pressure to be transmitted to the lower rib cage. The rise in abdomi
nal pressure that takes place when the abdominal muscles contract thus acts to 
expand the lower rib cage. Furthermore, the diaphragm, when forced cranially, is 
stretched, and this passive diaphragmatic tension tends to raise the lower ribs in 
the same way as does an active diaphragmatic contraction ("insertional" force). 

The action of the abdominal muscles on the rib cage is thus determined by 
the balance between the insertional, expiratory force of the muscles and the 
inspiratory force related to the rise in abdominal pressure. Isolated contraction of 
the external oblique muscle in man produces a small caudal displacement of the 
sternum and a large decrease in the rib cage transverse diameter, but the rectus 
abdominis, while causing a marked caudal displacement of the sternum and a 
large decrease in the anteroposterior diameter of the rib cage, also produces a 
small increase in the rib cage transverse diameter [ 18]. The isolated actions of the 
internal oblique and transversus abdominis muscles on the human rib cage are 
not known. The anatomical arrangement of the transversus, however, would sug
gest that among the abdominal muscles this muscle has the smallest insertional, 
expiratory action on the ribs and is the most effective in increasing abdominal 
pressure. Therefore, isolated contraction of the transversus should produce little 
or no expiratory rib cage displacement. 

Respiratory function of the abdominal muscles 

Irrespective of their actions on the rib cage, the abdominal muscles are primarily 
expiratory muscles through their action on the diaphragm and the lung, and they 
play important roles in activities such as coughing and speaking. Their action, 
however, also enables them to assist inspiration. Thus, by contracting in phase 
with expiration and forcing the diaphragm cranially, the abdominal muscles can 
reduce lung volume below the neutral position of the respiratory system and 
hence, when they relax at end-expiration, can promote passive descent of the 
diaphragm so that lung volume increases before the onset of inspiratory muscle 
contraction. This effect, which is similar to that produced by the triangularis 
sterni in dogs, may prevent the inspiratory muscles from working disproportion
ately hard. Indeed, phasic expiratory contraction of the abdominal muscles 
occurs in healthy subjects whenever the demand placed on 'the inspiratory mus
cles is increased, such as during exercise, breathing COz-enriched gas mixtures, 
or breathing against increased inspiratory mechanical loads. It is noteworthy 
that in these conditions the transversus muscle is recruited during expiration 
well before activity can be recorded from either the rectus or the external oblique 
[19]. In view of the actions of these muscles, this differential recruitment also 
supports the notion that the effect of the abdominal muscles on abdominal pres
sure is more important for breathing than their action on the rib cage. 

There is a second mechanism by which the abdominal muscles can assist 
inspiration. Most normal human subjects when adopting the standing posture 
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develop tonic abdominal muscle activity unrelated to the phases of the breathing 
cycle, and studies in patients with transection of the upper cervical cord, in 
whom bilateral pacing of the phrenic nerves allows the degree of diaphragmatic 
activation to be maintained constant, have clearly illustrated the effect of this 
tonic abdominal contraction on inspiration [3]. When the patients were supine 
the unassisted paced diaphragm was able to generate an adequate tidal volume. 
However, when the patients were tilted head up or moved to the seated posture 
the weight of the abdominal viscera and the absence of abdominal muscle activi
ty caused the belly wall to protrude. The tidal volume produced by pacing in this 
posture was markedly reduced relative to the supine posture but the reduction 
was significantly diminished when a pneumatic cuff was inflated around the 
abdomen to mimic tonic abdominal muscle contraction. Thus, by contracting 
throughout the breathing cycle in the standing posture, the abdominal muscles 
make the diaphragm longer at the onset of inspiration and prevent it from short
ening excessively during inspiration; in accordance with the length-tension char
acteristics of the muscle, its ability to generate pressure is thus increased. 

Conclusion 

Although the diaphragm is the main respiratory muscle in man, it is not the only 
important contracting muscle. The diaphragm expands the abdomen and the 
lower rib cage, but the expansion of the cranial half of the rib cage is accom
plished by other inspiratory muscles, in particular the scalenes and the paraster
nal intercostals. In normal subjects at rest the synchronous expansion of the 
abdominal and rib cage compartments of the chest wall thus results from the 
simultaneous contraction of these three inspiratory muscle groups and not from 
the isolated action of the diaphragm as previously thought. Additional muscles, 
such as the transversus abdominis and triangularis sterni, are also frequently 
involved in the act of breathing. These muscles are usually considered to be expi
ratory because they displace the respiratory system below its resting volume. By 
relaxing at end-expiration, however, they also cause an increase in lung volume, 
thereby reducing the load on the inspiratory muscles. 

Moving the chest wall during breathing is thus a complex, integrated process 
that involves many muscles and the control mechanisms that promote coordinat
ed use of these different muscles are critically important in maintaining alveolar 
ventilation within acceptable limits. These mechanisms play an important role in 
healthy subjects, particularly when the ventilatory requirements are increased, 
but they become absolutely essential to life in conditions where the diaphragm is 
less effective or paralyzed. 
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Chapter 3 

Respiratory muscle dysfunction 

S. NAVA, F. RUBINI 

Introduction 

The respiratory system consists of two main parts, the lung and the ventilatory 
pump. The latter is formed by the bony structure of the thorax, the central respi
ratory controllers, the inspiratory and expiratory muscles and the nerve innervat
ing these muscles. Whereas failure of the lung leads to hypoxemia, failure of the 
ventilatory pump, in particular a dysfunction of the respiratory muscles, leads to 
hypercapnic respiratory failure. Respiratory muscle fatigue occurs when respira
tory muscle endurance is exceeded; that is, when the load against which the mus
cles must contract requires too great an effort for too long [ 1]. Healthy people 
never approach this threshold, below which diaphragm fatigue does not occur. In 
contrast, patients with severe chronic obstructive pulmonary disease (COPD) 
neuromuscular diseases may be dose to the threshold at rest and exceed it even 
with minor exertion [2, 3]. In September 1988 a workshop was held at Kansas 
State University to reassess the state of knowledge on respiratory muscle fatigue 
[4]. Muscle fatigue was defined as a condition in which there is a loss in the 
capacity for developing force and/or velocity of a muscle resulting from muscle 
activity and which is reversible by rest. Muscle weakness is a condition in which 
the capacity of a rested muscle to generate force is impaired. 

According to Monod and Scherrer [5] the endurance time of a muscle (tHm) 
during a constant isometric contraction is inversely proportional to the force 
developed, according to the following equation: 

K' 
t!im=---

F/Fmax 

where K is a constant and F is the portion of maximal force that the muscle can 
develop. During an intermittent effort, like the respiratory muscles during spon
taneous breathing, the time the contraction is maintained must be taken into 
account since this time is inversely proportional to tlim· The tension-time index 
of the human diaphragm (TTdi) was used by Bellemare and Grassino [1] as a 
measure of diaphragmatic exertion against inspiratory loads. TT di was defined 
as the product of the mean transdiaphragmatic pressure (Pdi) developed during 
contraction (expressed as a fraction of maximal P di) and the time of contraction 
relative to the total duration of the respiratory cycle {Ti/Ttot). The diaphragm 
develops fatigue in the course of repeated intermittents when TTdi exceeds val-
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ues ranging from 0.15 to 0.18. Above this threshold the endurance time of the 
diaphragm is inversely related to TT di· In the course of their experiments pleural 
(Pp!) and abdominal (Pab) pressure changes were made to contribute equally to 
Pdi during inspiration. However, in most situations [6] in which breathing is held 
against inspiratory loads the Pp! swing is larger than the abdominal one, suggest
ing increased recruitment of inspiratory muscles attached to the rib cage in 
addition to the diaphragm. Zocchi et al [7] have recently shown that when adopt
ing this pattern of breathing the critical threshold of fatigue is higher than previ
ously described by TT di for diaphragm emphasis. 

Three general types of fatigue have been described: central fatigue, transmis
sion fatigue and contractile fatigue [8]. 

Central fatigue is a reversible decrease in central neural respiratory drive 
caused by overuse of the muscles. There are two kinds of central fatigue: 1) 
motivational fatigue in which the level of respiratory effort drops off but can be 
restored by a voluntary super-effort. 2) non-motivational fatigue, where the mus
cle retains a normal response to electrical stimulation but no amount of exhorta
tion can increase the level of respiratory effort. Transmission fatigue is a 
reversible, exertion-induced impairment in the transmission of neural impulses 
through nerves or across neuromuscular junctions. Possible locations are the 
axonal branch points, the neuromuscular junction itself and the muscle mem
brane. Contractile fatigue is a reversible impairment in the contractile response 
of the muscles to neural impulses which is not caused by drugs. This kind of 
fatigue can be divided into two types: a transient type known as high-frequency 
(reduced response to stimulation frequencies of SO to 100Hz), and a long-lasting 
form known as low frequency fatigue (reduced response to stimulation frequen
cies of 10 to 20 Hz). The transient high-frequency fatigue might be caused by 
accumulations of toxic metabolic by products of contraction, by altered calcium 
or by decreased ATP concentrations. The long lasting low-frequency fatigue is 
probably caused by minor muscle injury that must be repaired before normal 
function is restored. 

To the clinician the identification of the etiology of ventilatory failure is fun
damental to the appropriate therapeutic plan and in particular in assessing the 
supply of energy and the demands of the ventilatory muscles pump. Weakness 
and fatigue of the respiratory muscles are associated with several diseases and 
pathological conditions as follows. 
a. Low Cardiac Ouput States. Aubier et al. [9] showed that cardiogenic shock in 
dogs resulted in failure of the ventilatory muscles, while Nava and Bellemare [ 10] 
demonstrated that the main cause of respiratory muscle fatigue in this condition 
depends on central factors. Whatever the main cause, the death of the animals 
resulted from ventilatory failure. Field et al. [ 11] extended these findings to criti
cally ill patients requiring mechanical ventilation. They noted that these patients 
not only had an increased oxygen consumption by respiratory muscle, but also 
exhibited a diminished efficiency of the ventilatory pump. They postulated that 
mechanical ventilation in such a group would increase oxygen delivery to more 
vital organ systems. 
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b. Nutrition. It is clear that many patients with COPD are malnourished. An 
important consequence of malnutrition and weight loss is a significant decrease 
in respiratory muscle mass, with related weakness [12]. In addition, acute deple
tion of certain trace elements dramatically interferes with muscle performance. 
Hypophosphatemia [ 13] usually a consequence of increased excretion in patients 
with diminished stores, may result in ventilatory failure. Hypokaliemia and hypo
magnesemia [14] may also impair muscle performance to provoke incipient 
fatigue. In direct contrast to the malnourished thin patients, the physician is com
monly faced with obese patients, in whom ventilatory muscle strength has been 
reported to be reduced by 30 o/o [15]. Work of breathing is also increased due to 
elastic loading and the predilection for hypoventilation and ventilatory failure is 
therefore clear. 
c. Collagen Vascular Disease. Polymyositis significantly reduces respiratory mus
cle strength below 50 o/o of predicted. Gibson et al. [16] noted that also in systemis 
lupus erythematosus the diaphragm failed to perform normally as measured by 
Pru and maximal inspiratory and expiratory pressures (MIP & MEP). As with to 
other collagen diseases, sclerodermia is well known to cause myositis and 
involves the diaphragm and intercostal muscles [ 17]. 
d. Neuromuscular Diseases. Respiratory muscle weakness is well documented in 
pathologies such as poliomelitis, kyfoscoliosis, Duchenne dystrophy, myastenia 
gravis and others. Chronic respiratory weakness is characterized by a reduction 
in pressure-generating capacity affecting the ability to inflate the lungs and to 
produce effective cough. Loss of strength is probably the major factor increasing 
the tidal/maximal pleural pressure ratio but also reductions in lung and chest 
wall compliance, distortion of the chest wall (i.e. scoliosis) and muscle stiffening 
often increase the tidal demands on the respiratory muscles. Of these diseases the 
most devastating presentations of acute ventilatory failure are represented by 
acute inflammatory polyneuritis [18] (Guillain-Barre' -Landry syndrome) and 
botulism [19] (through reduction of neuromuscular transmission by impaired 
acetylcholine release). 
e. Endocrinopathy. Hypothyroidism may impair ventilatory pump function as 
reflected in a reduced vital capacity and maximal inspiratory pressure [20]. The 
skeletal myopathies seen for example in Cushing's syndrome and acromegaly 
could also affect the strength of respiratory muscles on a chronic basis [ 21]. 
f. Healthy Individuals. Healthy people never approach the diaphragm fatigue 
threshold, except for two conditions: a) during "extreme" physical exercise, such 
as marathon running [22] but not during shorter competitions [23] and b) during 
the expulsive period of labour [24]. 
g. Drugs. Several drugs (xanthines, beta2-agonists) have been shown to potentiate 
the inotropic properties of the respiratory muscles, however their effects are still 
controversial [25-28]. Fluorinated and non-fluorinated corticosteroids at high 
doses, among the most commonly used pharmaceutical preparations, may pro
duce significant impairment of the contractile and histochemical properties of 
the respiratory muscles leading to severe weakness [29, 30]. 
h. Chronic Obstructive Pulmonary Disease (COPD). This disease is characterized 
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by increased resistance to airflow, air trapping and hyperinflation of the lungs 
[31, 32]. The increased resistance to airflow increases the work of breathing and 
energy requirements. Hyperinflation puts the respiratory muscles at mechanical 
disadvantage, as lung volume increases the muscles are passively shortened by 
their own elasticity rather than by active contraction. Thus, COPD not only 
makes it harder to breathe but aslo impairs the capacity of the respiratory mus
cles to handle the added loads. The occurence of respiratory muscle fatigue have 
been shown to occur acutely in these patients [2]. Nonetheless, it is surprising 
that almost all studies have been performed in a laboratory setting, the subjects 
being asked to modify their natural breathing pattern or to breathe against high 
inspiratory resistance. Only indirect evidence of acute respiratory muscle fatigue 
has therefore been described in "natural" conditions such as disconnection from 
mechanical ventilation [ 33] and asthmatic attack [ 34]. Evidence of "chronic" res
piratory muscle fatigue has never been demonstrated and its existance is still 
controversial. Indeed Similowski et al. [35] showed that diaphragm function in 
stable eucapnic COPD is not as seriously compromised as was originally 
thought, since at very high lung volumes the diaphragm of these patients can 
generate substantially more pressure than the normal diaphragm a higher frac
tion of which is available to inflate the lungs. 
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Chapter4 

Static and dynamic behaviour of the 
respiratory system 

E. D'ANGELO 

Introduction 

In this chapter only the most fundamental aspects of respiratory mechanics in 
normal humans are considered; detailed accounts can be found elsewhere in the 
literature [1-6]. The first section deals with the pressures exerted by the passive 
respiratory system and the respiratory muscles under static conditions and the 
second the pressures which develop with the breathing movements (dynamics). 

Statics 

Volume-pressure relations of the relaxed respiratory system 

Total respiratory system 

The static behaviour of the respiratory system, like that of its component parts, is 
studied by determining and analyzing the volume-pressure relation. During 
relaxation of the respiratory muscles the net pressure developed at any given lung 
volume by the respiratory system under static conditions (Pst,rs) results from the 
forces exerted by its elastic elements and equals the difference between alveolar 
pressure (P A) with airway openings closed, or mouth pressure with the glottis 
open, and body surface pressure (Pbs). Conversely, (PA-Pbs) indicates the pressure 
that the respiratory muscles must exert to maintain that lung volume with open 
airways, i.e. to exactly balance the elastic forces of the respiratory system. This 
applies, however, only if the shape of the respiratory system is the same whether 
the respiratory muscles are active or not. For a given volume, the elastic energy, 
and hence the elastic pressure, is minimum for the configuration occurring dur
ing relaxation, and is increased whenever that configuration is changed. The extra 
pressure required to distort the respiratory system and its relation to the kind 
and entity of distortion is largely unknown. It appears, however, that during rest 
or moderately increased ventilation departures from the relaxed configuration 
are usually modest [ 4]. 

The volume-pressure curve of the relaxed respiratory system is sigmoidal. In 
the middle volume range the relation is almost linear with a slope, the compliance 
of the respiratory system (Crs), which is 2 o/o of the vital capacity (VC) per 1 em 
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H20, or 0.1 L/cm H20. Approaching the volume extremes, i.e. above 85 %and 
below 15% VC, Crs rapidly falls off. The volume at PA =Pbs is the resting volume 
of the respiratory system: during quiet breathing it usually corresponds to the 
lung volume at the end of a spontaneous expiration, which is the definition of the 
functional residual capacity (FRC). The measurement of lung volume and mouth 
pressure does not pose any major technical problem; but voluntary relaxation is 
difficult to obtain. Also the assumption by Heaf and Prime (7] that the muscles 
are relaxed at the end of expiration during spontaneous breathing at atmospheric 
and moderately increased airway pressure, may not be valid. Indeed, recent evi
dence suggests that tonic respiratory muscle activity is always present in awake 
subjects (5]. Certainly the volume-pressure relation obtained in the paralyzed 
subject reflects only the elastic forces that develop in the respiratory system. Its 
comparison with that in the awake subject requires, however, some caution 
because the effects on the volume-pressure characteristics of the respiratory sys
tem produced by muscular paralysis in combination with general anesthesia 
cannot be explained only by loss of tonic activity of the respiratory muscles [ 8]. 

Lung and chest wall 

A mechanical analogue of the chest wall (W) and lung (L) under static conditions 
is provided by two parallel springs: thus the volume changes of the chest wall 
(~Vw) and the !ung (~VL) should be the same (except for shifts of blood) and 
equal to that of the respiratory system (~ V rs = ~ V w = ~ V L), whereas the algebraic 
sum of the pressure exerted by each part equals the pressure of the respiratory 
system (Pst,rs = Pst,w+Pst,d· It follows that the reciprocal of the compliance of the 
respiratory system equals the sum of the reciprocals of the lung and chest wall, 

l!Crs = liCL + 1/Cw 

and since the elastance (E) is the reciprocal of C. 

Ers= EL+Ew 

Because Pst,rs is the difference between alveolar and body surface pressure, when 
the latter is atmospheric P A = P st,w+ P st,l· Because P st,w indicates pressures exerted by 
the relaxed chest wall, when the respiratory muscles contract at fixed lung volumes. 

PA= Pst,w+Pst,L+Pmus 

The pressure exerted by the lung is the difference between alveolar and 
pleural surface pressure, Pst,L = PA-PpG that exerted by the chest wall is the differ
ence between pleural surface and body surface pressure, Pst,w = Ppi-Pbs· Thus, 
during relaxation Ppi = Ps1,w; when the muscles contract at constant lung volume 
Ppl = Pst,w+Pmus and Ppl = PA-Pst,L; when the subject actively holds a given lung 
volume with airway and glottis open Ppi = -Pst,L· 

The volume-pressure relations of the lung and chest wall are curvilinear: the 
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former increases its curvature with increasing lung volume, the opposite being 
true for the latter. The fall in Crs at high lung volumes is therefore due to the 
decrease of CL, that at low lung volume to the decrease of Cw. In the tidal volume 
range the volume-pressure relations of both the lung and chest wall are nearly lin
ear and CL and Cw are about the same, amounting to 4 % VC per 1 em HzO, or 0.2 
1/cm HzO. In normal young subjects the resting volume of the lung, i.e. that occur
ring when Pst,L = Pbs, is close to residual volume (RV) and the lung recoils inward 
over nearly all the VC. Hence, the resting volume of the respiratory system is 
reached when the inward recoil of the lung is balanced by the outward recoil of the 
chest wall; Pst,w+Pst,L = 0. This volume depends on posture, being 40, 22 and 13 % 
VC in erect, supine, and head-down subjects respectively [ 1]. Indeed, while the vol
ume-pressure relation of the lung is largely independent of posture, gravity 
markedly affects the volume-pressure relation of the chest wall, mainly through its 
effects on the abdomen [3]. Thus the resting volume of the chest wall, i.e. that 
occurring when Ppl =Pbs, amounts to 55 and 30% VC in the erect and supine pos
ture respectively [ 1]. Above this volume the chest wall recoils inwards, below it 
recoils outwards. 

Assessment of the volume-pressure relationships of the lung and chest wall 
involves the measurement of Ppl· In humans Ppl is usually estimated from 
esophageal pressure (Pes) measurements. The interpretation of this measure 
requires, however, some caution, because of both technical and theoretical prob
lems [9, 10]. Although in the volume-pressure diagrams Ppl is expressed for ana
lytical purposes as a single value represented by Pes, under physiological condi
tions pleural surface pressure varies at different sites due to the effects of gravity 
on the lung and chest wall, the different natural shapes of these two structures 
and the changes in shape caused by the action of the respiratory muscles; more 
importantly, changes in Ppi with changing volume can be non uniform in various 
instances [ 11]. 

Static volume-pressure relationships are usually represented by single lines, as 
if there were a unique relationship between static pressures and lung volumes. 
These pressures differ, however, depending on the volume and time history of the 
respiratory system. Static pressure tend to be lower if a given lung volume is 
reached on deflation, higher if on inflation. Thus static curves obtained by chang
ing lung volume in steps from RV to total lung capacity (TLC) and then back to 
RV are loops rather then single lines. These loops are called hysteresis loops and 
reflect the failure of a structure to react identically upon application and with
drawal of a forcing agent. They also represent energy lost from the system. 
Hysteresis occurs both in the lung and chest wall: in the former it is attributed to 
surface properties and alveolar recruitment-derecruitment [12], in the latter it 
seems related to muscles and ligaments [13, 14]. Hysteresis in the respiratory sys
tem is commonly ascribed to both viscoelasticity, i.e. a rate-dependent phenome
non, and on plasticity, i.e. a rate-independent phenomenon. This relates partly to 
the definition chosen to qualify static conditions, and partly to the technical diffi
culties encountered in order to satisfy that definition, particularly in in vivo stud
ies. Indeed only plasticity should be held responsible for true static hysteresis, 
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which, in a mechanical analogue, would occur only in the presence of dry fric
tion. Moreover, only the energy spent to overcome static and dynamic friction is 
totally lost, whereas part of that spent to stretch a viscoelastic element can be 
recovered (see below). There is no information concerning pressure dissipation 
due to tissue plasticity in humans; however, it has been suggested that this work 
component should be very small in the tidal volume range [15]. 

Volume-pressure relation of the respiratory system during static muscular 
efforts 

Alveolar pressure, relative to that occurring during relaxation at that lung vol
ume, decreases and increases, during inspiratory and expiratory maximum static 
efforts respectively. These changes in PA are taken to represent the net pressure 
exerted by the inspiratory and expiratory muscles. They do not necessarily repre
sent the maximum that the respiratory muscles can exert because antagonistic 
muscles may be active, especially during the efforts performed close to the vol
ume extremes, particularly expiratory. Moreover, because of the concomitant dis
tortion of the chest wall, only part of the muscular force developed during the 
efforts results in PA changes. 

The expiratory pressures are larger the larger the lung volume at which the 
effort is performed, whereas the opposite is true for the inspiratory pressures. 
Thus in normal adults, the inspiratory muscle pressure decreases from about 120 
em HzO near RV to about 50 em HzO at TLC; corresponding values of expiratory 
muscle pressure are about 50 and 200 em HzO [1, 5]. This behaviour reflects pri
marily the force-length relation of the muscles, though the mechanical character
istics of the passive structures, the action of antagonist muscles and the reflex 
inhibition caused by the effort itself are also involved. Indeed the length of the 
inspiratory muscles decreases with the lung volume and the opposite occurs for 
the expiratory muscles. Finally, the pressures exerted by the respiratory muscles 
depend on age and sex. The decrease of maximum pressures with age, the lower 
maximum pressures in women and the variability of these pressures among sub
jects parallel observations for maximum strength of other skeletal muscles. They 
also depend on the subject's activity; with appropriate training programs maxi
mum pressures can increase up to 55% [16]. 

Dynamics 

Driving and opposing pressures 

The potential range of driving pressures available to produce the breathing move
ments is given by the relationships between lung volume and changes in PA from 
relaxation values during maximal voluntary static inspiratory and expiratory 
efforts, respectively (see above). In theory, the maximal mechanical work poten
tially available for a breathing cycle is given by the area subtended by those 
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curves which amount to 20-30 calories for male adults. However, this potential 
work is never achieved during the actual breathing movements, mainly because 
of the intrinsic muscle property expressed by the force-velocity relationship [ 17]. 
Other mechanisms also contribute to limit the maximal external work per breath, 
such as the speed of activation of the respiratory muscles and gas compressibility 
[18], as well as distortion of the chest wall which becomes probably substantial at 
high levels of ventilation [ 19]. 

The opposing pressures arise from several factors which include: (a) elastic 
forces within the lung and chest wall; (b) viscous forces due to flow of gas along 
the airways and lung and chest wall tissues; (c) viscoelastic forces due to stress 
adaptation units within the tissues of the lung and chest wall; (d) plastoelastic 
forces, as reflected by differences in static elastic recoil pressure of the lung and 
chest wall at inflation and deflation; (e) inertial forces; (f) compressibility of tho
racic gas; and (g) distortion of the respiratory system from the configuration dur
ing muscular relaxation. Among these factors items (a)-( c) provide the relevant 
pressures that oppose the driving force under most physiological conditions. Item 
(a) has been dealt with above here. 

Viscous forces 

Rohrer [20] provided indirect estimates of the airway resistance (Raw) by apply
ing the laws of fluid dynamics to post-mortem measurements of the dimension of 
the airways. He described the following relationships which are known as 
Rohrer's equations: 

where Pres represents the pressure dissipation within the airways due to gas flow 
CV) and K1 and K2 are constants. Though the physical meaning assigned by 
Rohrer to these constants are no longer accepted, these equations are still used 
because they provide a close empirical description of experimental results. Values 
for K1 and K2 vary considerably among different reports depending on the exper
imental procedure and conditions: indicative values in normal seated subjects are 
1.2 em H20 • 1-1 • s and 0.3 em H20 • 1-2 • s2 during mouth breathing, and 1.8 em 
H20 .1-1 • sand 3 em H70 ·1-2 • s2 when breathing through the nose [2]. 

Direct measurements of Raw are obtained by means of the interrupter method 
[21] and the body plethysmographic method [22]. Using the latter technique 
Briscoe and Dubois [23] found that in seated subject breathing through the 
mouth, airway conductance (Gaw), i.e. the reciprocal of Raw, is approximately pro
portional to lung volume; Gaw = c0.23+0.28V (V in liters). The dependency of Raw 
on volume reflects changes in dimensions of the conducting airways caused by 
the volume dependent changes in lung recoil. The technique, however, has the 
disadvantage that almost all body plethysmographs are designed to be used only 
at rest in the seated position. Moreover, some degree of cooperation from the sub
ject is necessary. These limitations have recently lead to a revival of the inter
rupter technique which can be readily applied in different body postures both at 
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rest and during increased ventilation, as well as in mechanically ventilated sub
jects. 

With the interrupter method the resistance is obtained as the ratio of the imme
diate change in mouth pressure (Pao) following a brief airway occlusion performed 
during the breathing cycle and the airflow immediately preceding the occlusion. The 
rapid change in Pao following occlusion is the resistive pressure existing prior to air
flow interruption. If this pressure change is thought to represent the pressure differ
ence between the mouth and the alveoli prior to airflow interruption, then the inter
rupter resistance (Riot) would correspond to airway resistance (Rint = Raw = Pres/ V). 
On the other hand, Mead and Whittenberger (24] suggested, on theoretical grounds, 
that total interrupter resistance (Rint,rs) should include a chest wall component 
(Rint,w) as well as a lung component (Rint,d reflecting mainly Raw· Partitioning of 
Rint,rs into its two components has been recently performed in mechanically venti
lated normal anesthetized paralyzed subjects: at flows between 0.24 and 1.12 L s-1 

average values for Rint,L and Rint,w were 1.2 and 0.4 cmH20 s L-1, respectively, the 
latter being independent of volume and flow [25]. The value of Rint,L does not 
include the resistance of ihe upper airways because the measurements of Rint,rs 
were based on tracheal pressure; hence, Rint,L of intact normal subjects should con
tribute substantially more than 30 o/o ofRint,rs (Rint,rs = Rint,t+Rint,w). This is support
ed by the results of Liistro et al. [26] who in normal subjects found that the values 
Rint,rs were close to those of Raw measured with the body plethysmographic tech
nique. Finally, Rint,L could include a component due to lung tissues, whereby 
Rint,t>Raw, althrmgh animal studies have shown that viscous resistance of pul
monary tissues does not contribute appreciably to Rint,L [ 27]. 

Values of chest wall "resistance" reported in the literature for normal subjects 
( -1 cmH20 s 1-1) [2] are higher than those of Rint,w reported above because they 
include substantial contributions from viscoelastic forces [28]. Such contribu
tions do not represent "true" flow-resistance, though they are included in the 
"lumped" measurements of total chest wall (Rw) and pulmonary (RL) resistance 
(see below). The mechanical analogue of Rint,w or Rint,L can be therefore repre
sented by a dashpot placed in parallel to the spring which simulates the pure elas
tic properties (Est) of the corresponding structure. 

Viscoelastic forces 

The viscoelastic behaviour of lung tissue has often been recognized [29], but only 
recently has a substantial role in respiratory dynamics been attributed to the vis
coelastic properties of the respiratory system. Pressures applied to the viscoelas
tic elements (Pvisc) cannot be directly measured, but can be obtained from the 
slow decay of pressure occurring when flow is suddenly stopped and volume kept 
fixed until a constant pressure, taken to represent static presssure, is reached. 
This phenomenon, which is commonly referred to as stress relaxation, is the 
basis of the rapid airway occlusion method that has been used to assess the vis
coelastic pressures of the respiratory system, lung and chest wall in normal anes
thetized paralyzed subjects, as well as the viscous (Pres) and static recoil pressures 
(Pst) (15, 28, 30, 31]. 
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The simplest mechanical analogue of a viscolelastic element is represented by 
a Maxwell body, i.e. a spring (Evisc) and a dashpot (Rvisc) arranged serially. In spite 
of the complexity and the large number of elements included in the lung and 
chest wall, a single Maxwell body can adequately reproduce the patterns of stress 
relaxation of the lung and chest wall observed in normal anesthetized paralyzed 
subjects, thus allowing the assessment of the viscoelastic parameters Evisc and 
Rvisc· For volumes up to 1litre above FRC and flows in the range 0.24-1.21/s, aver
age values (±SD) of these parameters obtained in 18 normal anesthetized para
lyzed subjects were 3.2±1.1 em H20 1- 1 and 3.4±1 em H20 s 1-1 for the lung, and 
1.7±0.4 em HzO 1- 1 and 2.1±0.6 em H20 s 1-1 for the chest wall [28]. Hence the vis
coelastic time constants ('tvisc = RviscfEvisc) of lung (1.1±0.4 s) and chest wall tis
sues (1.3±0.3 s) are essentially the same and considerably longer than the stan
dard time constant of the respiratory system ('trs = Rint,rsiEst,rs), which, in the tidal 
volume range, amounts to 0.15-0.3 s. Once the values of viscoelastic parameters 
are known and the system is assumed to be linear, Pve is computed by solving the 
differential equation: 

dPvisc/dt = -Pvisc/'tvisc+Rvisc dV/dt. 

The solution of this equation can be written as the product of two factors: the 
first has the dimension of pressure (Rvisc V y/y; where V T is tidal volume and T is 
duration of the breathing phase), the second is dimensionless, depends on the 
ratio 'tvisc/T, and varies with the pattern of flow. 

Viscoelastic forces have important effects on expiration. Since the elastic ener
gy stored in the viscoelastic elements of the lung and chest wall is greater with 
rapid than with slow inspirations, lung deflation should be faster following rapid 
inflation. Thus, during increased ventilation some of the requirements for 
increased expiratory flow rates are intrinsically met by the viscoelastic forces. 
Augmentation of the expiratory driving pressure through viscoelastic mecha
nisms can explain the observation that in paralyzed subjects lung deflation is 
slower if the expiration is preceded by an end-inspiratory hold [30]. In fact, dur
ing the end-inspiratory hold the effective elastic recoil pressures of the lung and 
chest wall should decrease progressively due to stress relaxation. Moreover, the 
viscoelastic forces, by increasing the effective lung recoil, should decrease airway 
resistance, in addition to increasing the expiratory driving pressure. Indeed in 
normal humans the maximal flows during forced vital capacity manoeuvers are 
greater when the manoeuver is performed following a rapid inspiration to TLC 
with a concomitant increase in effective PL and without an end-inspiratory pause 
to avoid pressure dissipation into Rvisc,L, than after a slow inspiration or a rapid 
inspiration followed by an end-inspiratory pause, this occurring also in the vol
ume range where maximal flows are effort independent [32]. Finally, because of 
viscoelastic behaviour, the decrease of lung volume during passive expiration fol
lows a double-exponential function [33], instead of the mono-exponential func
tion that describes the deflation of a simple RC model characterized by a single 
time constant. This model provides the rationale of various methods of measure-
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ment of respiratory mechanics [34, 35]; the results obtained with these methods 
are therefore open to criticism. On the other hand, the constants in the double
exponential function are related to the mechanical parameters Est. Rint. Evisc and 
Rvisc in a complex manner; as a consequence respiratory mechanics cannot be 
easily assessed during passive expiration. 

Time dependency of elastance and resistance 

Otis et al. [36] proposed a single-compartment model of the respiratory system 
which consisted of a constant elastance (E) served by a pathway of constant flow 
resistance (R). It is based on the assumption that the mechanical properties of 
the respiratory system, as well as its component parts, are independent of lung 
volume and flow and that inertial factors are negligible. They recognized that 
time-constant inequality within the lung could confer time-dependency of pul
monary elastance and resistance, but in normal subjects the impact of time-con
stant inequality appears to be negligible. Accordingly, the single-compartment 
model is represented by a single first-order differential equation: 

P{t) = EV{t)+R V(t) 

where P{t) is the forcing pressure that produces volume displacement V(t) from 
the relaxation volume and V{t) is instantaneous flow. A similar equation forms 
the basis of the "elastic subtraction method" [37] for determining effective resis
tance (R) and dynamic elastance (Edyn), and, in a variety of ways, it has been and 
still is commonly used [38]. However, measurements obtained with these meth
ods include substantial viscoelastic contributions, depending on respiratory fre
quency (f) and duration of inspiration [28, 30]; they provide "lumped" values of 
resistance (R = Rint+AR) and elastance (Edyn = Est+AE) which are highly time
dependent. During sinusoidal breathing, the contribution of viscoelastic proper
ties to dynamic elastance and effective resistance should change with f according 
to the following functions [28]: 

AE = ro2 'tvisc2 Evisc/{1 + ro2 'tvisc2) and 
AR = Rvisc/{1 + ro2 'tvisc2) 

where ro is angular frequency (21tf). Hence, both Edyn,L and Edyn,w should increase 
with increasing f, tending to Est+Evisc, whereas RL and Rw should decrease, 
approaching the corresponding value of Rint· Using the values of the viscoelastic 
parameters (see above) obtained in normal anesthetized paralyzed subjects [28], 
it appears that Edyn,L and Edyn,w approach plateau values at frequency of about 0.5 
Hz. At these frequencies, on average, Edyn,L is about 38 % higher than Est,L while 
the corresponding increase for the chest wall is about 26 %. On the other hand, 
both ARL and ARw become negligible at f >0.5 Hz. 

Time-dependency of pulmonary and chest wall elastance and resistance has 
been also described using forced oscillation techniques by several investigators 
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in awake, relaxed normal humans [39-41], as well as in spontaneously breathing 
subjects (cfr.42). As noted above, RL and Rw at high frequencies should reflect 
Rint,L and Rint,w, respectively. Indeed, values of Rw obtained in normal awake sub
jects with the forced oscillation technique at f above 2 Hz (40, cfr.42) are close to 
the values of Rint,w obtained in normal anesthetized paralyzed subjects [25]. 
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Chapter 5 

Lung tissue mechanics 

F.M. ROBATTO 

Introduction 

The basic aspects oflung mechanics were first described in 1820 when Carson [1] 
published his work on the elasticity of the lung. He demonstrated that lungs col
lapse because they are elastic and that lung elastic forces are volume dependent. 
In 1921 Von Neergaard [2] described the other important factor in generating 
lung recoil, surface tension. 

Lung pressure-volume relationship 

It was Fenn [3] who first pointed out that the study of respiratory system 
mechanics can be done by the analysis of its pressure-volume (P-V) characteris
tics. Whereas obtaining the P-V curve of an isolated lung is easy, it may be diffi
cult in humans for theoretical and technical reasons. The P-V curve obtained in 
an isolated lung inflated with air up to total lung capacity (TLC) from a complete
ly degassed condition can be divided into 4 segments. The first, nearly flat, seg
ment is characterised by the very high (20-25 em H20) pressure necessary to pop 
up the atelactasic airways and alveoli. When this critical opening pressure is 
reached the emptying of the distended into the just opened alveoli causes lung 
pressure to decrease in spite of an increasing lung volume. The P-V relationship is 
nearly linear up to 60-70 o/o TLC. Thereafter the lung becomes more and more 
rigid because of both surface phenomena and increasing stiffness of elastic net
work. As proposed by Setnikar and Meschia [ 4] the elastin and collagen fibres 
embodied in lung connective tissue could act as an independent but parallel net
work: elastin fibres can be lengthened out more than 100 o/o and could be the 
stress-bearing elements at low to intermediate lung volumes; collagen fibres, on 
the other hand, are quite rigid and are stressed only at high lung volumes. Their 
function may be that of preventing overdistension of the lung. 

The P-V characteristics of the lung cannot be described with a single parame
ter. However, lung elastic properties are often represented by the slope of the 
quasi rectilinear segment of the P-V curve, i.e. the lung compliance (CL). In 
humans CL is about 0.2 l!cm H20. As the P-V curve tends to be similar when the 
volume is normalized to some reference volume, such as the volume at TLC, both 
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between or within species, CL is often referred to as specific compliance: 

(dV/dP) 
sCL= ---

V30 

where V 30 is the volume at 30 em H20 conventionally taken as TLC. In spite of the 
utility of CL> it does not give any information about the alinearity of the P-V rela
tionship. To describe the upper part of lung's P-V curves a single exponential 
function of the form V=A-B-KP has been used where A is the asymptote, B is the 
volume decrement below A at P=O and K describes the shape of the relation, 
being smaller the stiffer the lung. 

Lung hysteresis and surface forces 

If an inflated lung is allowed to deflate, the deflation limb does not follow the 
inflation one, this phenomenon is known as lung hysteresis. The presence of an 
area (A) inside the curves indicates that the work done to inflate the lung is larger 
than that recovered during deflation: A is an index of the energy loss per cycle. 
Lung hysteresis can be due to both static and quasi-static phenomena. It has been 
shown in quasi static conditions [5] that A is a constant (k) of the rectangle that 
surrounds the loop: A = k V T dP. 

The V1 dP area represents the maximum energy dissipation per cycle possible 
for the system, and k is therefore the fraction of that maximum that is actually dis
sipated. The values of k could range from 0, corresponding to a conservative, per
fectly elastic system, to 1, corresponding to a dissipative, perfectly plastic system. 

A is inversely related to compliance and frequency. Indeed during sinusoidal 
forcing of isolated lung it can be demonstrated that A = f0n!Zw Pres Vdt, where Vis 
istantaneous flow, Pres is the pressure drop between the alveoli and the pleura and 
co is the angular frequency (2nf). Since lung tissue resistance (Rtis) is given by 
Pres! V it follows that Rtis = (2/n2) k I (CL f), where f is the cycling frequency. 
Recently, Fred berg and Stamenovic [ 6] have advanced the hypothesis that elastic 
and dissipative processes within the tissues are coupled at the level of the stress 
bearing elements (structural damping hypothesis). They introduced a coefficient 
T], called hysteresivity, defined as 

11 = co Rtis I Edyn 

where Edyn is dynamic elastance. It appears that h is similar between different 
lung tissue components, lung structures and species. According to the structural 
damping hypothesis, any factor affecting Edyn causes Rtis to respond in the same 
direction and to a similar degree. It has been demonstrated [7] that when lungs 
are challenged with a bronchoconstrictor agent the larger part of the fractional 
change in Rtis is accounted for by the fractional change in Edyn and only the lesser 
part by the fractional change in h. This has been taken as evidence [ 6, 7] that a 
coupling of elastic and dissipative processes captures some unifying attribute of 
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underlying mechanism, whatever it would be. It should be noted that k is related 
to 11 by this simple algebrical equation: 

1l = [ (1t/4k)2-1]-l/2 

If A were only a dynamic phenomenon related to stress adaptation then A 
would be zero when the system is in "true" static condition. There is evidence that 
if lungs are cycled with a relatively small tidal volume (15 mUkg body weight) 
starting from a volume around 30 o/o TLC (i.e. close to functional residual capaci
ty) static lung hysteresis is negligible [8, 9]. Static lung hysteresis would be evi
dent only when lungs are ventilated from residual volume (RV) up to TLC [8]. 
Related to quasi-static hysteresis is the phenomenon of stress adaptation, i.e. the 
change in pressure observed when a lung inflation is suddenly interrupted at a 
given lung volume and that lung volume is held constant. Under these circum
stances the pressure inside the lung starts to decrease in a quasi exponential 
manner, the major changes occurring in the first few seconds. Stress relaxation is 
present independently of gas or liquid filling although it is much larger in the for
mer case. It is difficult to determine which structures account for hysteresis and 
stress adaptation. Obviously, due to the differences noted above between gas and 
liquid filling, the presence of a gas-liquid interface accounts for most of them. 
When the lung is ventilated with gas starting from low lung volumes part of the 
static hysteresis could be attributable to opening and closing of airways and alve
oli (see below). In the liquid filled lung hysteresis can be due to energy losses in 
the connective tissue as well as in the interstitial fluid. "Network" phenomena 
represent one more possibility: fibres that are poorly organised when the lung is 
collapsed become more ordered when the lung inflates and then need energy to 
return to their original arrangement. 

As previously noted, the gas-liquid interface is the major factor responsible for 
hysteresis and stress adaptation. The force present at such an interface, known as 
surface tension, contributes substantially to lung recoil, as in the liquid filled lung 
not only hysteresis is reduced but also the inflating pressure is smaller for each 
given volume. Surface tension tends to reduce alveolar diameter: if this is not 
allowed, it causes a pressure inside the alveolus given by Laplace law: P = 2T/r, 
where T is the tension of the alveolar wall and r is the radius of curvature of the 
alveolus. The presence of surface phenomena makes lung parenchyma intrinsical
ly instable, because the smaller alveoli would tend to empty into the larger ones. In 
normal lungs this is prevented by the presence of a "surfactant", i.e. a substance 
that lowers surface tension. The lung surfactant is a dipalmitoyllecytine produced 
by no order pneumocytes and has the ability to lower surface tension in a volume 
dependent manner. Roughly, surface tension (y) varies with volume according to 
the following equation [ 10]: 

1:1V 
y=Ps -

t1A 

where Ps is the pressure difference between air and liquid deflation curves, 1:1 V is 
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volume decrement on deflation and !:J.A is the corresponding change in alveolar 
surface area. 

The presence of surface tension in the terminal units of the lung may be re
sponsible for volume dependent asymmetry of lung espansion and for volume 
dependent changes of the alveolus-alveolar duct configuration. The issue of 
whether lung expansion is uniform or not, has been addressed by several 
authors. Macroscopically, Ardila et al. [ 11] demonstrated that lung expansion is 
symmetrical well below the lobar level, the linear dimensions changing uniform
ly as the cube root of volume. Microscopically, however, experimental results are 
contradictory. For example, D'Angelo [12] demonstrated that subpleural alveoli, as 
well as those in deeper zones, expand symmetrically for volumes between 35 % and 
100% TLC, whereas Gil et al. [13] showed that this is the case in liquid filled but not 
in air filled lungs. It is presently unclear how the various forces are distributed at 
subacinar level; it seems, however, that surface tension may alter the configuration 
of the alveolus-alveolar duct system, especially at intermediate lung volumes. 

Airway closure 

In a degassed lung the volume recovered during the first deflation is always less 
than the volume present in the lung at the end of the first maximal inflation. 
Some gas is trapped inside the lung and cannot be removed applying a negative 
pressure at the airway opening. This is a consequence of airway closure [14]. As 
discussed earlier, surface tension tends to collapse alveoli and small non carti
lagineal airways. Lung surfactant helps to prevent closure but other mechanisms 
are involved, the most important being the so called "mechanical interdepen
dence". Each unit forming the lung is not free to move, but is conditioned in its 
movements by the tethering action of the surrounding structures that are 
mechanically connected to it. If an alveolus tends to collapse, it distends the struc
tures next to it and this opposes to the collapse itself. This is a powerful stabilising 
effect. The smaller non cartilagineal airways may require radial traction to 
remain open. When transpulmonary pressure approaches zero, radial tension also 
approaches zero, and the airways will collapse. Of course, the presence of liquid in 
the airways and/or the absence of surfactant make closure more probable. 
Applying a negative pressure at airway opening, the gas trapped beyond the 
occlusion point cannot be removed. Alveolar collapse, also known as atelectasis, 
cannot therefore be produced by applying a negative pressure. Atelectasis is usu
ally due to the absorption of the gas distal to the occluded airway. It is possible 
that alveoli have some intrinsic "resistance to collapse" [ 15] whose structural 
basis is not clear and that, like the airways, they require radial tension to remain 
open. There is evidence [16] that airway closure occurs normally in humans espe
cially in the dependent regions because of the smaller radial traction due to the 
relatively smaller volume. To reopen closed airways as well as atelectatic alveoli it 
is usually sufficient to inflate the lung up to a pressure of about 30 em H20. For 
the airways, howeve, the critical opening pressure seems to be much smaller, in 
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the range of 5-15 em HzO. Airways opening pressure can be inferred by the shape 
of the pressure volume curves that, during inflation, may show an upward inflec
tion or "knee". 

Lung modelling 

The model most commonly utilised in the study of lung mechanics is that of a 
single alveolus, represented by a spherical elastic balloon connected to a pipe. 
The pressure across the wall of this balloon is given by Laplace law and tension in 
the wall (T) corresponds to tissue and interfacial tensions in the lungs. Lungs are 
considered as built by a whole bunch of such structures, each acting indepen
dently from the others and whose mechanical characteristics add up to deter
mine lungs mechanics. 

The balloon-pipe model has its mechanical analogue in a spring, representing 
lung elastance, connected in parallel to a dash pot. The equation of motion of such 
a system is: 

Ptr{t) = R V{t) + Edyn V(t) 

where P1r is tracheal pressure, R is total lung resistance, Vand V are instantaneous 
tracheal flow and volume. If the model should exhibit viscoelastic behaviour, then 
R would be gi·,ren by the sum of airway resistance and ~R, and Edyn by the sum of 
static elastance and ~E. ~R and ~E represent the contribution of viscoelastic 
behaviour to effective resistance and dynamic elastance, respectively. Both ~R 
and ~E are frequency dependent: with increasing frequency the former decreases 
from R2 to 0 whereas the latter increases from 0 to Ez. When Ptr is substituted by 
alveolar pressure (P A) the equation of motion becomes: 

PA(t) = Rtis V(t) + Edyn V{t) 

where tissue resistance (Rtis) corresponds to ~R, if the newtonian viscous resis
tance of lung tissue were negligible, and Edyn to Est+~E, as noted above. Mount 
[ 17] in 1955 first described a reduction of the dynamic work per breath with 
increasing breathing frequency. He proposed a four parameters viscoelastic 
model to account for the time dependence of the elastic and resistive properties. 
This model consists of a parallel arrangement of a spring (El), representing static 
lung elastance, a dashpot (R,), representing Raw, and a spring-dashpot element (Ez 
and R2 respectively) (Maxwell body). The Maxwell body and its corresponding 
time constant (1:2 = R2 /E2) accounts for the viscoelastic properties of the lung. If 
the frequency of breathing were infinite, Edyn would be the sum of E, and Ez 
because the last would not have the time to discharge into the dashpot. 
Conversely, should the frequency of respiration be very low, Edyn would be very 
close to Est because Ez cannot be distended for the presence of the dashpot. It is 
now recognised that viscoelastic forces contribute substantially to lung dynamics. 
In experiments performed in anaesthetised paralysed normal humans [18] venti-
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lated with tidal volumes in the resting range, viscoelastic parameters have been 
evaluated as: Rz 3.44±0.97 em HzO 1-1 s, Ez 3.21±1.14 em H20/l and 't2 1.13±0.36 s. 
In this study plastoelastic behaviour was not taken into consideration, which 
seems admittable because static hysteresis is present only when large ventilatory 
volumes are delivered. 

The pressure exerted by the viscoelastic element can be calculated by the fol
lowing differential equation: 

dPz dV 
'tz - + Pz = Rz -

dt dt 

where Pz is the pressure across the viscoelastic element, dV/dt is istantaneous 
flow and Rz is the resistance of the dash pot in the Maxwell body. The solutions of 
this differential equation vary with the pattern of inspiration and can be written 
as follows: 

R2 V 
Pz = -- • F 

TI 

where T1 is inspiratory time. The first factor (R2V/T1) has the dimension of a pres
sure and is common to any inspiratory pattern. F is a dimensionless function tha~ 
is unique for each pattern of inspiration. From the above equations it is possible to 
calculate the work per breath done to overcome viscoelastic forces (W vise). 
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Chapter 6 

Elasticity, viscosity and plasticity 
in lung parenchyma 

P.V. ROMERO, C. CANETE, J. LOPEZ AGUILAR, F.J. ROMERO 

Introduction 

Mechanical modelling of lung parenchymal behaviour has tried to define some 
of its characteristic features by using different combinations of basic rheological 
elements, arranged in multiple ways. Springs, dashpots and dry frictions are usu
ally combined to describe mechanical lung properties. Static and dynamic prop
erties of lung parenchyma point to the behaviour of the elastic storage and the 
frictional dissipation of energy, respectively, under different conditions of 
breathing frequency, lung volume, tidal volume or special manoeuvres (flow 
interruption, forced oscillation, etc.). The object of modelling lung mechanical 
behaviour is to determine, as far as possible, the relative significance of different 
rheologic phenomena and to find the simplest way for a global determination of 
lung mechanics. 

A short description of some elementary rheological concepts may be helpful 
to understand the meaning of more complex models found in the literature. 

Elasticity 

Most materials behave elastically or nearly so under small stresses: an immediate 
elastic strain response is obtained upon loading. The strain stays constant as 
long as the stress is fixed and disappears immediately upon removal of the load. 
The main characteristic of elastic strain is reversibility. 

An elementary intuitive concept of elasticity is the physical behaviour of a 
spring when stretched or compressed from a relaxed length (Fig. la). A force, 
proportional to the length change, has to be applied. The proportion of force to 
length change depends on the intrinsic characteristics of the spring (material, 
number and size of spires, etc.). In a purely elastic spring the energy applied is 
fully restored when the force is released and the spring comes back to its resting 
length. Work done to stretch or compress a spring is stored as a potential energy 
(U). Elasticity is physically characterized by the so called Young's modulus, or 
relation of stress (force or pressure) to strain (change in length or volume gener
ally related to the initial length or volume). The inverse magnitude of elasticity is 
known as compliance, or rate of change in length or volume by unit change in 
force or pressure. If several elastic elements are mechanically arranged in paral-
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a) Elastic body b) Maxwell body c) Voigt body d) Prandtl body 

Fig. 1. Schematical representation of the basic elements usually employed in pulmonary 

rheology. Springs, dashpots and static frictions are used to represent elastic, viscous and 

plastic behaviours respectively 

lel the total elasticity is the sum of the elasticity of each element. Therefore, if 

several elastic elements are placed in series, the inverse of total elastance or com

pliance is the sum of the elementary compliances. 

Viscosity 

When a fluid is compelled to flow a shearing force is developed that opposes the 

sliding of the fluid layers. Viscous behaviour means dissipation of energy in a 

moving fluid or viscous solid in motion. To define viscosity we can imagine two 

planes, an infinitesimal distance (ds) apart, in a viscous fluid that is flowing hori

zontally in parallel layers (Fig. 2). A given layer of fluid will exert a tangential, or 

shearing, force of magnitude F on the adjacent fluid layer, tending to speed it up. 

At the same time, this fluid layer is acted on by a retarding force of equal magni

tude. The shearing force F is proportional to the area A of the layer, and therefore 

F/ A is the shearing stress. The shearing stress is a function of the time rate of 

change of shearing strain d0/dt in many viscous fluids: 

where ll is a constant of proportionality called the coefficient of viscosity. Fluids 

obeying this law are called Newtonian, or true, fluids. Viscous behaviour is usually 

expressed as a dashpot in graphical representation of rheological models. In non 

Newtonian fluids, like very viscous liquids, gels and soft biological tissues, the 
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\ d$ 

A 

F Jl d$ 
A dt 

Fig. 2. A two planes representation of a purely viscous fluid flowing in parallel layers. 
Stress is directly proportional to the rate of strain 

relationship between shearing stress and strain is more complex and viscosity (f.L) 
usually varies with shearing stress or rate of change of shearing strain. 

Viscoelasticity 

Some materials exhibit elastic action upon loading (if loading is fast enough), 
then a slow and continuous increase of strain at a decreasing rate is observed if 
stress is kept constant. When stress is removed a continuously decreasing strain 
follows a sudden inmediate elastic recovery. Such materials are significantly 
influenced by the rate of straining or stressing and are called viscoelastic. Time is 
a very important factor in the behaviour of viscoelastic materials. The time
dependent behaviour of materials under a quasistatic state may be studied by 
means of several types of experiments: creep, stress relaxation and frequency 
response to forced oscillations are common. 

Relaxation processes. In a first approach viscoelastic behaviour can be intro
duced by means of the combination of a viscous element (dash pot) and an elastic 
element (spring) placed in series (Maxwell body, figure lb) or in parallel (Voigt 
body, figure lc). If a Maxwell body undergoes a sudden or step change in length, 
energy is stored in the spring (Fig. 3). Then energy is transferred from the elastic 
spring to the dashpot which moves and dissipates progressively the stored ener
gy, without change in total length. As the spring progressively shortens tension 
decreases with time, this phenomenon is known as stress relaxation. The 
decrease of tension with time is exponential having a time constant equal to 

't = fl/£ 
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t-------'~--~ --

t 

Fig. 3. Schematic drawing showing stress relaxation in terms of a Maxwell element sud
denly stretched at a fixed displacement from its resting length. Interaction between elastic 
and viscous elem~nts generates an exponential decrease of tension with time 

where J.1 is the viscous coefficient of the dashpot and£ is the elastic (Young's) 
modulus of the spring. In terms of lung tissue behaviour J.1 would represent tissue 
viscous resistance (Rtis). In lung mechanics stress adaptation is the transient 
change of pressure seen when the lung is held at a given volume after inflation or 
deflation to that volume; pressure falls after inflation (stress relaxation) and rises 
after deflation (stress recovery) in quasi exponential fashion, the major changes 
occurring in the first few seconds. Creep is the equivalent phenomenon when the 
lung is held at a constant pressure, volume increases after inflation and decreases 
after deflation. 

Plasticity 

The quality of a material that allows it to permanently change its shape when a 
force is applied is known as its plasticity. In a pure plastic material a restoring 
force of the same magnitude should be applied anew to recover the previous 
shape (Fig. lc). Energy expended in plastic deformations has striking similarities 
with dry friction in solid bodies. Plasticity is another form of dissipative energy 
in the motion of a plastic body. A static or yield force should be applied before 
the plastic material begins to distort, this force is equivalent to the static friction 
coefficient of a dry friction. For applied forces smaller than the prescribed yield 
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force the unit will not displace; when displacements do occur, the sliding unit 
opposes a force independent of the rate or extent of the displacement. The 
mechanical analogue of this behaviour is often represented by a dry (Coulomb) 
sliding unit. The displacement of the sliding unit depicts plastic deformation and 
the force exerted on the unit represents stress. The combination of an elastic 
(spring) plus a Coulomb unit istitutes a plastoelastic element, the most basic 
being the Prandtl body (Fig. ld). Many materials exhibit a yield point (usually 
characterized by a critical stress value) beyond which the mechanical behaviour 
is radically different from that involved below yield. Thus many materials behave 
viscoelastically below yield and plastoelastically after yield. 

Hysteresis 

An event closely related to stress adaptation and creep is seen during volume 
cycling of lung and is known as hysteresis. If a system composed of an elastic and 
a dissipative element (Fig. lb, c) is cycled, so that it is periodically stretched and 
released, we observe that force during stretching is higher than during relaxation 
at the same length; the stress strain plot describes a loop. This loss of force is due 
to the dissipative process whatever its nature. Hysteresis always indicates an out
of-phase behaviour in the system. 

Linear equation of motion 

A material is said to be linearly viscoelastic if the stress is proportional to the 
strain at a given time and the linear superposition principle holds. Linear behav
iour implies that the sum of strain outputs resulting from each component of 
stress input is the same as the strain output resulting from the combined stress 
input. Even though the rheological behaviour of lung tissue is clearly nonlinear, a 
linear approach is usually employed, provided that the amplitudes of changes 
represent a small fraction of maximal volume (total lung capacity, TLC), and both 
tidal amplitude and lung volume do not change appreciably during different 
manoeuvres. Lung tissue is then considered to be composed of two basic ele
ments: a tissue elastance or rate of change of pressure in phase with the volume 
change, and a dissipative process called tissue resistance (or viscance) that 
accounts for pressure changes in phase with the rate of volume change with time 
or flow. If frequency is low enough and flows are small, inertia does not play a 
significant role in the mechanical behaviour of lung. Then the classic equation of 
motion implies that the pressure difference across lung tissue is related to lung 
volume change by an equation of the form: 

L\P = (PAiv-Ppi) = Etis • V + Rtis • (dV/dt) 

applicable during quiet breathing. The term L\P refers to the pressure difference 
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expressed across lung tissue from alveolar gas to pleural space (PA!v-PpJ). Vis lung 
volume and (dV/dt) is the rate of volume change or flow. In the case of periodic 
forcing the above equation can be reexpressed in terms of real (pressure in phase 
with volume change, or elastic) and imaginary (pressure out of phase with vol
ume change, or dissipative) parts 

dP = (Etis + j • w • Rtis) • V 

where j is the unit imaginary number (indicating out-of-phase behaviour) and ro 
is circular frequency, 21tf. Any tracing of periodic changes in pressure and volume 
may be transformed into empirically determined values of Etis and Rtis· Although 
the equation of motion is usually employed by overlooking any model assump
tion, in fact it describes the behaviour of a viscoelastic model composed of an 
elastic and a resistive element mechanically acting in parallel (Voigt body). 

Biological correlates of rheological properties in lung 
parenchyma 

Lung elasticity 

Two main structures account for the elastic behaviour of lung parenchyma: tissue 
fibres and the alveolar lining. Mechanical interaction makes it difficult to sepa
rate their relative contribution to the global elastic behaviour. Classically the role 
of the tissue component has been characterized by the saline-filled lung prepara
tion, lung strip behaving similarly. Transpulmonary pressure reflects only tensile 
forces in the fibrous structures of the parenchyma because of the elimination of 
interfacial tension when air is replaced by isotonic saline. Elastic recoil pressure 
is decreased for a given volume and the volume-pressure curve in saline filled 
lung is therefore displaced to the left and is more sharply curved than the "air" 
VP curve, showing marked stiffening at high lung volumes (Fig. 4). According to 
Setnikar and Meschia [ 1] this peculiar behaviour of the "saline" lung would signi
fy that two parallel systems exist in lung tissue, one highly extensible and the 
other much less so. They surmised that these systems were elastin and collagen. 
With two types of fibre acting in parallel, elastin would account for the properties 
over most of the volume range and collagen would account for the decreased 
compliance at high lung volumes. This simple model would predict a biphasic 
length-tension relationship with an abrupt decrease in compliance near maximal 
lung volumes. Actually, the length-tension loop is smoothly curved over its entire 
range, and uniaxial deformation of lung strips does not allow us to distinguish 
two different elastic behaviours (Fig. 5). 

A network behaviour can account for this smoothing. It has been shown that 
the more organized and aligned the collagen, the less extensible is the tissue [2]. 
Network phenomena at a microscopic level, involving changes of angle between 
adjacent primary elements and recruitment within the composite structure, are 
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Pressure 

Air Filled Lung 
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Fig. 4. Pressure volume curves from air and saline filled excised lungs 
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Fig. 5. Stress strain nested loops obtained from a rabbit lung strip submitted to an 
uniaxial forced oscillation of increasing amplitude and fixed frequency 
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responsible for the greater extensibility of less organized tissues [3]. In vitro 
destruction of elastin by the enzyme elastase raises the compliance in the low and 
mid-volume range but affects neither volume nor compliance at high transpul
monary pressures (4]. Destruction of collagen by collagenase increases compli
ance at high lung volumes without a major change at low lung volumes. It seems 
that elastin and collagen act functionally as independent networks. 

As can be noted by comparing pressure-volume curves from air- and saline
filled lungs, the major determinant of lung recoil is derived from the interface 
between air and the lung lining layer. Differences in pressure are greater the high
er the lung volume showing a prominent hysteresis [5]. This systematic volume
dependence of the surface-tension effects has been attributed to a prominent sur
face-area dependency and hysteresis of surface tension (g). The interface stores 
energy during inflation in two ways: a) by an increase in interfacial tension when 
the area of the alveolar wall increases, and b) by an increase in surface area itself. 
Therefore a major assumption underlying all the foregoing analysis is the equiva
lence between fluid- and air- filled states. The saline-filled lung presumably only 
has forces due to tissue elements. In the air-filled lung, however, the tissue network 
is distorted from the saline-filled configuration because the mechanical arrange
ment of interfacial tension respective of the tissue elastic elements. Surface forces 
have been probably overestimated resopective to tissue forces by that fact [ 6, 7]. 

The pressure-volume behaviour of lung parenchyma can be rapidly and 
reversibly changed by several interventions known to affect smooth muscle, vagal 
stimulation, aerosolized or intravenous histamine or methacholine, atropine and 
isoproterenol [8-10]. Three types of contractile elements have been thought to 
participate: ~mooth muscle of small airways, smooth muscle in alveolar ducts, 
and interstitial contractile cells. They also participate in determining the "elastic 
state of lung parenchyma" that accordingly would be more adaptable that it was 
thought until recently [9, 10]. 

Lung viscosity 

Air-liquid interface seems to be also the primary source of hysteresis in the air
filled lung. Indeed, the hysteresis in the air-filled state is much greater than in the 
saline-filled state [11]. The surface tension-surface area hysteresis seems respon
sible for this effect. Mechanisms related to surface component of viscosity may 
relate to molecular rearrangements within the surface film, exchanges between 
the air-liquid interface and the subfase, and viscous sliding of surfactant on alve
olar surfaces [ 12]. Energy losses in the solid connective tissue elements and in the 
semisolid or fluid intracellular and interstitial matrices account for hysteresis 
seen in the saline filled lung. Mechanisms related to tissue component of viscosi
ty are sliding and friction between layers in the interstitial space as well as sliding 
of solid elements in the matrix. Internal molecular forces, specially low energy 
interactions, can act like friction elements in opposing to distortion of structural 
molecules [13, 14]. This seems to be the case for hydrogen bridges, bipolar interac
tions and actomyosin bridges until a critical (breaking force) is reached. 



Elasticity, viscosity and plasticity in lung parenchyma 65 

Lung plasticity 

Plastic or plastoelastic deformations could take place at the microstructural level. 
Plastic hysteresis reflects thermodynamic irreversibilities resulting from mecha
nisms such as dry friction between microstructural elements, dislocation of these 
elements, or mechanical, chemical and phase changes of the microstructure [15-
17]. The following processes have been identified to have this behaviour: 
1. attachment/detachment of cross bridges in the contractile elements; 
2. adsorption/desorption of surface-active molecules in the alveolar surface 

film; 
3. movement of the collagen and elastic fibre network; 
4. recruitment/derecruitment of alveoli; 
5. folding and unfolding of alveolar septal pleats; 
6. mechanical shear of cellular and fibrilar contents. 
Basic mechanisms underlying plastic behaviours are mainly three: those that 
imply the expenditure of an energy to reach a new steady configuration ( 4 and 5). 
Those that imply the brokening of intermolecular low energy bridges (2, 3 and 6) 
and finally those implying a change of the configurational shape of large struc
tural molecules (glycoproteins, collagen), detachment of actomyosin bridges or 
structural changes in polymers at interstitial matrix, all requiring a greater ener
gy expenditure (1 and 3). However, in all the processes before mentioned there 
exist also rate-dependent features that can be interpreted as viscoelasticity [ 17]. 

Rheological modelling of lung parenchyma 

In a first approximation, close to the classical monoalveolar model of lung 
mechanics, lung parenchyma can be considered as a pure viscoelastic body, hav
ing at least one elastic and one viscous elements, accounting for elasticity and 
dissipation respectively. Both elements need to be arranged in series, because a 
step deformation is normally feasible without appreciable friction. Maxwell body 
is therefore more adequate than any viscoelastic body having an elastance and a 
resistance placed in parallel. As previously exposed Maxwell body behaviour can 
account for stress relaxation and stress recovery, and by consequent for hysteretic 
behaviour. Frequency dependence of resistance (Fig. 6 a, b) is also accounted for 
by the viscoelastic model. The behaviour of Maxwell element and the stress relax
ation time constant, account for the fequency dependence: as frequency of oscil
lation increases, the lesser the motion of the dissipative element and so the lower 
the hysteresis and viceversa. However, Maxwell body cannot account for static 
elastance, a well known characteristic of lung mechanical behaviour. When lung 
tissue is suddenly stretched it relaxes with time asymptotically to a value of pres
sure that depends on the strain or added volume. It means that an elastic element 
in parallel should be added to Maxwell element to limit relaxation of lung until a 
new position of equilibrium is reached and predetermined by the intrinsic elastici
ty of this new component. This ensemble (a Maxwell body plus an elastic element 
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Fig. 6. Frequency dependence of resistance (dissipative behaviour) in viscoelastic material 
(Latex) and two rat lung strips. Lung strips were filled either with air or saline. Samples 
were uniaxially loaded and oscillated at fixed amplitude and increasing frequency 

in parallel) composes the so called Kelvin body in biorheology (Fig. 7) and it has 
been suggested to account for the basic rheological properties of lung parenchyma 
in linear modelling [18, 13, 19, 24]. Elements in the model does not preclude any 
predetermined relationship with histologic or anatomic elements, except in differ
entiating resistive and elastic processes at the level of the stress bearing elements. 

Elastance and resistance can be obtained by a multivariant adjustment of the 
above linear equation of motion to experimental data. Variation of both Rtis and 
Etis with angular frequency is predicted by this model (Kelvin body) in function 
of its constitutive components, having the following expressions 

Rtis(ffi) = j.!l(l+W2'Tz) 
Etis(ffi) = [EI • £z2+(£I+£z) • m2 • j.!2]/(£z2+m2 • j.l2) 

where ll is the viscous (dashpot) element, £1 and Ez are the parallel and series elas
tic (spring) elements respectively, and co is the angular frequency, 27tf, and 'T = fl/Ez 

is the time constant of the linear viscoelastic or Maxwell element. 
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Fig. 7. Schematic representation of Kelvin body 

Let us consider briefly the behaviour of this viscoelastic model. It has the 
merit of predicting a decrease of tissue resistance with the increase of frequency 
as well as the dependence of dynamic elastance on resistance. Therefore it 
assumes a linear inverse relationship between Rtis, as measured by adjusting the 
equation of motion, and the square magnitude of angular frequency: 

1/Rtis = a + b co2 

where a = 1/fl and b = Tzlfl. This is not the case, however, when experimental 
studies are addressed to determine resistive behaviour of lung parenchyma at low 
frequencies, the relationship of Rtis with frequency being near hyperbolic [21-23] 
(Fig. 6 b). Stress relaxation is described by this model in terms of exponential 
decay of pressure with time. However it has been shown that pressure tends to 
decrease with the logarithm of time [21]. Still Kelvin body has the merit to 
describe mechanics of lung parenchyma as the combination of two parallel sys
tems: an elastic network and a coupled viscoelastic system, giving a first concep
tual approach to lung tissue modelling. 

A more advanced step in modelling lung parenchyma as a viscoelastic body is 
to assume a model representing a linear viscoelastic material possessing a contin
uous spectrum of time constants (Fig. 8). The mechanical analogue known as the 
generalized Maxwell body is composed by a parallel array of spring-dashpot 
units modified to include a parallel spring to account for asymptotic (static) elas
tance. This model allows to adjust for frequency dependence of elastance and 
resistance as well as for stress relaxation. In this model elastance increases almost 
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Eo 

F(1) 

Fig. 8. Schematic representation of generalized Maxwell body 

linearly with log ro, whereas Rti changes nearly with 1/ro in a given interval 
defined by the function of distribution of time constants F('t) [17]. It is a more 
accurate definition of lung mechanical behaviour in the frequency domain, but a 
too complex model to be used in practice. 

More complex viscoelastic models generally refer to the non linear viscoelas
tic theory proposed by Y.C.B. Fung [ 6], and have been invoked to explain the non 
linear behaviour of resistance and elastance with changes in amplitude and lung 
volume. In general these models are phenomenological and .lacking of a clear 
physical correlate [24, 25]. Consequently they remain in the scope of speculation 
and their use is very restricted to the description of experimental findings. 

Several features are systematically observed when lung parenchyma is care
fully studied, and suggest a plastoelastic mechanism more or less coupled to the 
viscoelastic behaviour. These features include the decrease of dynamic elastance 
and resistance with increasing amplitude of forcing, stress relaxation being more 
pronounced during loading than during unloading as well as some features still 
described by the linear viscoelastic theory like the hyperbolic relationship 
between lung resistance and frequency. A critical fact is that viscoelastic models 
predict the resistance to be zero at both infinite and zero frequencies, so an 
inflection point should exist at low frequencies (Fig. 6a). Experimental studies 
performed at very low frequencies have shown that tissue resistance increases 
hyperbolically with frequency and no inflection has been found. In general these 
characteristics can be more or less described by the nonlinear viscoelastic theory 
without including plasticity [27]. Nonetheless plasticity is a well known property 
of lung parenchyma, that can be observed in definite situations as inflation after 
total deflation or alveolar recruitment during inflation from residual volume. 
Incorporatin plasticity to global models of lung behaviour is not unreasonable. 
However plastoelastic behaviour by itself cannot account for the global mechani
cal behaviour of lung parenchyma. 

Systems composed by viscous (dashpots), elastic (springs) and plastic (dry 
friction) elements are called viscoplastic. In his pioneer work J. Hildebrandt [21, 
22] proposed a particular viscoplastic analogue composed by a generalized 
Maxwell body (Fig. 8) in series with a generalized Prandtl body (Fig. 9c). The lat
ter would be composed by an infinite number of units, each composed by a dry 
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sliding unit in series with a spring (Prandtl body, Fig. 9a), and in parallel with an 
elastic element. The plastoelastic system of Fig. 9c is assumed to represent a mate
rial possessing a continuous distribution of yield forces. Hildebrand [22] assumed 
that the number of units sliding (n) at a time (t) depends on the level of the force, 
P, applied to the compartment at that time, according to the power lawn= a • pb, 
where a and b are nonnegative constants. The larger is b the larger the number of 
the sliding units for a given stress. For any b>O this system displays nonlinear 
behaviour even for the smaller amplitudes; some sliding units always will have 
exceeded their yield stress. In fact, there is an increasing evidence in favour of con
sidering plastoelasticity as responsible of an appreciable portion of the energy dis
sipation in tissues depending on the tissue system in question. 

Biomechanical modelling of lung parenchyma should account for frequency 
and amplitude dependence of mechanical behaviour as well as for nonlinearity. 
Viscoelastic linear models account fairly well for frequency dependence of elas
tance and viscance, especially if they include a continuous distribution of time 
constants. The simple Kelvin body can be used as an approach to explain the 
basic mechanism of tissue rheology, but it lacks of precision. By definition ampli
tude dependence cannot be accounted for by any linear viscoelastic process. 
Alternative viscoelastic models are based in the non linear viscoelastic theory 
have been described for several biological tissues as well as for respiratory tis
sues and account fairly well for both frequency and amplitude dependence. They 
do not assume any precise biophysical configuration or interactions at the 
microstructural level. Plastoelastic processes are present in lung parenchyma, 
especially at the alveolar surface but also inside the tissue. Therefore, it has to be 
taken into account in any rheological modelling of the lung. Probably as B. Suki 
and J. Bates [26] pointed out, the question of nonlinear viscoelasticity versus 

a) 

Elastic element 

~ 
Prantl body (series) 

c) 

-------~ 
Generalized Prandtl body 

Fig. 9. Several plastoelastic configurations combine spring and dry friction elements 
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plastoelasticity is one of mathematical convenience rather than a matter of fun
damental importance. 

Hysteresivity and the structural damping theory 

Recently Fredberg and Stamenovic [5] introduced the concept of structural 
damping by postulating that elasticity and resistivity within the tissues are cou
pled at the level of the stress bearing elements, whatever they may be. This theory 
is built from the previous studies by Bachofen and Hildebrandt [2, 3] and states a 
single postulate; the coupling of elastic and dissipative process at the level of the 
stress bearing element. 

In 1971 Bachofen and Hildebrandt [18] studied the out-of-phase pressure to 
volume behaviour of lung parenchyma, and concluded empirically that the ratio 
of hysteresis loop to the global elastic work done by the system remained con
stant or with very insignificant changes when frequency or amplitude were modi
fied in an operating range. The shape coefficient (K) was characterized as: 

K = A/(AP • Vt) 

Where A is the area of the pressure volume loop, equivalent to the amount of work 
dissipated by cycle. AP is the amplitude of pressure swing and V T is the tidal volume. 
The product AP • V1 is the area of the box enclosing the pressure-volume loop. The 
constant ratio K means essentially that dissipative work is a constant fraction of the 
total work stored in the system at the end of an inspiratory cycle. The constant K can 
vary between 0 (a perfectly elastic system) and 1 (a purely dissipative viscoplastic 
system). K values in lung parenchyma from different species oscillate around 0.11. 

Fredberg and Stamenovic [5] interpreted this energetic behaviour as an opti
mal coupling between elastic and dissipative processes at the level of the stress 
bearing element, through a constant called hysteresivity (h). The linear motion 
equation states that driving pressure is determined by the sum of two pressures: 
an elastic pressure in phase with volume and a resistive pressure in phase with 
flow. The structural damping hypothesis states that resistance and elastance 
being coupled, the linear equation of motion can be rewritten as: 

P = (Edyn + j • h • Edyn) • V 

or simply 

where h = (J) • Rtis/Etis 
Hysteresivity is defined as the ratio of tissue resistance to dynamic elastance mul
tiplied by angular frequency. Referred to tissue energetics, hysteresivity repre
sents the ratio between the energy dissipated by cycle (W) to the stored potential 
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energy at maximal volume (U), and so it can be expressed ash= W/(2 • p • U). 
The structural damping theory has the advantage of not precluding any spe

cial kind of arrangement between elastic, viscous and plastic elements in lung 
parenchyma, but defines hysteresivity as a constant reflecting the intrinsic cou
pling between elastic and dissipative processes whatever their nature. 
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Chapter 7 

Viscoelastic model and airway occlusion 

V. ANTONAGLIA, A. GROP, F. BELTRAME, U. LUCANGELO, A. GULLO 

Introduction 

During mechanical ventilation, the rapid airway occlusion method [ 1-3] and the 
"single-breath" method [4-8] are probably the most commonly employed tech
niques for measuring the respiratory mechanics. 

In anaesthetized humans, the mechanical behaviour of the respiratory system 
during passive lung emptying has been assessed by the latter method. 

Using the technique of rapid airway occlusion during constant flow inflation it 
has been possible to determine the static mechanical properties and the newtonian 
airways and chest wall resistance of the respiratory system and the viscoelastic con
stants which in turn allow assessment of the time-dependent behaviour of the lu11g 
and chest wall [9-13]. 

In fact, this method has been used particularly to test the linear viscoelastic 
model proposed by Bates et al. [14] in response to volume inputs. 

The mechanical behaviour of the lung and the chest wall can be described 
from nonlinear viscoelastic [15] and viscoplastoelastic models [16], when the 
whole pulmonary volume range and the frequency-dependence of energy dissi
pation of the transpulmonary pressure-volume loop are considered. Moreover, 
the viscoplastoelastic models are rarely used in vivo as the parameters obtained 
have been found difficult to interpret mechanically [ 17]. By contrast, linear vis
coelastic models have been used to assess the mechanical behaviour of the respi
ratory system during mechanical ventilation in anesthetized humans [18, 19, 20]. 

These models are characterised by four mechanical elements placed in paral
lel and/or in series. Using the technique of rapid airway occlusion, the slow decay 
of pressure following the rapid end-inspiratory occlusion represents the vis
coelastic behaviour during the occluded breath (stress relaxation) and/or the gas 
redistribution. 

The constant parameter viscoelastic model which has been shown experi
mentally [20, 30] to be more appropriate for normal lungs is the viscoelastic 
model proposed by Bates et al. [ 14, 21]. 

The results of the most recent studies on anesthetized subjects [11, 12], ani
mals [9, 10, 13, 21, 22],ARDS [23, 24] and COPD [25, 26] during mechanical venti
lation have been interpreted according to this model. 
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The viscoelastic model 

The "spring-and-dashpot" rheological model proposed by Bates [14, 21] is based 
on the studies of Mount [27] and Sharp et al. [28]. 

This model is made up of two parallel components: a dash pot, R1 representing 
Rint,rs, and a Kelvin body [29]. The latter is made up of a spring (EJ) representing 
the static elastance of the respiratory system, Est,rs, in parallel with a Maxwell 
body [29], i.e. a spring (Ez) and a dashpot (Rz) placed in series. Ez and Rz repre
sent the viscoelastic properties of the respiratory system. The time constant of 
the Maxwell body, 'tz, is reflected by the Rz I Ez ratio. These two components are 
placed in parallel between two equidistant bars. One is fixed and the other is 
moving at a constant rate. This rate corresponds to constant flow inflation, V, and 
at the end of inflation (Ti) the distance between them corresponds to the volume 
that entered the lung. This model is shown in Fig. 1. 

OHMIC 
RESISTIVE 
BRANCH 

Rint,rs 

ELASTIC 

BRANC:l 

<::::::;:, 
<::::::;:, 
<::::::;:, 
<::::::;:, 

E 1 <::::::;:, 

FIXED BAR 

V (t) MOVING BAR 

Fig. 1. The "spring-and-dashpot" rheological model during inflation 

With reference to Fig. 1, if the distance between the two bars increases with V, 
starting from the elastic equilibrium volume, points Q~, Qz and Q3 move at the 
same constant speed, V. If we remove the bonds due to the springs and dashpots, 
points Q~, Q2 and Q3 may be seen as the mobile seats of three different forces 
F1(t), F2(t) and F3(t) corresponding to the pressures of the system, i.e. the flow
resistive pressure, the elastic pressure and the viscoelastic pressure of the respi
ratory system respectively. These forces hinder the mobile bar's movement and 
their total sum, F(t), presents opposite sign with respect to F1(t), Fz(t) and F3(t) 
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and corresponds to the total distending pressure of the model (Fig. 2). In our 
analysis this pressure is represented by the tracheal pressure, Ptr. 

Ptr may be used as a substitute for mouth pressure to avoid the resistance 
caused by the endotracheal tube, tubing and measuring equipment. 

In particular, point Ot in the resistive branch is dragged at the same Vand the 
relevant dashpot reacts with a force Ft(t). 

Similarly, point Oz in the elastic branch is dragged at the same Vand spring 
Est,rs applies an elastic return force Fz(t) corresponding to Est,rs • V(t). 

The viscoelastic branch behaves in a different way because of the combined 
presence of spring E2 and dashpot R2• While point 0 3 is dragged at the same V, 
point 04 reaches this constant speed after a longer time (when t > 3 'tz). 

During inspiration the pressures of the system cannot be distingued. This is 
possible with a rapid airway occlusion at the end of inspiration. 

OHMIC F1 (Ti) 

BRANCH 
01 

ELASTIC 
BRANCH 

Fs(Ti) 

t Os VISCOELASTIC 
BRANCH 

RESISTIVE t __. _____ _ 
MOVING BAR 

F(Ti) 

Fig. 2. Force diagram of the "spring-and-dashpot" rheological model at Ti 

The model during occlusion 

When the flow is suddenly interrupted and the airway occlusion prolonged, the 
bars of the model remain at the same distance because the inflated volume, V(t), 
is trapped in the lungs and airways. In particular, based on its characteristics, 
dashpot Rint,rs completes its work at t = Ti+ and the related pressure goes down to 
zero. Spring Est,rs is blocked between the bars and continues to apply the elastic 
return force F2(Ti). On the other hand, in the viscoelastic branch, 0 3 is blocked 
while 0 4 is moving in the same direction as prior to airway occlusion. During the 
occlusion the spring Ez may go back to its equilibrium length (which corre
sponds to resting conditions) whereas dashpot Rz continues to lengthen until 3 
'tz is reached. 
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After occlusion a rapid drop is seen in the recorded pressure (Pmax - P1), 

which is followed by a gradual decrease in pressure to an apparent plateau value 
(Pz) (Fig. 3). 

0 

Fig. 3. Tracheal pressure (Ptr) during constant inflation flow and end-inspiratory occlusion 

The initial pressure drop corresponds to the resistive pressure related to the 
airway distal to the measurement point. This value divided by the immediately 
preceeding steady flow, V, provides the interrupter resistance, Rint,rs, reflecting 
airway resistences [30]. The force F1(t) in the resistive branch at the end of inspi
ration is F 1 (Ti) = R int,rs V. 

The slow decay of pressure from P1 to Pz represents the stress relaxation that 
takes into account the viscoelastic behaviour and time constant inequalities of 
the lung and chest wall. We can analyze the time course of the pressure decay or 
measure P diff, i.e. the difference between P1 and Pz. P diff divided by the preceeding 
occlusion V yields the additional resistance, ARrs· 

If the occlusion time is long enough, Pz is taken to represent the static end
inspiratory elastic recoil pressure of the respiratory system (P st,rs). 

During airway occlusion, the "spring-and-dashpot" rheological model may be 
drawn as in Fig. 4. The relevant force diagram is shown in Fig. 5. 

In Fig. 5 at timet= 3 'tz after airway occlusion the additional force F4(t) applied 
to point Q3 in the viscoelastic branch goes down to zero. Summarizing, the dis
tance between the two bars remains the same, but the force applied between the 
bars changes until reaching a constant value at t > 3 'tz because of spring Est,rs 
remaining blocked at a fixed length as shown in Fig. 6 and Fig. 7. 
As the equation of motion of the respiratory model describing nonhomogeneous 
lungs [18] is comparable to that of the Bates model [14, 21], it is quite impossible 
to discern how much stress relaxation is due to heterogeneities within the lung 
or to viscoelastic behaviour. In ARDS patients it was found that the hetero-
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Fixed bar 

Est,rs 

Blocked bar 

Fig. 4. The "spring-and-dashpot" rheological model during end-inspiratory occlusion 
(occlusion time< 3t2) 

F2{Ti) 

Elastic 
branch 

Blocked bar 
Fig. 5. Force diagram ot the .. spring-and-dashpot" rheological model shown in Fig. 4 

geneities within the lung contributed relatively little to stress relaxation [23]. In 
the present analysis only the viscoelastic behaviour is taken into account and P diff 

reflects the relaxation of the spring E2 resulting in energy dissipation in the dash
pot Rz, i.e. the viscoelastic pressure. It depends on the degree of E2 stretch at 
occlusion time. 
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Fixed bar 

Blocked bar 

Fig. 6. The "spring-and-dashpot" rheological model during end-inspiratory occlusion 
(occlusion time > 3'tz) 

Elastic 
branch 

Blocked bar 

Fig. 7. Force diagram of the "spring-and-dashpot" rheological model shown in Fig. 6 

Standard respiratory variables and viscoelastic constants 

The technique of rapid airway occlusion during constant flow inflation allows 
evaluation of the standard respiratory variables and the viscoelastic constants. 

At each occlusion the following standard respiratory variables were computed 
from the values of Ptr,max. Ph and Pst, rs: interrupter resistance [Rint = (Ptr, max- PI) 
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IV]; viscoelastic resistance (Rvisc = Pr -Pst,rJ V); respiratory system resistance [Rtot 
= (Ptr,max- Pst,rs) /V]; static and dynamic elastances of the respiratory system (Est,rs 
=Pst,rs /Vt andE.iyn,rs=Pr/Vt). 

It has been observed [31, 26] that for time V and volume dependency of the 
respiratory variables, the inflation volume and V have to be standardized when 
comparison between respiratory variables of different subjects is required. 

The viscoelastic constants were obtained by performing a series of occlusions 
at different lung volumes, or a series of occlusions at a fixed lung volume 
achieved with different inflation flows [11, 12]. 

The viscoelastic constants of the respiratory system were assessed by fitting 
the equation: 

dRrs = Rz (1- e -Til 'tz) (1) 

to the experimental data, where Ti is the inspiratory time and dRrs is the addi
tional resistance (in our analysis corresponding to the viscoelastic resistance). Eq. 
( 1) is the final value at t = T i of the following function 

dRrs,ins (t) = Rz (1- e -tl 'tz) (2) 

that represents the exponential increase of additional resistance in response to a 
ramp of applied volume at constant-flow inflation according to the Bates analysis 
[14]. This exponential increase and the related viscoelastic constants are shown 
in Fig.S. 

~Rrs(t) 

..... -------

t 

Fig. 8. Additional resistance L\Rrs(t) vs. inspiratory time Ti and the related viscoelastic 
constants 
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The average values of Rz and Ez obtained in healthy anesthetized paralyzed 
humans were 4.6 cmH20 s L-1 and 4.7 cmH20 L-1 for the total respiratory system 
using iso-flow (0.5 L s-1) conditions [ 11]. Partitioning of the respiratory system 
obtained mean values of Rz and Ez for lung and chest wall corresponding to 3.4 
cmH20 s L-1 and 3.2 cmH20 L-1 and 2.1 cmH 20 s L-1 and 1.7 cmH20 L-1 respec
tively [12]. 

The estimates of the viscoelastic constants allow assessment of the contribu
tion of viscoelastic mechanisms to the time dependency of the resistance and 
elastance of the respiratory system, lung and chest wall [12]. 
The average values of the viscoelastic constants for both lung and chest wall of 
mechanically ventilated patients with ARDS [23] and COPD [26] were signifi
cantly higher than those of normal subjects. This elicits a higher time dependen
cy of the resistance and elastance of the respiratory system, lung and chest wall in 
these patients and implies a markedly increased viscoelastic work relative to nor
mal subjects [ 12, 26]. 

In other studies [21, 32-34] the stress relaxation has been represented by ana
lyzing the slow decay of the pressure as an exponential function rather than in 
terms of Pdif. The exponential function during occlusion represents the solution 
of the equation of motion of the viscoelastic element. 
Jonson et al. [32] computed the viscoelastic time constant in healthy humans by 
exponential fitting of the Ptr during occlusions and fitting the equation of motion 
of the Maxwell element to P, V and V data obtained during several inspiratory and 
expiratory pauses. In this method constant flow is not necessary. 

In experimental studies the tissue viscoelastic behavior has been represented 
as stress adaptation or as tissue viscance (Rtis) calculated from alveolar pressure 
(PA) recordings [20, 35]. In dogs, Bates et al. [21] took into account the stress relax
ation as an exponential pressure decrease during occlusion to calculate the vis
coelastic time constant and the stress recovery of the occlusion performed imme
diately after the beginning of the expiration to calculate Ez. Hantos et al. [36] cal
culated values of Ez and Rz by measuring pulmonary impedance by low-frequency 
oscillations in open-chest dogs. Nicolai et al. [33] calculated Rtis by fitting the sin
gle-compartment model of the respiratory system to the P A, V and V data during 
quasi-sinusoidal ventilation. The viscoelastic time constant was obtained by expo
nential fitting of the occlusion-pressure and, consequently, from Rtis and 'tz, Rz. 

The clinical application of methods to determine the viscoelastic constants is 
very complex and time-consuming. Recently a single breath method has been 
described to easily calculate the viscoelastic constants by analyzing the decay of 
the Ptr curve after a single rapid end inspiratory airway occlusion during baseline 
ventilation [37]. 

In conclusion, although the rapid airway occlusion analysis is limited to inspi
ration and does not include the contribution of plastoelastic phenomena present 
during cycling breathing [38], it does consent easy evaluation of the mechanical 
properties of the respiratory system and the time-dependent behaviour of lung 
and chest wall. 
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Chapter 8 

Breathing pattern in acute ventilatory failure 

M.J. TOBIN, A. JUBRAN, F. LAGHI 

Introduction 

Patients modulate respiratory center output and the pattern of respiratory muscle 
contraction to prevent the development of acute ventilatory failure. The precise 
nature of these alterations is poorly understood, since it is very difficult to obtain 
detailed physiological measurements at the time a patient is developing acute res
piratory failure. Instead, most clinical research on the neuromuscular control of 
breathing has been conducted in relatively stable patients [1]. Recently, investiga
tors have taken patients who fail a trial of weaning from mechanical ventilation 
as a model of acute ventilatory failure, since it is possible to obtain detailed physi
ologic measurements in these patients and the pathophysiology is presumed to 
be quite similar [2]. 

Volume and time components 

Patients who fail a trial of weaning from mechanical ventilation commonly devel
op hypercapnia, indicating alveolar hypoventilation. Since this is not usually 
accompanied by a decrease in minute ventilation [3], an increase in the physio
logic deadspace-to-tidal volume ratio (V diVT) is thought to be responsible for the 
increase in arterial carbon dioxide tension (PaCOz) [1]. This explanation is sup
ported by data of Tobin et al. [3] who found that patients who failed a weaning 
trial developed rapid shallow breathing, whereas patients with a successful out
come displayed no difference in breathing pattern compared with that observed 
during mechanical ventilation (Table 1). In the patients who failed the weaning 
trial a significant relationship was observed between PaCOz and tidal volume (r = 
0.84, p < 0.025), whereas the correlation between PaCOz and minute ventilation was 
not significant (Fig. 1 ). Additional evidence supporting a decrease in tidal volume 
as the determinant of abnormal gas exchange was the lack of concomitant widen
ing in the alveolar-arterial oxygen difference, indicating no major change in ven
tilation:perfusion relationships [ 3]. 

These observations were subsequently confirmed in a prospective study of 60 
patients who tolerated a weaning trial and were successfully extubated and 40 
patients who failed a weaning trial and required reinstitution of mechanical ven
tilation [ 4]. In this study minute ventilation was a poor predictor of weaning out-
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Table 1. Breathing pattern in patients being weaned from mechanical ventilation. From [3) 

Minute ventilation (L/min) 
- success group 
- failure group 

Tidal volume (ml) 
- success group 
- failure group 

Frequency (breaths/min) 
- success group 
- failure group 

Values represent mean ± SE 

-u 
~ en -e -t= -... > 

Mechanical 

Ventilation 

7.11 ± 0.88 
7.68 ± 1.32 

441 ± 45 
400 ± 61 

17.9 ± 1.6 
21.0 ± 2.0 

Weaning Trial 

Start End 

7.06±0.97 7.91 ± 0.81 
5.82 ± 0.53 7.31 ± 0.52 

398 ±56 385 ±51 
194 ± 23 231 ± 27 

20.9± 2.8 24.0± 3.0 
32.3 ± 2.3 33.9±2.2 

soo~-------, 

400 

300 

200 
p <0.01 

0 
Start End 

Fig. 1. Relationship between tidal volume (Vr) and respiratory frequency (f) and arterial 
carbon dioxide tension (PaC02) during spontaneous breathing in patients who failed a wea
ning trial. The equations for the regression lines are PaC02 (mm Hg) = 74.1 (Y.r, ml)- 0.11 
(r = 0.84, p < 0.025) and PaC02 (mm Hg) = 16.7 (f, breaths/min) + 1.13 (r = 0.87, p < 0.025). 
The combination ofVr and f accounted for 81 %of the variability in PaC02 [3)) 

come, whereas frequency (f) and tidal volume (Vt) combined as an index of 
rapid shallow breathing, namely the f!Vt ratio, was an accurate predictor (Fig. 2). 
Of the patients who had an f!Vt value greater than 100 breaths/min/L, 95 % failed 
a weaning trial, whereas 80 % of the patients with lower f/V t values were success-
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Fig. 2. Receiver-operating characteristic (ROC) curves for minute ventilation CVE) and fre
quency-to-tidal volume ratio (fiVT) in patients being weaned from mechanical ventila
tion. The ROC curve is generated by plotting the proportion of true positive results again
st the proportion of false positive results for each value of a test. The curve for an arbi
trary test that is expected a priori to have no discriminatory value appears as a diagonal 
line, whereas a useful test has a ROC curve that rises rapidly and reaches a plateau. The 
area under the curve (shaded) is expressed (in box) as a proportion of the total area of the 
graph. (From [4)) 

fully weaned. As a method of assessing pulmonary performance in critically ill 
patients the f/V1 ratio has a number of attractive features: it is easy to measure; it 
is independent of the patient's effort and cooperation; it appears to be quite accu
rate in predicting the ability to sustain ventilation; and, fortuitously, it has a 
"rounded off" threshold value ( 100) that is easy to remember. 

An interesting observation in these studies is that the changes in frequency 
and tidal volume in patients who fail a trial of weaning occur immediately upon 
the discontinuation of mechanical ventilation (Fig. 3). The mechanism of the 
change in breathing pattern is unknown. The rate of lung inflation, as reflected by 
mean inspiratory flow (VtiTJ), is similar in patients with a successful and unsuc
cessful outcome, but inspiratory time is significantly shorter in the latter group 
(Fig. 4) [3]. This resetting of the inspiratory off-switch results in a smaller tidal 
volume and faster frequency. Several factors may play a role in the activation of 
inspiratory-inhibiting reflexes in these patients. Stimulation of irritant or J recep
tors in laboratory animals characteristically produces rapid shallow breathing. It 
has been suggested that diaphragmatic fatigue may be responsible for the rapid 
shallow breathing [5, 6]. Mador and Tobin [7] investigated this question in 
healthy subjects in whom they induced respiratory muscle fatigue using a stan
dard protocol of inspiratory resistive loading to task failure. Breathing pattern 
was recorded under resting conditions, and also during COz rebreathing so as to 
obtain values over a wide range. The change in breathing pattern following 
induction of fatigue was quantitated by constructing a Hey plot [8], where an 
increase in the slope of the minute ventilation-tidal volume relationship signifies 
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Fig. 3. A time-series, breath-by-breath plot of respiratory frequency and tidal volume in a 
patient who failed a weaning trial. The arrow indicates the point of resuming sponta
neous breathing following discontinuation of ventilator support. Rapid, shallow breathing 
developed almost immediately, suggesting the prompt establishment of a new steady 
state. Although it has been considered that rapid, shallow breathing may reflect the pre
sence of respiratory muscle fatigue, its almost instantaneous development without subse
quent progression is difficult to reconcile with the development of respiratory muscle 
fatigue. (From [3]) 

the development of rapid shallow breathing (Fig. 5). Induction of fatigue actually 
caused a significant decrease in the slope: 27 ± 47 min-1 (mean ± SE) before 
fatigue and 19.0 ± 3.5 min-1 with fatigue, indicating that fatigue does not induce 
rapid shallow breathing. An understanding of the mechanism of rapid shallow 
breathing in patients who fail a weaning trial awaits further investigation. 

Respiratory drive can be evaluated on a breath-by-breath basis by measuring 
mean inspiratory flow (VtfTI) [9, 10]. However, Vt!T1 is an inherently insensitive 
index of respiratory drive in patients with pulmonary disease, since derange
ments in lung function may interfere with the mechanical transformation of 
neural activity, leading to an underestimation of respiratory drive. Nevertheless, 
an increased Vt!T1 in such patients indicates elevated respiratory drive, albeit its 
degree may be underestimated. In a study of patients who failed a weaning trial 
[3] none had a value ofVt!T1 that fell below the 95% confidence limit in normal 
subjects [11]. Moreover, the patients displayed an increase in Vt!T1 between the 
beginning and the end of the trial (Fig. 6). This indicates that impaired respirato
ry center output was not the primary cause of weaning failure in these patients. 

Unlike conventional methods of evaluating respiratory center performance, 
such as the ventilatory response to carbon dioxide or airway occlusion pressure 
(Po.l) [9, 10, 12, 13], breathing pattern analysis has the advantage of providing 
information on respiratory timing. Patients at risk of ventilatory failure can 



500 

400 

E 

I- 300 
> 

200 

100 

Breathing pattern in acute ventilatory failure 87 

2 

Tim e ( s e c 

Fig. 4. The mean respiratory cycle during spontaneous breathing in 10 patients who tolerated 
a trial of weaning from mechanical ventilation and were extubated (success group) and in 7 
patients who developed acute respiratory distress and required the reinstitution of ventilator 
support (failure group). Bars represent 1 SE. (From [3]) 

Fig. 5. The tidal volume:minute ventilation relationship (Vr: \'E, Hey plot) following induc
tion of respiratory muscle fatigue (closed symbols, interrupted line) compared with the 
control, non-fatigue state (crossed symbols, solid line) in a representative subject. 
Following the development of fatigue, the subject's breathing became slower and deeper. 
(From [7]) 
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Fig. 6. Measurements of mean inspiratory flow (Vy/TJ) at the beginning and end of a trial 
of spontaneous breathing in patients who required the reinstitution of mechanical venti
lation. (From [3]) 

decrease inspiratory muscle load by reducing the respiratory duty cycle (i.e., frac
tional inspiratory time, TJITToT). However, in a study of patients being weaned 
from mechanical ventilation TJITTOT was similar in the successful and unsuccess
ful outcome groups [3], and it did not change over the course of the trial. 
Moreover, patients did not decrease respiratory frequency as ventilatory failure 
progressed. Thus, the respiratory centers continued to "push" the respiratory 
muscles by increasing drive, with no reduction in the frequency of contractions 
or in duty cycle [3]. 

Rib cage-abdominal motion 

During normal breathing the rib cage and abdomen expand on inspiration and 
decrease back to the resting position during expiration. Since the rate of excur
sion is virtually the same for the two compartments, an X-Y plot of rib cage
abdominal motion shows the formation of a closed or a very slightly open loop 
[14]. Abnormal motion can be separated into three major types: [1] asynchrony, 
in which the two compartments continue to move in the same overall direction 
but the rate of motion differs, causing a widened loop to form on the X-Y plot; [2] 
paradox, in which one compartment moves in an opposite direction to the overall 
tidal volume signal, resulting in a negative slope on the X-Y plot; and [3] an 
increase in the breath-to-breath variation in the relative contribution of the rib 
cage and the abdomen to tidal volume, representing recruitment and derecruit
ment of the accessory intercostal muscles and diaphragm [5, 6, 10]. 

There has been considerable interest in the study of rib cage-abdominal 
motion in patients at risk of ventilatory failure. Using uncalibrated magnetome-
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ters,Ashutosh, Gilbert and colleagues [15, 16] noted that patients displaying asyn
chronous movements had an increased risk of ventilatory failure necessitating 
mechanical ventilation and a poor prognosis. Subsequently, it was suggested that 
abdominal paradox is virtually pathognomonic of diaphragmatic fatigue if 
diaphragmatic paralysis and inversion are excluded [5, 6, 17]. This interpretation 
was largely based on a study of 12 patients exhibiting difficulties during weaning 
from mechanical ventilation [ 5]. Seven of the patients had a power spectral shift in 
their diaphragmatic electromyographic (EMG) signal which was interpreted as 
indicating fatigue. Six of the seven patients displaying EMG changes also exhibited 
paradoxic motion of the abdomen. This was accompanied by "respiratory alter
nans" (phasic alternation in the contribution of the rib cage and abdomen to tidal 
volume) in four patients and six patients developed an increase in respiratory fre
quency; however, the degree of elevation in frequency is not clear, and no com
ment was made with regard to tidal volume. None of these signs were observed in 
the patients who did not develop EMG changes. The authors considered that these 
changes in breathing pattern permit a diagnosis of respiratory muscle fatigue to 
be made with reasonable certainty [ 6]. However, certain factors need to be consid
ered before accepting this interpretation. All of the patients, including those with
out EMG changes and an abnormal breathing pattern, were returned to mechani
cal ventilation within 40 min, thus limiting the clinical significance of these find
ings. In addition, a shift in the EMG power spectrum has not been shown to b~ar a 
relationship to the form of fatigue that is physiologically important (i.e., low-fre
quency fatigue), and its physiological basis remains unknown [18]. Moreover, no 
attempt was made to separate the effect of respiratory load from muscle fatigue in 
these patients [5]. 

In a departure from the descriptive character of most previous studies 
employing Konno-Mead plots, Tobin and colleagues [ 19] computed several 
indices that provide quantitative assessment of the amount of asynchrony, para
dox, and breath-to-breath variability in compartmental contribution to tidal vol
ume. By calculating these indices from a series of breaths at fixed periods in time, 
it is possible to obtain a measure of the degree of inter- and intrasubject variabili
ty and thereby avoid the bias that might result with subjective selection of a few 
breaths. If abdominal paradox truly signifies respiratory muscle fatigue, its pres
ence should be a good predictor of an unsuccessful weaning outcome, since, by 
definition, patients with fatigue cannot sustain spontaneous ventilation. In a 
study of patients during weaning, those who failed the weaning trial displayed 
significantly greater asynchrony and paradox of the rib cage and abdomen, as a 
group, than patients with a successful outcome [19]. However, considerable over
lap in the extent of asynchrony and paradox was observed between individual 
patients in the two study groups (Fig. 7). Patients who failed the weaning trial 
also displayed greater breath-to-breath variability in the relative contribution of 
the rib cage and abdomen to tidal volume, quantitated in terms of the standard 
deviation of the rib cage/tidal volume ratio (Fig. 8) [19]. On post-hoc analysis a 
standard deviation of 10% was observed in 6 of 7 (86 %) patients who failed the 
weaning trial, compared with only 2 of the 10 (20 %) patients who were success-
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Fig. 7. Quantitative assessment of rib cage (RC)-abdominal (Ab) motion using the Konno
Mead method of analysis in 10 patients who were successfully weaned from mechanical 
ventilation and in 7 patients who failed a weaning trial. Each point represented the avera
ge value of four time blocks of spontaneous breathing during a weaning trial in each 
patient. Note the considerable overlap of values between patients of the success and failu
re groups. (From [19]) 

fully weaned (p < 0.05) (Fig. 9). This breath-to-breath variation in compartmental 
contribution suggests recruitment and derecruitment of different muscle groups, 
which may be an important mechanism of postponing the onset of fatigue [20]. 

As in the case of rapid shallow breathing, patients who failed a weaning trial 
developed abnormal chest motion immediately upon discontinuation of ventila
tor support and it showed no progression during the remainder of the trial [19]. 
Conceptually, it is difficult to reconcile this pattern of immediate worsening of 
rib cage-abdominal motion without subsequent progression with the develop
ment of respiratory muscle fatigue. The role of respiratory muscle fatigue as a 
determinant of abnormal rib cage-abdominal motion was investigated in healthy 
volunteers breathing against inspiratory resistive loads and employing an experi
mental design that permitted the separation of the effect of loading from fatigue 
[21]. While breathing against a load of sufficient magnitude to induce respiratory 
muscle fatigue it was noted that [ 1] subjects developed paradoxic motion during 
the first minute ofloading (at which point there is load but no fatigue), [2] abnor
mal motion did not progress between the beginning and end of the fatigue run 
(load was the same throughout the run, but fatigue was present only at the end), 
and [3] abnormal motion disappeared immediately upon removal of the load (at 
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SE. Right panel: Values of the standard deviation of the RC/Vr ratio in individual patients. 
Each point represents the average value of the four time blocks in each patient. A standard 
deviation of;:>: 10 o/o was observed in 6 of the patients in the failure group versus 2 of those 
in the success group (p < 0.05). (From [19]) 
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which point fatigue remained but there was no increased load) (Fig. 10}. In addi
tion, significant rib cage-abdominal asynchrony and paradox were observed iii sub
jects breathing against lower nonfatiguing loads. Thus, it is clear that respiratory 
muscle fatigue is neither a sufficient nor a necessary condition for the development 
of rib cage-abdominal asynchrony or paradox, and that the abnormal motion is pri
marily determined by load rather than muscle fatigue per se [ 21]. 

Another possible cause of abnormal rib cage-abdominal motion is the pres
ence of hyperinflation, since patients with chronic obstructive pulmonary dis
ease commonly display both hyperinflation and abnormal rib cage-abdominal 
motion [22-24]. In addition, hyperinflation is known to have numerous adverse 
effects on respiratory muscle function [25]. The effect of graded levels of hyper
inflation on rib cage-abdominal motion has been systematically investigated in 
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Fig. 10. Analog tracing of the sum (VT), rib cage (RC) and abdominal (Ab) signals during 
the application of various levels of continuous positive airway pressure (CPAP) in a repre
sentative subject. The terminal portion of the preceding breath and the initiation of the 
subsequent breath are also shown. For clarity the baselines of the individual analog 
signals at a CPAP of 0 em H20 have been arbitrarily adjusted to provide visual separation 
of the signals, but the proportional increases at the subsequent levels of CPAP are accura
tely represented. The respective Konno-Mead plots of the RC-Ab relationship are 
displayed below each of the breaths. Clinically significant RC-Ab asynchrony or paradox 
did not occur, despite an increase in end-expiratory lung volume of 3.5 liters at a CPAP 
level of 30 em H20. (From [26]) 
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healthy subjects [26]. Despite increasing the ratio of functional residual capacity 
to predicted total lung capacity from 0.38 to 0.74 - comparable to the ratio 
observed in patients with chronic obstructive pulmonary disease - only a very 
slight, and clinically insignificant, increase in abdominal paradox was observed 
(Fig. 11). Thus, the primary mechanism of abnormal chest wall motion in 
patients with chronic obstructive pulmonary disease is likely to be increased air
way resistance [21] and hyperinflation makes only a minor contribution. 

In summary, studies of the pattern of breathing in patients who fail a trial of 
weaning from mechanical ventilation provide a unique opportunity to acquire a 
better understanding of the pathophysiologic mechanisms involved in acute ven
tilatory failure. 
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Chapter 9 

Respiratory mechanics in COPD 

J. MILIC-EMILI 

Introduction 

In 1954 Mcllroy and Christie [ 1] observed that the mechanical work of breathing 
was increased in stable COPD patients and attributed this to increased airway 
and "viscous" resistance of the lung. In later studies it was suggested that in 
COPD patients there is an increase of work of breathing also as a result of (a) 
time constant inequality within the lung which causes an increase of effective 
dynamic pulmonary elastance and flow resistance [2], and (b) intrinsic PEEP 
(PEEPi) [3]. 

Though the work of breathing has been long recognized as a useful global mea
sure of the abnormalities in respiratory mechanics, only recently comprehensive 
measurements have been made in patients with severe COPD [3-5]. The inspirato
ry work of the respiratory system (Wr,rs) and its components in 10 mechanically 
ventilated sedated paralyzed COPD patients with acute respiratory failure, ARF [5] 
are shown in Fig. 1 together with the corresponding values obtained in 18 anes
thetized paralyzed normal subjects [6]. The measurements were obtained during 
constant-flow inflation with a tidal volume of 0.73 1, a frequency of 12.5 bpm and 
an inspiratory duration of 0.92 s. Wr,rs was two-fold greater in COPD patients that 
in normal subjects, the difference reflecting an increase of both static (Wsr,rs) and 
dynamic (W dyn, rs) work. The latter was due to an increase in airway resistive work 
(Waw) and in the additional work done on the lung (!1WL) as a result of pressure 
dissipations caused by time constant inequality and viscoelastic behaviour of pul
monary tissue [2, 4, 5]. The dynamic work due to the tissues of the chest wall 
(!1Ww) was similar in COPD patients to that of normal subjects. The increase in 
Wst,rs in the COPD patients was due entirely to the work due to PEEPi (WPEEPi). On 
average, WPEEPi represented 57 o/o of the overall increase in Wr,rs exhibited by the 
COPD patients rel::ttive to normal subjects, while the corresponding values for W aw 
and !1 W L were 34 and 9 o/o, respectively. 

The values of Wr,rs in Fig. 1 do not include (a), the resistive work done on the 
endotracheal tubes which is relatively high, particularly if tubes of small size are 
used [5]. It should be pointed out that, for a given ventilation and breathing pat
tern, the work of breathing during spontaneous ventilation may be somewhat 
higher than during passive mechanical ventilation because during active breath
ing there is distortion of the chest wall from its passive (relaxed) configuration [7-
9]. Furthermore, the data in Fig. 1 pertain to mechanical ventilation with "nor-
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Fig. 1. Average values of inspiratory work (WI) done of the respiratory system and its com
ponents in 10 COPD patients [5] and 18 normal anesthetized paralyzed subjects [6] with 
infilation flow of 0.8 1/s and tidal volume of 0.73 1. W,,r., total static work of respiratory 
system; W PEP Ph static work due to intrinsic PEEP; W dyn.rs, total dynamic work of respiratory 
system; Waw, airway resistive work; I!.Ww, viscoelastic work of chest wall; I!.Wh work of lung 
due to time constant inequality and/or viscoelasic pressure dissipations. Work per liter of 
inspired volume (WdVr) is shown on right ordinate. (From [5]) 

mal" resting tidal volume whereas spontaneously breathing COPD patients with 
ARF usually exhibit rapid shallow breathing [3-10]. Nonetheless, the data are 
useful because the measurements were made under similar conditions, and 
hence the discrepancies between COPD patients and normal subjects are due 
solely to differences in respiratory mechanics. Furthermore, the COPD data in 
Fig. 1 pertain to patients with ARF, and hence represents extreme abnormalities 
of respiratory mechanics. 

The right ordinate of Fig. 1 shows the total work per liter of inspired volume 
(WhrsiVT). Since the subjects were ventilated with constant inflation flow, WhrsiVT 
corresponds to the mean pressure with respect to both time and volume applied 
during inspiration. 

Static work of breathing 

If PEEPi is absent and static elastance of the respiratory system (Est.rs) is linear 
over the volume change considered (~ V), the static inspiratory work per breath 
is given by [9]: 

(1) 
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If PEEPi is present Eq. 1 becomes: 

W J,sbrs = 0.5 Eshrs Ll V + PEEPi Ll V (2) 

According to Tantucci et al. [11] and Guerin et al. [4], the values of Eshrs in 
COPD patients with ARF are similar to those of normal subjects. By contrast, 
Broseghini et al. [ 12], who studied COPD patients during the first day of 
mechanical ventilation, found higher values of Eshrs in COPD. This was probably 
due mainly to the fact that these patients had a more marked degree of dynamic pul
monary hyperinflation, and hence their Ll V during mechanical ventilation impinged 
into the flat part of their static volume-pressure (V-P) curves (see below). 

Since in the COPD patients of Fig. 1 Eshrs was the same as in normal subjects, 
all of the increase in Whshrs was due to PEEPi ( =5.7 cmHzO), as indicated by Eq. 2. 
By contrast, in the COPD patients of Broseghini et al. [12] the increase in Whshrs 
was due both to PEEPi and increased Eshrs· Also in these patients, however, most of 
the increase of static work was due to PEEPi which reflects dynamic pulmonary 
hyperinflation. 

Pulmonary hyperinflation 

In normal subjects at rest the end-expiratory lung volume (functional residual 
capacity, FRC) corresponds to the relaxation volume (Vr) of the respiratory sys
tem, i.e. the lung volume at which the elastic recoil pressure of the total respirato
ry system is zero [7] (Fig. 2). Pulmonary hyperinflation is defined as an increase 
of FRC above predicted normal. This may be due to increased Vr due to loss of 
elastic recoil of the lung (e.g. emphysema) or to dynamic pulmonary hyperinfla
tion which is said to be present when the FRC exceeds Vr [13]. Dynamic hyper
inflation exists whenever the duration of expiration is insufficient to allow the 
lungs to deflate to Vr prior to the next inspiration. This tends to occur under 
conditions in which expiratory flow is impeded {e.g. increased airway resistance) 
or when the expiratory time is shortened (eg. increased breathing frequency) 
[13, 14]. Expiratory flow may also be retarded by other mechanisms such as per
sistent contraction of the inspiratory muscles during expiration and expiratory 
narrowing of the glottic aperture. Most commonly, however, dynamic pulmonary 
hyperinflation is observed in patients who exhibit expiratory flow limitation 
during resting breathing. 

In COPD patients with ARF expiratory flow limitation during resting breath
ing and the concomitant dynamic hyperinflation are almost invariably present 
and play a paramount role in causing respiratory failure. Accordingly, in the next 
sections I will review the physiologic and clinical implications of dynamic 
hyperinflation and outline some of the treatment strategies which are available 
to deal with its effects. 
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Effects of dynamic hyperinflation on work of breathing and 
mechanical performance of the inspiratory muscles 

Figure 2 illustrates the static elastic work required from the inspiratory muscles 
for the same tidal volume inhaled from Vr and from a higher lung volume. As 
shown by the hatched areas, W st.rs increases markedly when the breath is taken at 
a higher lung volume. In this example the increase in Wr.st.rs is due mainly to 
PEEPh though an increase in Est.rs (as reflected by the decreased slope of the stat
ic V-P curve at the higher lung volume) also plays a role. Clearly, during sponta
neous breathing dynamic hyperinflation implies an increase of static inspiratory 
work, and hence in inspiratory muscle effort. Furthermore, as lung volume 
increases there is a concomitant decrease in effectiveness of the inspiratory mus
cles as pressure generators, because the inspiratory muscle fibres become shorter 
and their geometrical arrangement changes [7]. Thus, in COPD patients there is 
a vicious cycle: Wr.aw is invariably increased due to airway obstruction which in 

Volume 
%VC 

1 

Pressure, em H20 water 

Fig. 2. Volume pressure diagram of the relaxed respiratory system showing the increase in 
static elastic work caused by dynamic hyperinflation. VC, vital capacity; Vr, relaxation 
volume of the respiratory system. Hatched area A, elastic work for a breath that starts 
from relaxation volume. Hatched area B, elastic work for a similar breath that starts from 
a volume 29 % VC higher than Vr. In case B, the intrinsic PEEP is 15 cmHzO, as indicated 
by the upper circle, and W PEEPi is given by PEEPi • V T tidal volume. (From [ 8)) 
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turn promotes dynamic hyperinflation with a concomitant increase in elastic 
work and impaired mechanical performance of the inspiratory muscles. With 
increasing severity of airway obstruction, a critical point is eventually reached at 
which the inspiratory muscles become fatigued [11, 12]. 

Intrinsic PEEP 

Under normal conditions the end-expiratory elastic recoil pressure of the respi
ratory system is zero (case A in Fig. 2). In this instance, as soon as the inspirato
ry muscles contract the alveolar pressure becomes subatmospheric and gas 
flows into the lungs. When breathing takes place at lung volumes higher than Vr 
the end-expiratory elastic recoil pressure is positive (15 cmHzO in case B of Fig. 
1). The elastic recoil pressure present at end-expiration has been termed occult 
PEEP [21], auto PEEP [15], or intrinsic PEEP (PEEPi) [14]. When PEEPi is pre
sent the onset of inspiratory muscle activity and inspiratory flow are not syn
chronous: inspiratory flow starts only when the pressure developed by the inspi
ratory muscles exceeds PEEPi because only then does alveolar pressure become 
subatmospheric. In this respect, intrinsic PEEP acts as an inspiratory threshold 
load which increases the static elastic work of breathing. As indicated above, tnis 
places a significant burden on the inspiratory muscles which are operating 
under disadvantageous force-length conditions and abnormal thoracic geome
try [7]. 

PEEPi in COPD patients with ARF 

The highest values of PEEPi observed in stable COPD patients are in the order 
of 7-9 cmHzO [16]. In COPD patients with ARF higher values have been report
ed: up to 13 cmHzO during spontaneous breathing [3, 17, 18] and 22 cmHzO 
during mechanical ventilation [12]. Such high values of PEEPi have profound 
consequences on the mechanics and energetics of breathing, as shown schemat
ically in Fig. 3. Acute ventilatory failure in COPD patients is usually triggered by 
airway infection. As a result, there is an acute increase in airway resistance 
which causes increased resistive work of breathing and promotes dynamic 
hyperinflation. The latter is further exacerbated by the tachypnea which is 
invariably present in acutely ill COPD patients [7, 13]. Dynamic hyperinflation 
promotes an increase in the static elastic work of breathing which can be due 
both to PEEPi and decreased lung compliance (Fig. 2) [15]. The increase in work 
of breathing, in association with the impaired inspiratory muscle performance, 
promotes inspiratory muscle fatigue. As a result, the patient needs to be 
mechanically ventilated. 
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Fig. 3. Scheme of tf.e pathophysiology causing acute ventilatory failure in COPD patients. 
Ttot> total breathing cycle duration; Ti and Te. inspiratory and expiratory times; Raw, airway 
resistance; Edyn'L' dynamic lung elastance 

Implications of PEEPi during mechanical ventilation 

The putative role of mechanical ventilation is to reduce the activity of the inspi
ratory muscles to tolerable levels during patient-triggered mechanical ventilation 
(eg. assisted mechanical ventilation, AMV). During AMV this end is not always 
achieved because the pressure which has to be generated by the patient to trigger 
the ventilator necessarily includes PEEPi. If this is high the inspiratory effort 
required by the patient may be excessive [19]. In contrast, during controlled 
mechanical ventilation all of the work of breathing is done by the ventilator. 
Nevertheless, PEEPi must be taken into account for correct measurement of respi
ratory compliance [14] and, more importantly, in terms of its adverse effects on 
cardiac output [15]. Patients with high levels of PEEPi are implicitly difficult to 
wean from mechanical ventilation and may become ventilator-dependent. 

Monitoring PEEPi 

Fundamental in the management of the mechanically ventilated COPD patients is 
to monitor PEEPi [8]. Indeed, measurement of PEEPi should become a part of 
routine monitoring in mechanically ventilated patients, particularly those with 
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airways obstruction. This will allow for reliable measurement and interpretation 
of other frequently determined cardiopulmonary variables, such as respiratory 
system compliance, pulmonary capillary wedge pressure, etc. The potential 
adverse effects of PEEPi require that, in addition, management should be specifi
cally directed towards those factors contributing to the development of PEEPi. 
This includes medical therapy aimed at reducing the severity of airflow obstruc
tion as well as excessive minute ventilation due to fever, metabolic acidosis, inad
equate pain relief, etc. The inspiratory flow settings should be adjusted such as to 
maximize the time available for passive expiration. 

Strategies to reduce the inspiratory load caused by PEEPi 

Treatment of COPD patients with respiratory failure should be aimed toward 
increasing the expiratory duration as well as decreasing respiratory flow-resis
tance. To the extent that tachypnea is due to fever and/or airway infection, resolu
tion of these by conventional treatment should be beneficial. Similarly, effective 
bronchodilator administration may be useful in reducing both flow-resistance 
and PEEPi. A less conventional but promising approach to deal with PEEPi is tne 
use of continuous positive pressure br~athing (CPAP). Indeed, CPAP has been 
found to reduce the magnitude of inspiratory muscle effort and the work of 
breathing in stable patients with severe COPD [19]. Furthermore, CPAP has also 
been found to reduce the work of breathing and dyspnea in patients with severe 
COPD during weaning from mechanical ventilation [18]. This is related to a 
reduction in the inspiratory workload imposed by PEEPi. In addition, CPAP 
administered through a face or nasal mask [20] may also be of therapeutic bene
fit during an acute exacerbation of severe COPD in the nonintubated patient. 
Conceivably, the early use of CPAP in this setting could preclude the need for 
intubation and mechanical ventilation in some COPD patients. Finally, it should 
also be noted that application of external PEEP during patient-triggered mechan
ical ventilation can counterbalance and reduce the inspiratory load imposed by 
PEEPi [19]. 

Detection of expiratory flow limitation during resting breathing 

Patients with severe airway obstruction commonly exhibit expiratory flow limita
tion during resting breathing, particularly during acute exacerbations of their 
disease [7]. Such patients in general exhibit pronounced pulmonary hyperinfla
tion with markedly increased work of breathing and markedly impaired inspira
tory muscle function [3-5, 7]. Patients who are flow limited during mechanical 
ventilation are difficult to wean. Accordingly, detection of airflow limitation dur
ing quiet breathing appears to be important. 

Several methods have been proposed to detect expiratory flow limitation in 
mechanically ventilated patients: (a) removal of external PEEP, if present [ 13]; (b) 
addition of a resistance to the expiratory circuit [13], and (c) application of a 
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negative pressure of 5 cmHzO at the airway opening during a single expiration 
[21]. The latter method can also be applied during spontaneous breathing [22]. 

Figure 4 depicts expiratory flow-volume curves obtained during passive 
expiration in a mechanically ventilated COPD patient with ARF (Pat. 3) and in a 
subject without airways obstruction (Pat. 2). In patient 2 application of negative 
pressure during expiration resulted in a sustained increase of expiratory flow 
indicating absence of expiratory flow limitation during tidal breathing. By con
trast, in patient 3 application of the negative pressure resulted in no change of 
expiratory flow, except for a transient change immediately after application of 
the negative pressure which reflects displacement of gas from the expiratory line 
due to decompression. This lack of response to negative pressure (apart from the 
transient) occurs when expiratory flow limitation is present. Thus, expiratory 
flow limitation during resting breathing can be readily detected by analysis of 
expiratory flow-volume or flow-time relationships before and after application 
of negative pressure. 

2 0.8 ,__ ____ ......,. __ _ 

~ i 0.6 

>-
~ 0.4 
·c; 

J1 0.2 

0.2 0.4 0.6 0.8 

2 °·8 COPD 
~ 

Expiratory flow (L/ s) 

..2 0.6 
~ t-----
~ 
~ 0.4 

·~ 
... 0.2 

PAT. 3 

0.2 0.4 0.6 0.8 
Expiratory flow (L/ s) 

Fig. 4. Expiratory flow-volume relationships during passive expiration in a mechanically 
ventilated patient with COPD (botton) and in a patient without airway obstruction 
(top). Broken line: baseline expiration; solid line: subsequent during which a negative of 
-5 em HzO was applied at points indicated by arrows and maintained throughout the 
rest of expiration. (From [21)) 
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Airway resistive work 

In the COPD patients in Fig. 1 Whaw was on average 3.3 times higher than in the 
normal subjects, the increase in WI.aw representing 34 o/o of the overall increase in 
Whrs observed in the COPD patients. 

. The increase in W aw in the COPD patients reflects increased airway resistance 
(Raw) [ 4, 7]. According to Tantucci et al. [ 11] and Guerin et al. [ 4], at similar infla
tion volume and flow, Raw in COPD patients with ARF is about 3.5 times higher 
than in normal subjects. Higher values of Raw were found by Broseghini et al. 
[12], presumably because their patients were studied on the first day of ARF. 

In COPD patients with ARF, Raw exhibits more marked flow dependence than 
in normal subjects, as indicated by the higher values of the constant K2 in Table 1. 
As for Raw, at fixed inflation volume, W aw (and hence W awl 11 V) increases with 
increasing flow while at fixed inflation flow, Waw/ 11 V decreases with increasing 
volume [5]. 

Table 1. Mean values (± SE) of constants K1 and Kz of Rohrer's equation: Raw = K1 + Kz V of 
10 COPD patients [4] and 18 normal subjects. (From [6]) 

COPD Normals 

5.03 ± 0.45 1.85 ± 0.13* 

Kz, em HzO • 1-2 • s2 2.69 ± 0.63 0.43 ± 0.03* 

Raw, airway resistance 
* P < 0.001 between COPD and normals 

The results in Fig. 1 do not include the inspiratory resistive work done on the 
endotracheal tubes (WhET). Because the resistance offered by the endotrachel 
tubes in relatively high [ 13], WI.ET was also high: with endotracheal tubes of size 7 
and 9 it amounted to 4.8 and 2.0 em HzO • 1, respectively [5]. For tube size 7, WhET 
was higher than Waw (4.8 vs. 3.8 em HzO ·1) while for tube size 9 the opposite was 
true (2.0 vs. 3.8 em HzO • 1) [5]. Thus, the endotracheal tubes represent substantial 
respiratory loads. 

Additional work 

In 1955 Mount [23] assessed the dynamic pulmonary work per breathing cycle 
(W dyn,L), as given by volume-pressure loops, in mechanically ventilated open
chest rats. To explain the relatively high values of W dyn,L found at low respiratory 
frequencies and the progressive decrease in dynamic pulmonary compliance 
( Cdyn,L) with increasing frequency, he proposed a viscoelastic model of the lung 
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which "confers time-dependency of the elastic properties". In normal subjects, 
11WL essentially reflects viscoelastic behaviour [6], as postulated by Mount. By 
contrast, in COPD patients 11WL should include a substantial component due to 
time constant inequality [2, 5]. This probably explains the higher values of 11WL 
found in the COPD patients with ARF (Fig. 1) in whom 11WL was on average 2.3 
times higher than in normal subjects. This increase of 11 W L, however, represented 
only 9% of the overall increase in Whrs observed in the COPD patients. By con
trast, there was no difference in 11 Ww between COPD patients and normal subjects. 

Predicably, the increase of 11WL in COPD patients is associated with more 
marked time-dependency of pulmonary elastance than in normal subjects, as 
shown in Fig. 5 which depicts the relationship of static and dynamic elastance of 
the lung (Edyn,L = 1/Cdyn,L} to inspiratory flow obtained at a fixed inflation vol
ume (11V=0.73 1) in 10 COPD patients with ARF [4] and 18 normal subjects [6]. 
While Est.L was independent of flow in both COPD patients and normals, Edyn,L, 
increased progressively with increasing, or, more appropriately, with decreasing 
duration of inspiration (TJ). Indeed, at fixed inflation volume an increase in flow 
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Fig. S.,.Average relationship of static (st) and dynamic (dyn) elastance of the lung (EL) to 
flow (V) at constant inflation volume (0.73 1) of 10 COPD with ARF patients [4] (left) and 
18 normal subjects [6] (left). Bars, SE when larger than symbols. (From [4]) 

implies a shorter duration of inspiration (T1 = 11 VI V where 11 V is constant), and 
hence the data in Fig. 5 actually depict T1-dependency of elastic properties. In 
COPD patients the increase in Edyn,L with increasing V (and hence with decreas
ing Ti) was greater than in normal subjects because of time constant inequality 
[2, 5]. In normal lungs the time-dependency of pulmonary elastance is due 
almost entirely to viscoelastic behaviour [ 6]. 

Figure 6 depicts the average relationships between total flow resistance (Rrs) 
and inspiratory flow obtained at fiXed inflation volume (11 V = 0.5 1) in patients 
with ARF and normal subjects. At all comparable flow rates Rrs was about three
fold higher in the COPD patients. In both normals and COPD patients Rrs was 
highest at the lowest flow and decreased progressively with up to 1 1/s. At this V 
Rrs had a minimal value. This phenomenon is due to the fact that as V increased 
there was a greater decrease of viscoelastic resistances as compared to the con-
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Fig. 6. Average (± SE) relationship between total resistance of respiratory system (Rrs) and 
inspiratory flow at inflation volume (~V) of 0.5 I in 6 sedated paralyzed COPD patients 
with ARF [11] and 16 normal anesthetized paralyzed subjects [6]. (From [11]) 

comitant increase of Raw (Table l). The initial decrease in Rrs with increasing flow 
represents a clinically important aspect because it occurs in the range of infla
tion flows commonly used in the ICU setting (0.5 to Ills). 
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Chapter 10 

Work of breathing in ventilated patients 

L.BROCHARD 

Introduction 

Assessment of respiratory muscular effort and its quantification by measuring 
the work of breathing is now considered an important aspect of the efficacy eval
uation of assisted modes of ventilation [ 1, 2]. Indeed the amount of work or effort 
performed by the patient may vary considerably with the ventilatory settings. 
This has the potential of changing the global energy expenditure of the patient 
and may influence the duration of mechanical ventilation or outcome of weaning 
from ventilation. 

Quantification of patient's effort or work of breathing 

During spontaneous respiration the work of breathing is performed by the respi
ratory muscles of the patient. During controlled mechanical ventilation the work 
is performed by the machine. During assisted ventilation, which is used during 
the vast majority of episodes of mechanical ventilation, both the patient and the 
machine perform part of the work. The interaction between patient and ventila
tor plays a major role in patient's dyspnea and comfort. Assessment of the work 
or effort performed by the patient during assisted ventilation allows to assess the 
synchrony between patient and ventilator and to determine which settings act to 
reduce breathing workload. 

The following indexes can be measured. 

Work of breathing 

Work is done when a force moves its point of application, it being equal to the 
product of force and distance moved, or to the product of the mean pressure and 
the change in volume [3, 4]. The work of breathing is computed as the integrated 
surface area enclosed in the inspiratory part of the pressure volume loop [3-5]. 
When the transpulmonary pressure is taken for computation, then the amount of 
work performed on the lungs and airways is calculated, regardless of the "engine" 
performing this work i.e., respiratory muscles or ventilator. The relevant pressure 
in assessing respiratory muscle activity is pleural pressure, estimated as esophageal 
minus atmospheric pressure. As in all integrals, the reference line over which inte-
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gration in performed is a crucial point. For the respiratory system this reference is 
represented by the value of esophageal pressure over lung capacity under passive 
conditions, which is referred to as the chest wall compliance curve. When dynam
ic hyperinflation is present, the beginning of the inspiration (detected as begin
ning of inspiratory flow) may differ from the value of the elastic recoil pressure of 
the chest wall by an amount assessed as auto-positive end expiratory pressure or 
intrinsic-PEEPi [6]. Taking this value into account has major influence on the 
results of the measurement. For instance, it has been recently shown that the 
work needed to overcome PEEPi is in the range of 30-40 % of total work in COPD 
patients [7]. Work can be expressed as power of breathing (work performed per 
minute) or per liter of ventilation. The two expressions have different meanings. 

Pressure time integral 

Integration of pressure over time may give a good estimate of the force devel
opped by the patient, whatever the result of this effort in terms of volume dis
placement. The pressure time index was initially described for the diaphragm as 
the product of the mean transdiaphragmatic pressure, expressed as a fraction of 
the maximal pressure the diaphragm can develop, and the inspiratory duty cycle 
[8]. The same can be applied for the inspiratory muscles, using esophageal 
instead of transdiaphragmatic pressure. Because the maximal pressure is often 
not obtained or is unreliable in the critical care setting, measurement of the pres
sure time product or pressure time index over one minute has been proposed as 
the sum of integrals of esophageal pressure versus time over 60 seconds. 

Simplifed methods 

During airway occlusion the airway pressure swings measured at the tip of the 
endotracheal tube reflect the esophageal pressure swings, since lung volume does 
not change. The first two three breathing efforts performed immediately after 
occlusion may reasonably reflect the effect performed before this occlusion and 
could therefore be used to estimate a pressure time product per breath [9]. 

An inspiratory effort quotient can also be estimated in the ICU from dynamic 
compliance and tidal volume which allows to calculate a mean pressure per 
breath, the maximal inspiratory force measured after occlusion and the duty 
cycle [10]. 

Differences among these methods 

There are a number of potential problems or limitations with measurement of 
work. As work is dissipated only in the case of displacement of gas, all isometric 
efforts, such as those performed during a closed demand valve or mainly result
ing in chest wall distortion, do not produce work [5]. 

PEEPi is incorporated in the measurement of work and therefore this problem 
is not crucial for most measurements during assisted ventilation. During ineffec-
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tive efforts however performed while the demand valve remains closed, work is 
obviously not appropriate to assess the amount of effort. Another potential prob
lem with the measurement of work is it's highly dependency on inspired volume. 
During assisted ventilation this volume is, at least partially, passively delivered to 
the patient. Therefore, and especially in case of dysynchrony with a time lag 
between patient's effort and volume delivery by the ventilator, the amount of 
effort may be over estimated by assessment of work. 

In part due to the above-mentioned problems, several studies have preferred 
measurement of the pressure time integral since it offers a way of computing the 
patient's effort independently of the resulting tidal volume [11]. It has been 
claimed that this measurement may better correlate with the oxygen cost of 
breathing or the oxygen consumption of the respiratory muscles [12]. This is 
based on very few data, however, and good correlations have also been found for 
the power of breathing [13]. It is logical to prefer the pressure time integral to 
compute patient's efforts in many situations, but comparison with the evaluation 
of the work of breathing should also be done, and when the results of the two 
methods differ an explanation should be given. 

Main determinants of the inspiratory work in ventilated patients 

The trigger sensitivity 

The trigger sensitivity has a very reprodicible influence on the amount of work 
performed by the patients as shown in several studies with different modes of 
ventilation [14, 17]. A higher work may result from the set-up adjusted by the 
physician (more negative pressure to reach), from the intrinsic properties of the 
demand valve (long time response) or from the type of triggering device-pressure 
triggering or flow triggering upon an expiratory bias flow. Although some contra
dictory results have been published on bench studies, it has been shown that flow 
triggering systems offer better sensitivity and impose less work on the patients 
[18, 19]. 

The inspiratory flow rate 

The peak flow rate is a major determinant of the amount of work performed dur
ing mechanical ventilation [15, 20]. During assist-control ventilation, Ward and 
co-workers found an inverse relationship between the amount of work per
formed and the peak flow rate [16]. This was also found in normal subjects with 
high ventilatory requirements [IS]. Pressure support ventilation is an illustrative 
example of the importance of the peak flow rate. Indeed, the peak flow is 
increased when increasing the pressure support level, which decreases patient's 
work of breathing [ 13]. This is illustrated in Fig. 1. 

We recently compared assisted control ventilation (ACV) and assisted pres
sure control ventilation (APCV), a mode in which the limited variable is pressure 
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Fig. 1. Illustration of the effects of pressure support ventilation delivered at increasing 
levels from 0 to 20 em HzO to reduce the patient's work of breathing estimated from diffe
rent indexes. These measurements were obtained in eight difficult-to-wean patients. 
(Adapted from [13]) 

(in contrast to ACV) and the cycling variable is time (as in ACV) [21]. When the 
respective settings of the two modes resulted in a large tidal volume (12 ml/kg), 
the amount of work or effort perfomed by the patient was small and showed no 
difference between the two modes. When a smaller tidal volume was used (8 
ml/kg) the results were highly dependent on the peak flow setting. When a rela
tively low flow was used, i.e., a 1 second inspiratory time for the two modalities, 
then work and effort were much higher and with a square wave flow pattern than 
with APCV which offers a higher initial peak flow rate with a decelerating ramp. 
When, for the same tidal volume, the flow rate was increased in both situations, 
i.e., setting inspiratory time to 0.6 s for the two modalities, then differences 
between the two methods again became small and non significant. This suggests 
that when the peak flow rate, and more importantly its initial part, is lower than 
the patient's demand, the inspiratory drive of the patient is stimulated and the 
total amount of effort performed over the breath is increased. 

Mechanical ventilator 

The same ventilatory mode delivered with identical settings by different ventila
tors can result in different amounts of respiratory workload. This has been espe
cially studied for pressure support ventilation (PSV). We found that the amount 
of work performed with 15 em HzO of PSV was twofold more with one ventilator 
compared to another [22]. This difference resulted probably from many factors 
such as: trigger sensitivity (although at PSV 0 em HzO no significant difference 
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appeared), the ventilator's algorithm to deliver pressure support and particularly 
the rate of rise in pressure [23], the cycling criterion from inspiration to expira
tion and expiratory resistances which markedly differed from one ventilator to 
another, with the potential to induce dynamic hyperinflation, promote active 
expiration work or increase the sense of dyspnea. 

Respiratory drive of the patient 

The respiratory drive remains a major determinant of the work performed by the 
patient since most ventilatory modes do not adapt to an increase in the patient's 
demand. Proportional assist ventilation could be the exception by adapting the 
pressure given in proportion to the flow and volume taken by the patient [24]. 
There is however only limited clinical experience. 

Changes in metabolic energy expenditure, cardiac output or any changes in 
ventilatory demand caused by many different stimulus, such as increased dead 
space, stimulation of irritant receptors, hypoxemia, pain or anxiety, result in a 
higher level of power of breathing or patient's effort. 

References 

1. Iotti G, Brochard L, Lemaire F (1991) Mechanical ventilation and weaning. In: Zapol 
W, Tinker J (eds) Care of the critically ill. J. London 2nd edition, pp 457-478 

2. Kacmarek RM (1988} The role of pressure support ventilation in reducing work of 
breathing. Respir Care 33:99-120 

3. Campbell EJM, Westlake EK, Cherniak RM (1957) Simple methods of estimating oxy
gen consumption and efficiency of the muscles of breathing. J Appl Physiol11:303-312 

4. Nunn JF (1972} Applied respiratory physiology with special reference to anaesthesia. 
Butter Work, London 

5. Roussos C, Campbell EJM (1986) Respiratory muscle energetics. In: Fishman AP, 
Macklem PT, Mead J, Geiger SR (eds) Handbook of Physiology. The Respiratory 
System. Mechanics of Breathing. Section 3, vol. III, American Physiological Society, 
Bethesda,pp 481-509 

6. Pepe PE, Marini JJ (1982) Occult positive end-expiratory pressure in mechanically 
ventilated patients with airflow obstruction: The auto-PEEP effect. Am Rev Respir 
Dis 216:166-169 

7. Coussa ML, Guerin C, Eissa T, Corbeil C, Chasse M, Braidy T et al (1993} Partitioning 
of work of breathing in mechanically ventilated COPD patients. J Appl Physiol 
74:1711-1719 

8. Bellemare F, and Grassino A (1982) Effect of pressure and timing of contraction on 
human diaphragm fatigue. J Appl Physiol53:1190-1195 

9. Yang KL (1993} Inspiratory pressure/maximal inspiratory pressure ratio: a predictive 
index of weaning outcome. Int Care Med 19:204-208 

10. Milic-Emili J (1986} Is weaning an art or a science? Am Rev Respir Dis 134:1107-1108 
11. Marini JJ, Smith TC, Lamb VJ (1988) External work output and force generation dur

ing synchronized intermittent mechanical ventilation. Effect of machine assistance 
on breathing effort. Am Rev Respir Dis 138:1169-1179 

12. FieldS, SandS, Grassino A (1984) Respiratory muscle oxygen consumption estimat-



112 L. Brochard 

ed by the diaphragm pressure-time index. J Appl Physiol57:44-51 
13. Brochard L, Harf A, Lorino H, Lemaire F (1989) Inspiratory pressure support pre

vents diaphragmatic fatigue during weaning from mechanical ventilation. Am Rev 
Respir Dis 139:513-521 

14. Brochard L, Baum T, Bedu C (1993) Les valves ala demande. Reanimation Urgences 
2:97-105 

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

16. Ward ME, Corbeil C, Gibbons W, Newman S, Macklem PT (1988) Optimization of res
piratory muscle relaxation during mechanical ventilation. Anesthesiology 69:29-35 

17. Sassoon CSH, Mahutte CK, Te TT, Simmons DH, Light RW (1988) Work of breathing 
and airway occlusion pressure during assist-mode mechanical ventilation. Chest 
93:571-576 

18. Sassoon CS, Lodia R, Rheeman H, Kuei HJ, Light RN, Mahutte CK (1992) Inspiratory 
muscle work of breathing during flow-by, demand-flow, and continous-flow systems in 
patients with chronic obstructive pulmonary disease. Am Rev Respir Dis 145:1219-
1222 

19. Sassoon CHS, Giron AE, Eli EA (1989) Inspiratory work of breathing on flow-by and 
demand-flow continuous positive airway pressure. Crit Care Med 17:1108-1114 

20. Marini JJ, Rodriguez RM, Lamb V (1986) The inspiratory workload of patient-initiat
ed mechanical ventilation. Am Rev Respir Dis 134:902-909 

21. Cinnella G, Conti G, Lofaso F, Lorino H, Harf A, Lemaire F, Brochard L (1996) Effects 
of assisted ventilation on the work of breathing. Volume-control versus pressure-con
trolled ventilation. Am J Resp Crit Care Med 153:1025-1033 

22. Mancebo J, Amaro P, Mollo JL, Lorino H, Lemaire F, Brochard L (1995) Comparison 
of the effects of pressure support ventilation delivered by three different ventilators 
during weaning from mechanical ventilation. Int Care Med 21:913-919 

23. Macintyre NR, Ho LI (1991) Effects of initial flow rate and breath termination crite
ria on pressure support ventilation. Chest 99:134-138 

24. Younes M (1992) Proportional assist ventilation, a new approach to ventilatory sup
port: theory. Am Rev Respir Dis 145:114-120 



Chapter 11 

Work of breathing and triggering systems 

V.M. RANIERI, L. MASCIA, T. FIORE, R. GIULIANI 

Introduction 

The incorporation of microprocessors into the design of ventilators has produced 
a confounding array of products, each with its own peculiar features and modes 
of operation. This confusion has been compounded in the medical literature with 
unproved statements favouring one new device or mode of ventilation over 
another. We believe that physicians concerned with the ventilatory management 
of patients with respiratory failure must base their approach on physiologic prin
ciples and an understanding of patient-ventilator interactions [1]. 

According to the American Association for Respiratory Care [2] positive-pres
sure breaths delivered by a mechanical ventilator can be categorized by three 
variables: the trigger variables (initiating the breath), the limit variable (control
ling gas delivery) and the cycle variable (concluding the breath). The best patient
ventilator interaction is realized when the patient's ventilatory drive, his sponta
neous inspiratory flow demand, and his ratio of inspiratory time to total breath 
cycle (Ti!Ttot) are matched by these variables. In this chapter we will exam the 
physiology of the patient-ventilator interaction at the beginning of the breath, 
when the patient ventilatory drive interacts with the mechanically delivered 
breath through the ventilator trigger mechanism. 

The trigger function is defined as the variable that is manipulated to deliver 
inspiratory flow [3]. This variable may be a set time, pressure or flow. Time-trig
gering operates when the ventilator delivers a breath according to a set frequency, 
independent of the patient's spontaneous effort [4]. With pressure- and flow-trig
gering the ventilator delivers a breath once the set pressure or flow sensitivity is 
attained, independent of the set frequency [4]. The following discussion on the 
trigger variable will be based on data obtained using one ventilator system only 
(Puritan-Bennett 7200ae, Puritan-Bennett Corp., Carlsbad, CA). However, when 
the act of initiating a breath from a ventilator is analyzed, the ventilator response 
algorithm should also be taken into account, remembering its important effects 
on the imposed work. The ventilator response algorithm may vary substantially 
for different ventilators, and hence data obtained with a single ventilator, while 
illustrative, do not reflect the broad range of possible responses. 

Pressure-triggering. During pressure triggering a breath is initiated by the 
contraction of the patient's respiratory muscles against the occluded airway. The 
resulting inspiratory effort reduces the airway pressure to a pre-set negative Pao 
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value necessary to open the inspiratory demand valve and initiate the breath. 
While pressure is declining the patient receives no flow from the ventilator and 
this period of no flow may burden the patients with additional work [5-6]. 

Flow-triggering (FLOW by®). Prior to the patient's inspiratory effort the ven
tilator delivers a level of constant flow into the patient circuit at a rate that can be 
set between 5 and 20 L/min. Before the patient initiates a breath the delivered 
flow and the returned flow are equal. As the patient begins to inhale the returned 
flow decreases. The ventilator recognizes this drop well before the delivered flow 
is consumed and cycles on to deliver the specified breath. Therefore, the initial 
constant flow (base flow) satisfies the patient's initial inspiratory efforts while the 
deficit in returned flow (flow sensitivity) causes the ventilator to cycle on either 
spontaneous breath (CPAP), volume assisted breaths (AMV or SIMV) or pressure 
assisted breaths (pressure support or pressure control ventilation) [7-9]. 

Several studies [5-6] have shown that ventilator systems equipped with pres
sure-triggering systems create an inspiratory load that.may compromise the 
weaning process. On the other hand, a relevant reduction in work of breathing 
has been described when demand flow systems are replaced by continuous flow 
systems during continuous positive airway pressure (CPAP) ventilation [5, 10]. 
Effects of flow-by triggering on work of breathing have been extensively studied 
by Sassoon and co-workers during spontaneous mode ventilation (i.e. CPAP) [7-
9]. In normal subjects [7] they found that the work of breathing was significantly 
less with flow-by triggered CPAP than with pressure-triggered CPAP. In patients 
being weaned from mechanical ventilation the same authors found that both 5 
em H20 of flow-by triggered CPAP and pressure support ventilation decreased 
PTP compared toT-piece [8]. In a more recent study [9] Sassoon and co-workers 
compared the effects on work of breathing of flow-by CPAP with conventional 
continuous-flow CPAP in nine COPD patients recovering from ARF related to 
COPD. They found that work of breathing during flow-by CPAP is comparable to 
the continuous-flow CPAP and less than that with pressure-triggered CPAP. In a 
recent study [ 11] we found that flow-triggering significantly decreased inspirato
ry muscle effort compared to pressure-triggering also during volume and pres
sure-assisted breaths. These results were explained by two factors: 1) the smaller 
drop in Pao observed with flow-triggered CPAP and 2) the increase in airway 
pressure above atmospheric pressure that occurs immediately after trigger sensi
tivity is obtained and which is maintained throughout the inspiratory cycle, act
ing as a small inspiratory pressure-assistance [7-9]. 

Recently Sassoon elegantly analyzed the triggering function in a mechanical 
lung model [3]. She identified two parts on the Pao trace: (A) from the onset of 
inspiratory effort to measured trigger sensitivity and (B) from measured trigger 
sensitivity to maximum pressure drop (Fig. 1). Part A consists of two intervals: 
( 1) the time for pressure within the patient circuit to decline to the true trigger 
threshold and (2) the response time of the pneumatic system itself once this 
threshold is reached. The former is determined by patient inspiratory muscle 
strength and drive, while the latter depends on the engineering design of the ven
tilator [3]. Once flow begins Pao continues to decline (part B), including the time 
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Fig. 1. Illustrative breath during pressure triggered mechanical ventilation 

for flow to traverse the circuit's inspiratory limb. The continued pressure decline 
in Pao in the post-trigger phase (Part B) is explained by insufficient initial flow 
delivery and is a function of the ventilator flow-pressure control algorithm. 
Based on these considerations she concluded that differences between pressure 
and flow triggering should be evaluated on the basis of events occurring during 
the triggering itself and after its completion [3]. 

We recently studied the patient-ventilator interaction during the triggering 
phase in SIMV [ 11] and during spontaneous ventilation [ 12] comparing pres
sure-triggering (set in both studies at a mean sensitivity value of 0.83 ± 0.08 em 
HzO) and flow-triggering (set at mean sensibility value of 1.5 ± 0.2 1/min with a 
base flow value of 10 ± 0.1 1/min). For this purpose, twenty to thirty consecutive 
breaths were collected in both studies after 30 to 35 min of stable breathing pat
tern and then averaged to provide the flow, P ao and Pes signals of the "mean repre
sentative breath". Illustrative "mean breaths" during volume and pressure assisted 
breaths with both kinds of triggering systems are depicted in Fig. 2. Following 
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Fig. 2. Representative averaged SIMV mandatory breaths obtained under the four experi
mental conditions. From top to bottom, flow, airway opening pressure (P ao) and esophageal 
pressure( ~Pes) signals are shown. Horizontal solid lines present the zero reference for the 
flow, Pao and Pes signals. Vertical solid lines identify on the Pes signal the inspiratory effort 
produced during the triggering phase (Pes triggering). The zero reference line for Pes was 
identified as the end-expiratory position of the Pes signal during a short trial of controlled 
mechanical ventilation and inspiratory muscle inactivity previous to the experimental pro
cedure. The dotted vertical line divides the Pes triggering into (PEEPi) and inspiratory 
effort to initiate flow from the ventilator (Pes opening). The arrows on Pao tracings during 
pressure-triggered constant-flow and constant-pressure mandatory breaths indicate a con
vexity towards the time axis. The slight PEEP level present during flow triggering is indica
ted by arrows on the Pao tracings during constant-flow and constant-pressure mandatory 
breaths. SIMV: synchronized intermittent mandatory ventilation. (From [ 11]) 

Sassoon's analysis [3] we calculated the pressure-Time product (PTP) of the trig
gering phase (PTP triggering) as the area under the Pes signal from the onset of 
its negative deflection to the point on Pes corresponding to the onset of inspirato
ry flow, referred to as chest wall static recoil pressure-time curve. PTP post-trig
gering was therefore calculated as follows: PTP post-triggering = PTB/b - PTP 
triggering [ 3]. A close inspection of Fig. 2 reveals that the portion of Pes signal 
delimiting PTP triggering is the result of two consecutive components. First, the 
inspiratory muscle effort begun while expiratory flow was present and Pao was 
progressively decreasing, these signals reaching zero-flow and atmospheric pres
sure, respectively. This initial portion of Pes, encompassed between the onset of 
its negative deflection and the point on Pes corresponding to the first zero-flow 
and negative Pao values, represents the dynamic intrinsic positive end-expiratory 
pressure (PEEPi) [13-14]. PTP-PEEPi was defined as the corresponding subtended 
area referenced to the CW static recoil pressure-time curve. Second, the Pes por
tion between the points corresponding to the first zero-flow (just prior to nega
tive Pao) value and to the last zero-flow (and maximum negative Pao) values, rep
resented the amount of inspiratory muscle effort that had to be produced to open 
the inspiratory valve to initiate inspiration (Pes opening). The corresponding time 
is the delay due to the pressure decline to the trigger threshold and to the 
response time of the pneumatic system once this threshold is reached (time 
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delay) [3]. PTP-opening was defined as the area subtended to Pes opening refer
enced to the CW static recoil pressure-time curve. Tables 1 and 2 respectively 
show results obtained in nine patients during SIMV 50 o/o [11] and in six COPD 
patients during spontaneous ventilation through the ventilator (CPAP 0) [12]. 
Application of flow-triggering significantly decreased PTP-opening during SIMV 
(Table 1) and during CPAP (Table 2). 

Differences between pressure and flow-triggering can be examined in the 
trigger and post-trigger phases. Differences in the trigger phase are primarily 
related to the time delay in opening the pneumatic system. Using a respiratory 
simulator Sassoon elegantly analysed the relationship between PTP-opening and 
the time delay for both pressure and flow-triggering [3]. She found that, for a 
given time delay, initial inspiratory effort during pressure and flow-triggering 
was similar. However, because the total time delay with flow-triggering was rela
tively shorter then with pressure-triggering {75 ms vs 115 ms during flow and 
pressure triggering set respectively at a flow sensitivity of 2 1/min and 1 em 
H20), PTP-opening would be less with flow than with pressure-triggering [3]. 
Our data confirm Sassoon's observation in the sense that time delay during pres
sure-triggered SIMV was significantly (p < 0.01) longer than during flow-trigging 
for mandatory and spontaneous SIMV breaths (Table 1) and for CPAP breaths 
(Table 2). Furthermore, in our patients we found that Pes opening was significant
ly smaller with flow than with pressure-triggering during both mandatory SIMV 
breaths {12.08 ± 2.42 vs 7.44 ± 2.08 em H20), SIMV breaths {11.90 ± 1.92 vs 6.04 ± 
1.44 em H20) and during CPAP breaths (Pes opening amounting to 4.08 ± 0.41 
and 4.31 ± 1.01 em H20 during pressure and flow triggering respectively). The 
reduction in PTP-opening with flow-triggering observed in our patients may 
indeed be attributed to a shorter time delay and to a smaller negative deflection 
in pes during the triggering phase. 

It is interesting to outline that in COPD patients during CPAP 0, higher values 
of LlPes opening {16.08 ± 1.58 and 10.11 ± 1.63 em H20 during pressure and flow 
triggering respectively) corresponded to lower time delay (80 ± 20 and 40 ± 10 
ms respectively). In contrast, in non COPD patients during spontaneous SIMV 
breaths, lower values of LlP es opening {11.90 ± 1.92 vs 6.04 ± 1.44 em H20 during 
pressure and flow triggering respectively) corresponded to longer time delay 
(130 ± 30 vs 100 ± 10 ms). This may suggest that the triggering algorithm reacts 
with shorter time response with higher inspiratory drive, inspiratory muscle 
strength and ventilatory requirements. 

During pressure-triggered SIMV, PEEP; amounted to 2.81 ± 0.15 and 2.01 ± 
0.11 em H20 during pressure-triggered assisted and spontaneous SIMV breaths 
respectively, while in the COPD patients during pressure triggered CPAP PEEP; 
amounted to 5.18 ± 1.66 em H20. Application of flow-triggered SIMV significant
ly decreased PEEP; and consequently PTP-PEEP; in both groups of patients 
(Table 1) during both kinds of mandatory and during spontaneous breaths. 
PEEP; is a common finding in mechanically ventilated patients but different 
patho-physiological mechanisms may be responsible [ 15]. In fact, in patients 
with chronic obstructive lung disease (COPD) PEEP; may be caused by expirato-



T
ab

le
 1

. E
ff

ec
ts

 o
f f

lo
w

 t
ri

gg
er

in
g 

on
 p

re
ss

ur
e 

ti
m

e 
pr

od
uc

t a
t 

di
ff

er
en

t 
ph

as
es

 o
f i

ns
pi

ra
to

ry
 e

ff
or

t 
in

 n
in

e 
pa

ti
en

ts
 d

ur
in

g 
w

ea
ni

ng
 f

ro
m

 m
ec

ha
ni

ca
l 

ve
nt

il
at

io
n 

du
ri

ng
 S

IM
V

 5
0 

o/o
 

M
an

da
to

ry
 b

re
at

he
s 

pr
es

su
re

 t
ri

gg
er

ed
 

fl
ow

 t
ri

gg
er

ed
 

S
po

nt
an

eo
us

 b
re

at
hs

 

pr
es

su
re

 tr
ig

ge
re

d 
flo

w
- t

ri
gg

er
ed

 

P
E

E
P

i 

1.
11

 ±
 0

.0
9 

0.
55

 ±
 0

.0
8

t 

1.
09

 ±
 0.

02
 

0.
53

 ±
 0

.0
1

t 

PT
P 

tr
ig

ge
ri

ng
(c

m
 H

zO
•s

ec
) 

O
pe

ni
ng

 

1.
55

 ±
 0

.1
1 

0.
93

 ±
 0

.0
9

t 

1.
59

 ±
 0

.0
2 

0.
51

 ±
 0

.0
1 

t 

T
im

e 
de

la
y 

(s
ec

) 

0.
19

 ±
 0

.0
1 

0.
16

 ±
 0

.0
1 

t 

0.
13

 ±
 0

.0
2 

0.
10

 ±
 0

.0
1

t 

PT
P 

po
st

-t
ri

gg
er

in
g 

(e
m

 H
zO

•s
ec

) 

8.
38

 ±
 1

.0
3 

4.
16

 ±
 1

.0
1 

t 

11
.5

0 
±

 1
.0

4 
7.

83
 ±

L
O

S
t 

A
bb

re
vi

at
io

ns
. S

IM
V

: 
sy

nc
hr

on
iz

ed
 i

nt
er

m
it

te
nt

 m
an

da
to

ry
 v

en
ti

la
ti

on
; 

PT
P:

 p
re

ss
ur

e 
ti

m
e 

pr
od

uc
t;

 P
E

E
Pi

: 
in

tr
in

si
c 

po
si

ti
ve

 e
nd

-e
xp

ir
at

or
y 

pr
es


su

re
 

D
at

a 
ar

e 
m

ea
n 

±
 S

EM
 (

M
od

if
ie

d 
fr

om
 [

 11
])

 
t 

p 
<

 0
.0

01
 p

ai
re

d 
t 

te
st

 p
re

ss
ur

e 
vs

 f
lo

w
 t

ri
gg

er
in

g 

.....
. 

0
0

 

:<
 

~
 

~ :::: r;;·
 

:::!
. 
~
 

~
 



T
ab

le
 2

. E
ff

ec
ts

 o
f t

ri
gg

er
in

g 
sy

st
em

s 
on

 p
re

ss
ur

e 
ti

m
e 

pr
od

uc
t a

t 
di

ff
er

en
t p

ha
se

s 
of

 in
sp

ir
at

or
y 

ef
fo

rt
 in

 s
ix

 c
op

d 
pa

ti
en

ts
 d

ur
in

g 
cp

ap
 0

 

P
re

ss
ur

e 
tr

ig
ge

ri
ng

 
fl

ow
 t

ri
gg

er
in

 

P
E

E
P

i 

2.
32

 ±
 0

.1
0 

0.
47

 ±
 0

.3
2

t 

P
T

P
 t

ri
gg

er
in

g 
(e

m
 H

20
•s

ec
) 

O
pe

ni
ng

 

2.
52

 ±
 0

.1
0 

0.
90

 ±
 0

.1
6

t 

T
im

e 
de

la
y 

(s
ec

) 

0.
08

 ±
 0

.0
2 

0.
04

 ±
 O

.o
it

 

P
T

P
 p

os
t-

tr
ig

ge
ri

n
g 

10
.0

7 
±

 3
.1

3 
6.

18
 ±

 2
.3

3
t 

A
bb

re
vi

at
io

ns
. 

C
O

PD
: 

ch
ro

ni
c 

ob
st

ru
ct

iv
e 

pu
lm

on
ar

y 
di

se
as

e;
 C

PA
P:

 c
on

ti
no

us
 p

os
it

iv
e 

en
d-

ex
pi

ra
to

ry
 p

re
ss

ur
e;

 P
T

P:
 p

re
ss

ur
e 

ti
m

e 
pr

od
uc

t 
p

er
 

br
ea

th
; 

Pe
s: 

es
op

ha
ge

al
 p

re
ss

ur
e;

 P
E

E
Pi

: d
yn

am
ic

 i
nt

ri
ns

ic
 p

os
it

iv
e 

en
d-

ex
pi

ra
to

ry
 p

re
ss

ur
e 

D
at

a 
ar

e 
m

ea
n

±
 s

ta
nd

ar
d 

er
ro

r 
(M

od
if

ie
d 

fr
om

 [
12

])
 

t 
p 

<
 0

.0
01

 p
ai

re
d 

t t
es

t p
re

ss
ur

e 
vs

 f
lo

w
 t

ri
gg

er
in

g 

~ ..., 1>1
"' a. <:
]' ..., (1

) ~ :::!
 

()
<>

 "" :::! p
. .... .... ac;
· 

()
<>

 
(1

) ..., s· ()
<>

 "' ~
 

(1
) s "' .....

 
\0

 



120 V.M. Ranieri et al. 

ry flow limitation [15]. Alternatively, increased expiratory resistance (including 
endotracheal tube and exhalation valve) may cause PEEPi because the lungs do 
not have time to reach their equilibrium volume [15]. Besides, when expiratory 
muscle recruitment occurs at end exhalation flow will persist to the end of the 
expiratory cycle and an end-expiratory gradient of alveolar to central airway 
pressure (i.e. a PEEPi effect) without increase in lung volume will be present 
[15]. 

Patients included in the SIMV study [ 11] did not have a previous history of 
COPD. Therefore, the observed reduction in PEEPi with flow-triggering could be 
attributed to its ability to decrease expiratory resistance and/or reduce abdomi
nal muscle recruitment. A reduction in expiratory resistance with PEEP has 
recently been shown in mechanically ventilated patients [13]. During flow-trig
gered SIMV a slight PEEP was present (Fig. 5) due to the set base flow of 10 
1/min. Therefore, the reduction in PEEPi could be explained by a reduction in 
expiratory resistance caused by the increase in lung volume due to this "PEEP 
effect" which occurred during flow-triggered SIMV. Besides, a careful inspection 
of Fig. 2 reveals that during pressure-triggered SIMV more expiratory effort was 
present as both Pes and Pao were increased during expiration. This could be 
explained by an increase in abdominal pressure transmitted to the thorax 
through the diaphragm, caused by recruitment of the expiratory muscle. When 
flow-triggered SIMV was applied the positive swings in the end-expiratory Pes 
signals were reduced during both constant-flow and constant-pressure SIMV 
delivered breaths (Fig. 2). The same was true during spontaneous SIMV breaths. 
This may suggest that with flow-triggered SIMV the abdominal muscles were 
relaxed during expiration because of a better patient-ventilator interaction [16]. 
However, to confirm these speculations direct measurements of expiratory resis
tance and gastric pressure should be performed. In COPD patients during flow 
triggered CPAP 0 [12] a small positive end-expiratory pressure on the Paw signal 
was evident [7]. This is due to the pressure generated by the base flow passing 
through the ventilator tubing system at the end of the patient's expiration when 
the flow triggering is made active [7]. On average this end-expiratory positive 
pressure amounted to 2.16 ± 0.12 em HzO. Recent studies have suggested that in 
COPD patients with expiratory flow limitation the use of continuous positive 
airway pressure (CPAP) in spontaneously breathing patients [14, 15-17] can 
counterbalance and reduce the inspiratory threshold load imposed by PEEPi 
without causing further hyperinflation. It is therefore not surprising that the 
end-expiratory positive pressure present during flow triggered CPAP 0 was able 
to partially unload the respiratory muscles and the diaphragm from the addi
tional work imposed by PEEPi. In fact, PEEPi.dyn measured during flow triggered 
CPAP 0 corresponded to the difference between PEEPi.dyn measured during 
pressure triggered CPAP 0 minus the end-expiratory positive pressure present 
during flow triggered CPAP 0. 

Application of flow-triggering significantly reduced PTP post-triggering dur
ing assisted and spontaneous SIMV breaths (Table 1) and during CPAP breaths 
(Table 2). During spontaneous ventilation Sassoon and co-workers [7, 9] showed 
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that the most relevant differences in pressure and flow-triggered CPAP on work 
of breathing and PTP are primarily related to events occurring after triggering 
has been completed [3]. This is a result of insufficient flow delivery in pressure
triggered CPAP. In contrast, flow-triggered CPAP is more responsive to patient 
ventilatory demand during the post-triggering phase. In fact, with flow-trigger
ing Pao increases immediately after trigger sensitivity is attained and is main
tained above atmospheric pressure throughout inspiration, acting as a small 
inspiratory pressure assistance [3]. This mechanism explains the reduction in 
PTP post-triggering observed during flow-triggered spontaneous SIMY breaths. 
In contrast, the triggering methods should not affect PTP-post triggering of 
mandatory SIMY breaths provided that the peak inspiratory flow rate is set suffi
ciently high [3]. Nevertheless, our data show that the difference between pressure 
and flow-triggered SIMY mandatory breaths reside in both the triggering 
(including events during late expiration) and post-triggering events. During flow
triggered constant-flow mandatory breaths a convexity towards the time axis is 
evident on the Pao curve during inspiration (Fig. 5). This should reflect an inade
quate flow delivery in early inspiration after triggering was completed [18-20]. In 
fact, during constant-flow mandatory breaths, peak flow amounted to 0.66 ± 0.03 
1/sec (25-27 % above the spontaneous breathing peak flow) (Table 2). However, 
application of flow-triggering during constant-flow mandatory SIMY breaths 
minimised the inspiratory sag on the Pao wave form (Fig. 5) without affecting 
peak inspiratory flow. Our data therefore show that also flow-triggering reduces 
PTP post-triggering also during mandatory breaths, regardless of the peak inspi
ratory flow value. This effect could be related to the extra inspiratory flow provid
ed by the flow triggering system before the beginning of the mandatory flow, 
while the threshold flow value is reached. 

Flow triggering without flow by 

Proportional assist ventilation (PAY) is a form of synchronized partial ventilato
ry support in which the ventilator generates pressure in proportion to patient 
effort; the more the patient pulls the more pressure the machine generates. The 
ventilator simply amplifies patient effort without imposing any ventilatory or 
pressure targets (Fig. 3). The objective of PAY is to allow the patient to attain 
whatever ventilation and breathing pattern his or her control system sees fit. The 
responsibility for determining level and pattern of breathing is shifted entirely 
from the physician to the patient. In this respect PAY differs fundamentally from 
all other methods of ventilatory support, where ventilator variables are, by and 
large, determined by machine settings [21-22]. In the case of assisted modes of 
mechanical ventilation breathing is accomplished by the action of both respirato
ry muscle pressure (Pmus) and the mechanical ventilator (~Pao). Both pressures 
are dissipated against two forces, the elastic recoil of the respiratory system 
[equal to static elastance (E) time changes in lung volume (~ Y)] and the resis
tance to gas flow offered by the airways and tissue [equal to the resistance of the 
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FLOW 
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Fig. 3. Experimental record illustrating a patient during PAV. From top to bottom flow, 
airway opening pressure (Pao) and esophageal pressure (~P.,) are shown. Note that corre
sponding to different inspiratory efforts, the ventilator delivers different levels of peak 
inspiratory flow and applied pressure 

respiratory system time inspiratory flow ( V) ]. Thus at any instant the total pres
sure developed during the assisted breathing is given by: 

Pmus + LlPao = E • LlV + R • V 

With PAV, airway pressure is linked with, and is proportional to, Pmus.Any change in 
total pressure produced by changes in effort is amplified, resulting in greater venti
latory consequences. Thus where the proportionality (Pmus /LlPao) is in 2:1, a change 
of 1.0 em HzO results in a 3.0 em HzO change in total applied pressure [21-22]. 

The objective of PAY is therefore to deliver pressure in proportion to the 
patient's instantaneous effort. To do so the ventilator must be able to sense or 
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estimate patient effort on an ongoing basis. Figure 4 illustrates how this is 
obtained. The patient is connected to a freely moving piston which is coupled to 
motor that generates force (pressure) in proportion to the current applied to it. 
The gas flow from piston to patient is monitored and the signal is integrated to 
provide instantaneous volume. Each signal is subjected to amplification through 
gain controls. The two signals are then summed and determine the current flow
ing to the motor. The gain of the volume signal (same units of elastance) will 
determine how much Pao will result per unit of inspiratory volume, while the gain 
of the flow signal (same units of resistance) will determine how much P ao will 
result per unit of inspiratory flow. 

The critical requirement for PAV is a fast response system such that ~Pao fol
lows Pmus· To do this system actually available in our lab (Winnipeg ventilator, 
University of Manitoba, Manitoba, Canada) consists of a freely moving piston 
inside a cylinder. As the patient pulls the piston moves freely into the cylinder 
providing an initial flow and volume (Fig. 4), when the velocity of the piston 
movement (i.e. inspiratory flow) reaches a pre-set threshold value the motor will 
start to assist the movement of the piston according to the pre-set values of vol
ume and flow assistance. The physiological impact of this triggering mechanism 
(Fig. 5) is presented in Table 3 [23]. As can be seen, the triggering mechanism 
during PAV set with an elastic and resistive support equal to 85 % of the total 
elastic and resistive work, requires less effort than the classic flow triggering 
mechanism during mandatory and spontaneous SIMV breaths (Table 1) and dur
ing CPAP 0 breaths (Table 2). This is due to a smaller negative deflection in Pes 
during the triggering phase of PAV (~Pes opening equal to 5.45 ± 0.20 em HzO) 
[5], while the time delay of the PAV triggering mechanism is shorter than the flow 
by during SIMV (Table 1). 

Ventilator pressure generator = Moo 

~ 
lnspira1ory effort = P., ... 

~ Motor 

o gain -----' 

\ volume gain ----' 

Fig. 4. Schematic diagram of a PAV delivery system. A free piston is coupled to a motor 
that generates force in proportion to the rate of flow and volume. (Modified from [21)) 
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tirnt;_,delay 

FLOW ll 
(1) 

0 -

P •• 

0 

llP" opening 

-10 
3 sec 

Fig. 5. The triggering mechanism during PAV 

Conclusion 

Our data shown that in patients connected to a mechanical ventilator the inspira
tory effort necessary to initiate a breaths is a significant part of the total inspira
tory effort. A correct triggering mechanism may definitely improve the patient
ventilator interaction. For reasons of space we discussed only the physiologic 
impact of the triggering mechanisms, without considering the other aspects (the 
limit variable vs patient's inspiratory flow and the cycle variable vs patient's 
Ti/T101) of the physiologic approach to the patient-ventilator interaction prob
lems. We have therefore kept in mind that only the integrated analysis of all these 
three components will lead to the clinical optimization of the patient-ventilator 
interaction. 
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Chapter 12 

Volutrauma and barotrauma 

D. DREYFUSSL, G. SAUMON 

Introduction 

Mechanical ventilation is a technique which, although frequently life-saving, car
ries nevertheless the potential risk of severe complications [1]. Of these adverse 
effects, some are the direct consequence of pulmonary pressure and/or volume 
changes induced by mechanical insufflation of diseased lungs. Barotrauma is the 
usual term for such complications and refers to the presence of extra-alveolar air 
(manifesting as interstitial emphysema, pneumomediastinum or pneumoperi
toneum, pneumothorax, etc.). In addition to these "macroscopic" alterations, it 
has been experimentally demonstrated that lung distension during mechanical 
ventilation may induce alterations of lung fluid balance, increases in endothelial 
and epithelial permeability and severe ultrastructural damage. These abnormali
ties may culminate in the production of a pulmonary permeability-type edema 
accompanied by diffuse alveolar damage. 

Pulmonary edema during high pressure/high volume ventilation 

Webb and Tierney [2] have shown that rats mechanically ventilated with inter
mittent positive pressure ventilation with a peak airway pressure of 30 cmH20 
developed pulmonary edema very rapidly. Hence, after only one hour of such 
ventilation there was an increase in the extravascular lung water content, as 
assessed by post-mortem weighing. When the lung of these animals were exam
ined by light microscopy, only interstitial edema was present. In contrast to such 
mild alterations induced by moderate increases in airway pressure, ventilating 
the animals with 45 cmH20 peak pressure resulted very rapidly (less than 40 
minutes) in a very severe pulmonary edema responsible for massive tracheal 
flooding and hypoxemia leading to the death of most animals. Extravascular lung 
water was considerably increased (nearly 3-fold normal values). Histological 
examination confirmed this severity by disclosing widespread alveolar edema. 

Closely related observations were made by Kolobow et al. on a sheep model of 
acute respiratory failure [3]. They ventilated the animals with intermittent posi
tive pressure ventilation and a peak inspiratory pressure of 50 cmH20 for two 
days. This resulted in important alterations of lung compliance and gas exchange, 
leading to the death of some animals. At gross examination the lungs appeared 
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severely damaged. The same team has also confirmed on larger animals the obser
vations by Webb and Tierney that peak inspiratory pressure of moderate range, 
but applied for longer periods could also be deleterious to the lungs [ 4]. Indeed, 
sheep ventilated with a peak inspiratory pressure of only 30 cmHzO for 48 hours 
had a progressive deterioration in total static lung compliance, functional residual 
capacity and arterial blood gases. Post-mortem examination disclosed severe pul
monary atelectasis, increased wet lung weight and an increase in the surface ten
sion of saline lung lavage fluid (reflecting altered surfactant function). 

Several studies aimed at assessing the nature (hydrostatic or of permeability 
origin) of ventilation-induced edema. An increased microvascular permeability 
has been demonstrated in isolated lung lobes after ventilation with high peak air
way pressure [5]. Alveolar epithelial permeability may increase as the result of 
lung distension and may even allow free diffusion of albumin when high levels of 
distension are reached [6]. These permeability alterations at the endothelial and 
epithelial levels might reflect a "stretched pore" phenomenon resulting from 
important tensions on cells connections. 

In order to assess whether pulmonary edema is of the hydrostatic or of the 
permeability type, we conducted experiments on intact rats ventilated hr various 
durations (5, 10 and 20 minutes) with intermittent positive pressure ventilation 
with a peak inspiratory pressure of 45 cmH20 [7]. In addition to measuring 
indexes of pulmonary edema such as extravascular lung water content and the 
distribution space of 22Na in lungs, we also estimated microvascular permeability 
by measuring the post-mortem extravascular dry lung weight (whose increase 
reflects the amount of extravasated proteins) and the albumin uptake by lungs of 
intravenously injected radiolabelled albumin. Permeability edema was present as 
soon as after 5 minutes of challenge, as attested by significant increases of all 
edema and permeability indices. The severity of these alterations increased with 
the duration of the experiment. Hence, after 20 minutes of such ventilation, a sig
nificant increase in edema was observed. The animals had copious amounts of 
tracheal fluid, with an albumin concentration close to that of plasma. Electron 
microscopic examination of lungs of rats having received 20 minutes of intermit
tent positive pressure ventilation with 45 cmHzO peak airway pressure disclosed 
a pattern of diffuse alveolar damage with Type I cell destructions and hyaline 
membranes. 

Other authors using different approaches have confirmed the presence of 
altered microvascular permeability during mechanical ventilation-induced pul
monary edema [8, 9]. In addition to permeability alterations, hydrostatic force 
changes may also contribute to edema formation. Parker eta!. [8] have shown in 
open-chest dogs that ventilation with very high (64 cmH20) peak inspiratory 
pressure resulted in the compound of the two effects (i.e. hydrostatic and perme
ability changes) on lung microcirculation. Indeed, they observed first an increase 
in the estimated mean microvascular pressure of 12.5 cmHzO (derived from 
Swan-Ganz measurements) and second an increase in microvascular permeabili
ty. Increases in vascular pressure of the same magnitude have been reported by 
others during ventilation with high peak airway pressure in closed chest lambs 
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[9]. This mild to moderate increase in vascular pressure seems unable to produce 
a permeability-type edema, especially of the severity of that observed after high 
volume ventilation, but can enhance the extravasation of fluid and proteins 
through an altered microvasculature. 

Respective responsibilities of high airway pressure and high lung 
volume 

In lungs with a normal compliance high peak airway pressure such as that used in 
our study results in a high tidal volume. It seemed therefore important to deter
mine the respective roles of pressure and volume in the genesis of high permeabil
ity edema. We addressed this point in experiments where airway pressure and lung 
volume were made to vary independently [10]. We compared the effects of high 
pressure-high volume ventilation, as previously described, to those of high airway 
pressure alone (ventilating the animals with intermittent positive pressure ventila
tion with 45 cmH20 peak pressure, but with a normal tidal volume obtained by 
thoracoabdominal strapping) and to those of high volume ventilation with low 
(negative) airway pressure (ventilating the animals by means of an iron lung). 

Permeability edema occured in both groups submitted to high volume ventila
tion whether airway pressure was high or low. At the ultrastructural level severe 
alterations of the alveolar-capillary barrier were present. In contrast, after high 
pressure-low tidal volume ventilation both extravascular lung water and indices of 
microvascular permeability remained within normal range and no ultrastructural 
damage was observed. The observation that volume changes are responsible for 
both edema and permeability changes and that high airway pressure has no dele
terious effect per se has been confirmed in larger animals by other teams [ 9, 11]. 

Effects of the different components of lung volume 

The issue on the effects of PEEP during acute lung injury is sill debated. Indeed, 
during mechanical ventilation-induced pulmonary edema, for a same teleinspira
tory pressure, less edema was present in animals ventilated with PEEP than in 
those ventilated with ZEEP [2, 10]. Does this mean that PEEP has some "protec
tive" effect against volutrauma (in contrast with no reduction or even the increase 
in edema observed with PEEP during most types of experimental edema), or is it 
simply the result of hemodynamic alterations due to the higher mean intratho
racic pressure during ventilation with PEEP? This question pertains to the prob
lem of the respective responsibility of large pressure-volume excursions and of the 
absolute level of lung distension in the genesis of ventilator-induced lung injury. 
To assess this point rats were ventilated with increasing tidal volumes starting 
from different levels of positive end-expiratory pressure [12]. Pulmonary edema 
with permeability alterations occurred regardless of the level of PEEP, provided 
that the increase in tidal volume was large enough. Similarly, edema occurred 



Volutrauma and barotrauma 131 

even during normal tidal volume ventilation provided the increase in PEEP was 
large enough. It is worth noting that moderate increases in tidal volume or PEEP 
that were innocuous when applied alone, produced edema when combined. 
Similar observations were made in animals ventilated with negative inspiratory 
pressure indicating that the effect of PEEP was not the consequence of raised air
way pressure but of the increase in functional residual capacity. Thus, it appears 
that end-inspiratory volume is probably the main determinant of ventilation
induced edema, rather than level of functional residual capacity or tidal volume. 
However, although permeability alterations were similar edema was less marked 
in animals ventilated with PEEP than in those ventilated with ZEEP with the 
same end-inspiratory pressure. This "beneficial" effect of PEEP was probably the 
consequence of hemodynamic alterations. Indeed, infusion of dopamine to cor
rect the drop in systemic arterial pressure that occurred during PEEP ventilation 
resulted in a significant increase in pulmonary edema. 

Effects of mechanical ventilation on previously injured lungs 

Most previously mentioned studies were conducted on animals with healthy 
lungs. It is conceivable that diseased lungs are more susceptible than healthy ones 
to the deleterious effects of mechanical ventilation. Bowton and Kong [13] stud
ied the effects of varying tidal volume during mechanical ventilation of oleic 
acid-injured, isolated perfused rabbit lungs. Lungs ventilated with a high tidal 
volume of 18 ml!kg had a significantly greater weight gain than those ventilated 
with a small tidal volume of 6 ml!kg. Hernandez and colleagues studied the 
effects of oleic acid alone, mechanical ventilation alone and the conjunction of 
both interventions on the capillary filtration coefficient of isolated perfused 
young rabbit lungs [14]. Low doses of oleic acid or mild overinflation during 
mechanical ventilation did not significantly affect the filtration coefficient when 
studied separately. In contrast, when oleic acid administration was followed by 
mechanical ventilation a significant increase in this coefficient was observed. The 
effects of superimposing high peak inspiratory pressure (45cmH20) ventilation 
on lungs mildly injured by hydrochloric acid, oleic acid or alpha-naphtylthiourea 
were investigated in intact rats [15]. Pulmonary edema and permeability alter
ations were more important in animals submitted to combined aggression (venti
lation plus toxic injury) than in those submitted to a single aggression. 

Mechanisms of pulmonary edema during high pressure/high 
volume ventilation 

As explained above changes in hydrostatic forces are minorly involved (on a 
quantitative basis) in the genesis of this edema. Two mechanisms can lead to 
increased vascular pressure during lung distension. First, surfactant abnormali
ties which have been evidenced after high volume ventilation [16, 17] can pro-
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mote an increase in alveolar surface tension. This leads in turn to a decrease in 
the pressure surrounding alveolar microvessels and, therefore, to an increased 
transmural pressure of these vessels. Second, lung distension results in an aug
mentation of the transmural pressure of extraalveolar vessels [18] which in turn 
enhances fluid filtration at this level. 

A possible explanation for the severe permeability alterations observed dur
ing mechanical ventilation-induced edma may be the occurrence of mechanical 
failure of both alveolar epithelium and microvascular endothelium due to the 
very high alveolar distending pressures. Indeed, the similarities in the ultrastruc
tural aspect of the lungs observed during mechanical ventilation-induced lung 
injury and during the capillary stress failure that occurs after very important 
increases in capillary transmural pressure {40 mmHg or more) [19] are quite 
remarkable and may indicate that both are manifestations of the same spectrum 
of mechanical lung failure. Thus, pulmonary edema after high pressure-high vol
ume ventilation is likely to be the result of the synergistic effects of a very severe 
microvascular permeability alteration and of increased filtration pressure. This 
would explain the fulminating course of such edema which may be produced by 
very short periods of overinflation in small animals [20]. 

In conclusion, cyclic lung overinflation results in pulmonary edema. This 
edema is of the permeability type and associated with diffuse alveolar damage. It 
is worth noting that such injury is not the consequence of "barotrauma" but 
rather of "volutrauma". These observations might be clinically relevant. Indeed, it 
has been shown that during ARDS the distribution of lung lesions is not homoge
neous [21]. Therefore, owing to uneven distribution of pulmonary compliance, 
some overdistension of the less damaged zones may occur during mechanical 
ventilation of such patients, especially when high peak airway pressures are 
required. The possibility that protracted regional overinflation may worsen pre
existing lesions is worth consideration. 
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Chapter 13 

Pulmonary and system factors of gas exchanges 

J.ROCA 

Introduction 

The chief function of the lung is pulmonary gas exchange, which requires ade
quate levels of ventilation and perfusion of the alveoli. The lung must match pul
monary Oz uptake (VOz) and elimination of COz (VCOz) to the whole body meta
bolic Oz consumption and COz production, whatever the Oz and COz partial pres
sures in the arterial blood 

In order to best manage patients with respiratory failure in both the intensive 
and the medical care setting, proper assessment of pulmonary gas exchange is 
crucial. Arterial blood respiratory gases (Oz and COz) and acid-base status are 
the directly measurable variables used by most clinicians for this purpose. 
However, while respiratory gases have become increasingly easy to obtain in 
recent years, their interpretation has become progressively more difficult, espe
cially in the intensive care setting. This is because of deepening awareness that 
factors other than intrapulmonary abnormalities can alter arterial POz and PCOz. 
Ideally, it would be of great practical interest to clinicians to handle respiratory 
blood gas measurements as an index on the state of the lungs, such that improved 
or impaired results could be equated to improvement or impairment lung func
tion, respectively. The situation is that arterial POz and PCOz reflect not only the 
state of the lung, at least as a gas exchanger, and thereby intrapulmonary determi
nants (i.e. ventilation-perfusion (V AIQ) mismatch, intrapulmonary shunt and 
alveolar-end-capillary diffusion limitation for oxygen) but also the conditions 
under which the lung is operating, namely the composition of inspired gas and 
mixed venous blood, i.e. the extra pulmonary factors. 

We will focus essentially on the pathophysiologic determinants of arterial POz 
and PCOz in the light of the results obtained with the multiple inert gas elimina
tion technique, in order to provide a solid framework for the proper interpreta
tion of the interplay of the extra- and intrapulmonary factors determining respi
ratory gases. This analysis is exclusively addressed to conditions characterized by 
hypercapnic respiratory failure, henceforth called ventilatory failure, more specif
ically caused by chronic obstructive pulmonary disease (COPD). 
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Physiological background 

Table 1 shows the intrapulmonary factors that may contribute individually or 
combinedly to hypoxemia and hypercapnia as well as the extra pulmonary factors 
that, either directly or indirectly (through their effect on mixed venous oxygen 
t~nsion, Pv02), can also influence arterial P02 and PC02. It is important here to 
emphasize the key role of Pv02 and how extrapulmonary factors (other than 
inspired P02 and total ventilation) may contribute to reduce Pa02 through their 
effects on Pv02. In this regard, a diminished Pv02 may result from a low cardiac 
output, an increased oxygen uptake, and/or a decreased blood oxygen content 
due to several alterations in the principal factors modulating the oxyhemoglobin 
dissociation curve [1]. 

Table 1. Factors determining arterial hypoxemia 

Intrapulmonary Extrapulmonary 

- VAIQ mismatching* Main factors: ! Minute ventilation 

-Shunt ! Cardiac output 

- Alveolar-end ! capillarylnspired P02 
02 diffusion limitation 

j 02 uptake 

Secondary factors: ! Pso 
! Hb concentration 
jpH 
! Temperature 
jVC02 

*VAIQ: ventilation-perfusion; Hb: haemoglobin; Pso: P02 that corresponds to 50% 

oxyhaemoglobin saturation. In italics: the most relevant 

Factors determining POz 

The most prominent clinical intrapulmonary factor determining the pathophysiol
ogy of hypoxemia in ventilatory failure caused by COPD is undoubtedly abnormal 
VAIQ relationships [2, 3]. Although shunt may also have some relevance in modu
lating hypoxemia, particularly when COPD patients suffer from acute respiratory 
failure and have retained secretions and abundant mucus plugging [ 4] or when 
there is a reopening of foramen ovale, its amount is by and large small [2, 3]. By 
contrast, the role played by diffusion limitation for oxygen in COPD is almost neg
ligible [5]. 
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The POz and PCOz values in any alveolar unit, and hence the end-capillary 
POz and PCOz of each lung, are basically determined by the composition of the 
inspired gas, the composition of mixed venous blood and, even more important
ly, by the ratio of gas flow (ventilation) to blood flow (perfusion) -V AIQ- of the 
unit. The V AIQ ratio may vary from completely unventilated but perfused units 
(O=shunt) to completely unperfused but ventilated units (dead space). While 
breathing room air lung units with very low V AIQ ratios (not completely unventi
lated) have alveolar gas tensions very close to mixed venous blood values such 
that they behave very similarly to shunt from a gas exchange standpoint. As the 
V AIQ ratio increases above 0.1, while end-capillary P02 increases rapidly, PaC02 

also falls rapidly. Arterial blood saturates fully approaching the V AIQ ratio of 1.0, 
but it is of note that once the V AIQ ratio is above 1.0, the end-capillary P02 

increases progressively as long as the V AIQ ratios increase until reaching inspired 
gas levels. However, this has little effect on the transfer of 0 2 due to the alinear 
(sigmoid) shape of the oxyhemoglobin dissociation curve. Likewise, the PaC02 

will approach the inspired gas composition as long as the V AIQ ratios continue to 
increase. Because of the more linear characteristics of the C02 hemoglobin disso
ciation curve, the lung units with high V AIQ ratios will continue to be progres
sively useful for COz output. The distributions ofV AIQ ratios are crucial in deter
mining the levels of POz and PCOz. Thus, in the presence of acute or chronic pul
monary disease, V AIQ distributions become markedly abnormal such that it is 
common to see areas of low and/or high V AIQ ratios and different patterns of 
VA/Q distributions (bimodal bloodflow and/or ventilation distributions) [1]. 

During acute exacerbation of COPD several abnormal V AIQ distributions 
have been documented [3]. These are, however, qualitatively similar to what is 
seen in less severe clinical forms of COPD [2]. Not uncommonly, a combined 
bimodal pattern including the bloodflow distribution and also the ventilation 
distribution may be one of the most representative V AIQ abnormalities. This 
means that a large proportion of bloodflow is perfusing lung units with low or 
very low V AIQ ratios; likewise, a large proportion of ventilation is diverted to lung 
units with high or very high V AIQ ratios. In other occasions, however, COPD 
patients show a bimodal blood flow distribution together with a broadly uni
modal ventilation curve; and vice versa, the bimodal pattern is disclosed some
times at the level of the alveolar ventilation distribution alone, whereas the 
bloodflow pattern is abnormally broader only. Units with low V AIQ ratios are 
likely to represent regions subtended by airways partially blocked by mucus 
secretions, smooth muscle hypertrophy, bronchospasm, distortion or some com
bination of these abnormalities. By contrast, lung units with high VA/Q ratios are 
likely produced by continued ventilation of regions of alveolar destruction, which 
presumably greatly reduce blood flow in these areas, hence leading to units with 
high V AIQ ratios. Conceivably, they represent emphysematous regions where 
destruction of the alveolar walls results in the loss of the vascular cross-sectional 
areas [2]. Alternatively, it is considered that the relative small amounts of shunt 
are due to the efficiency of collateral ventilation in maintaining alveolar ventila
tion beyond obstructed airways. 
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Among the extrapulmonary factors determining arterial POz, the most rele
vant from the clinical standpoint (in italics in Table 1) are inspired POz total 
(overall) ventiladon, cardiac output (CO) and oxygen uptake. Total (overall) ven
tilation is considered an extrapulmonary factor because it is primarily the result 
of tidal volume (less series dead space common to more than one V AIQ unit) 
times frequency, which are set by extra pulmonary breathing control mechanisms 
[1). Although important from a physiological viewpoint, hemoglobin concentra
tion, body temperature, acid-base status and position of the oxyhemoglobin dis
sociation curve (e.g. characterized by Pso) do less influence PaOz. 

Regarding the effects of inspired Oz fraction in the presence of V AIQ mis
matching, arterial P02 is very sensitive to this extrapulmonary factor as opposed 
to when shunt is the predominant mechanism of hypoxemia [ 6). In fact, inspired 
POz has little effect in increasing the alveolar POz of lung units with very low 
V AIQ ratios (although not completely unventilated) such that substantial levels of 
inspired oxygen fraction are needed to improve PaOz. Thus, it has been shown 
that fully saturating PaOz in the presence of moderate to severe V AIQ abnormali
ties is required to increase FiOz. 

By using a multicompartments lung model, West [7) was able to show that 
increases in overall ventilation have a powerful effect on gas exchange when V AIQ 
distributions are normal, PaOz increasing and PaCOz decreasing. However, when 
V AIQ distributions are abnormal, this is usually accompanied by an increase in 
PaC02 (other factors being equal) which is rapidly brought down to normal val
ues by an increase in ventilation. 

Interestingly, PaOz also increases with further increases in ventilation, although 
when V AIQ distributions are impaired normal values cannot be regained easily. Yet, 
with further increases in ventilation there is little effect on the POz. Since increasing 
V AIQ mismatch reduces the transfer of Oz and COz, it might be expected that this 
situation will lead always to both hypoxemia and hypercapnia. However, small 
increases in PaCOz may activate chemoreceptors, thus causing hyperventilation as 
long as the ventilatory system works appropriately and the patient is able to 
respond. This increased ventilation distributed to well ventilated areas will increase 
their V AIQ ratios causing a raise in end-capillary POz and a fall in PCOz. When the 
ability to increase ventilation is exceeded by the degree of V AIQ mismatching there 
is an increase in PaCOz. Maintaining a relatively increased minute ventilation effec
tively prevents simultaneous increases in the levels of PaCOz provided that there is 
no parallel increase in the work of breathing [ 8]. In patients who cannot maintain a 
high rate of ventilation due to the increased work of breathing and in those whose 
respiratory drive increases slightly when PaCOz is high, hypercapnia can ensue. 

There are three potential ways in which CO may influence pulmonary gas 
exchange [9). The most influential one is through the effect on the Oz content of 
the mixed venous blood. This may occur directly through changes in CO and its 
effect on arterial-venous Oz difference, by failure of the cardiovascular system 
(cardiac output) to respond to changes in Oz delivery (CO • arterial Oz content) 
with reduction in the extraction fraction of oxygen (Oz consumption/Oz deliv
ery). A second way in which CO may alter pulmonary gas exchange is by modify-
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ing the transit time of the red blood cell spent in the pulmonary capillary. If CO 
increases then the transit time decreases such that abnormal gas exchange due to 
incomplete alveolar end-capillary equilibration may, at least in theory, occur. 
However, this is only possible when there is combined diffusion limitation for 
oxygen, as happens in idiopathic pulmonary fibrosis not only during exercise but 
also under resting conditions [ 10 ]. A third way by which CO may alter pulmonary 
gas exchange is by redistributing pulmonary blood flow within the lungs. 
Alterations in blood flow may be achieved in different ways. One way is through 
the well-known, although poorly understood, positive association between intra
pulmonary shunt and CO, such that shunt fraction increases when CO rises, and 
vice versa [11, 12]. 

Another way may also be achieved by modification of the pulmonary vascular 
tone, which is basically sensed by the levels of alveolar oxygen tension, the major 
determinant of pulmonary vascular resistance. However, PvOz may also play a key 
role in influencing pulmonary vascular tone through an as yet undetermined path
way [13, 14]. Finally, increases and decreases in intracardiac and intrapulmonary 
artery pressures may also lead to redistribution of pulmonary blood flow [ 9]. 

Changes in oxygen consumption may represent another way of modulating 
the levels of PaOz. Using a lung model essentially characterized by V AIQ mis
matching Wagner [15] has shown that changes in oxygen utilization have marked 
effects on PaOz. Thus, a 10 o/o change in Oz uptake can alter PaOz by 10 mmHg in 
either direction. This is in contrast with what happens when the major mecha
nism of hypoxemia is intrapulmonary shunt, where arterial POz is less sensitive 
to a change in oxygen uptake. This is explained by the shape of the oxyhemoglo
bin dissociation curve. Thus, when PaOz lies on the flat (top) part of the oxyhe
moglobin curve, as happens under the conditions of V AIQ inequality, changes in 
PaOz are much larger than when it falls in the steep part of the curve, where the 
effects on PaOz are reduced. 

Factors modulating PC02 

From a clinical standpoint, three major factors can modulate the levels of PaCOz 
(Table 1). One corresponds to an intrapulmonary factor, i.e. V AIQ inequality, 
already alluded to above, and the other three are extrapulmonary factors, namely 
overall ventilation, changes in acid-base status and carbon dioxide production [16]. 

Among alterations in overall ventilation, abnormalities in respiratory 
mechanics, namely respiratory muscle fatigue, abnormal neuromuscular function 
and/or structural changes in the chest wall, and changes in the control of ventila
tion, emerge as the major extrapulmonary factors. Changes in overall ventilation 
may be produced by quantitative or qualitative abnormalities in the breathing 
pattern, increases in dead space, or both. A decrease in alveolar ventilation is 
always associated with an increase in PaCOz. Hypercapnia due to metabolic alka
losis can be also contemplated, to some extent, as a condition which is accompa
nied by a depression in the ventilatory control system with normal lungs. Finally, 
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changes in the metabolic rate (CO output) due to alterations in the level of activi
ty, fever, disease or carbohydrate metabolism (for instance, high glucose loads 
during parenteral nutrition) may be major causes of hypercapnia. Usually, if the 
lungs are normal, ventilation increases simultaneously and, therefore, the reten
tion of carbon dioxide is prevented. Patients with lung disorders, unable to 
increase appropriately their degree of ventilation, may show hypercapnia. 

Clinical implications 

Influence of cardiac output and ventilation 

Torres et al. [ 17] studied V AIQ inequalities in 8 patients with COPD during 
mechanical ventilation and also during weaning (spontaneous breathing) from 
mechanical ventilation required for acute respiratory failure. While there were no 
differences in most of the pulmonary and systemic hemodynamic parameters 
between the two conditions CO increases significantly when patients were 
removed from the ventilator. Interestingly, while neither Pa02 no AaP02 and 
venous admixture showed significant changes between the two conditions, both 
Pv02 and 02 delivery increased significantly when patients were removed from 
mechanical ventilation. Oxygen uptake (calculated by the Fick principle) did not 
change. Another important finding at spontaneous breathing was that, while 
minute ventilation remained essentially unchanged, respiratory frequency 
increased and tidal volume fell significantly. In other words, the efficiency of 
breathing fell such that PaC02 increased and pH decreased also significantly. 
Substantial alterations in low V AIQ areas (i.e. increase in the percentage of blood
flow to these regions) were shown during spontaneous ventilation. Moreover, 
both the dispersion of ventilation and one of the overall indices of V AIQ hetero
geneity (so called, DISP R-E*) increased (worsened) significantly. The variable 
DISP R-E* is an overall index of heterogeneity of lung function and represents 
the combined dispersion of both bloodflow and ventilation distributions [18]. It 
corresponds to the root mean square difference between retentions (R) and 
excretions (E) after correcting for series dead space (using acetone data). By con
trast, shunt, the dispersion of bloodflow and inert dead space remained essential
ly unchanged. 

These results show that patients with COPD, during spontaneous ventilation 
after removal from mechanical ventilation, further worsened the V AIQ mismatch. 
This worsening can be explained by alterations in breathing pattern and also by 
changes in CO. It is of note that dispersion of pulmonary bloodflow did not 
increase despite the increase in perfusion observed in low V AIQ areas during 
spontaneous ventilation, since the V AIQ distributions shifted to the left because 
of a reduction in overall V AIQ ratio. Yet, neither the Pa02 nor the AaP02 under
went major changes, indicating that respiratory blood gas measurements may not 
sufficiently reflect changes in V AIQ relationships because other factors such as 
minute ventilation and CO were influencing pulmonary gas exchange in this din-
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ical setting. Indeed, CO increased substantially after cessation of mechanical ven
tilation because of a concomitant increase in venous return. The importance of 
the latter and other hemodynamic changes has been stressed by Lemaire et al. 
[19] during unsuccessful weaning in patients with COPD. Additional factors con
tributing to respiratory weaning failure could be myocardial infarction and left 
ventricular failure due to abrupt alterations in venous return. According to 
Permutt [20] an increase of gastric pressure during spontaneous ventilation with 
subsequent increased splanchnic flow could also be an additional pathogenic 
mechanism. Simultaneously, there were increases in PvOz and Oz delivery due to 
an increase in CO (extrapulmonary factor). The resulting beneficial effect of the 
latter on PaOz was thus offset by the impairment in Pa02 due to further worsen
ing of V AIQ relationships (increased dispersion of ventilation, intrapulmonary 
factor), enhanced (decreased overall VAIQ ratio) in turn by a concomitant less 
efficient breathing pattern (increased respiratory frequency and decreased tidal 
volume, extrapulmonary factors). Interestingly, in this particular setting, the 
qualitative alterations in minute ventilation had a powerful effect on pulmonary 
gas exchange. The finding that the dispersion of ventilation was one of the most 
significantly altered VAIQ variables, together with the overall index of V AIQ het
erogeneity, suggests that maldistribution of ventilation may play a key role in the 
worsening of V AIQ mismatch during weaning. By contrast, inert dead space did 
not play any role. 

More recently, in order to investigate the time-course and pattern of V AIQ 
relationships Ferrer et al. [21] have studied sequentially 10 patients with acute 
hypercapnic respiratory failure not receiving mechanical ventilation. It is of note 
that most of the respiratory and inert gas data improved one month following the 
initial episode. More specifically, PaOz increased and PaC02 decreased and both 
the dispersion of alveolar ventilation and one of the overall indices ofVAIQ het
erogeneity decreased (improved) significantly. Furthermore, there was a signifi
cant relationship between the improvement in the dispersion of ventilation dis
tribution and that of FEV h one of the best functional descriptions of the degree 
of airway obstruction. This suggests, therefore, that some of the V AIQ abnormali
ties observed in patients with COPD with ventilatory failure may be related to 
reversible functional abnormalities related, in part, to maldistribution of ventila
tion (namely, bronchoconstriction, edema, mucus plugging, air trapping and also 
intrinsic or auto-PEEP) in addition to other irreversible structural lesions, such 
as airways (inflammation, fibrosis and smooth muscle hypertrophy, among other 
major lesions) and emphysema abnormalities [22]. 

Barbera et al. [22] in our laboratory have shown, by using the multiple inert 
gas elimination technique in patients with mild COPD before lung resection due 
to a small localized neoplasm and subsequently determining the degree of small 
airways abnormalities and of pathologic emphysema, the significant correlations 
between these structural changes and the dispersion of blood flow and ventila
tion. Accordingly, it has been hypothesized that a non-homogeneous distribution 
of inspired air, as a result of the airway narrowing, would be at the origin of the 
increased dispersion of ventilation distribution. Alternatively, the loss of alveolar 
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attachments of bronchiolar walls observed in pulmonary emphysema may result 
in both distortion and narrowing of the lumen of bronchioles. The latter may 
cause reduced alveolar ventilation in the dependent alveolar units, which will 
produce lung units with continued bloodflow and thus low V AIQ ratios. This 
abnormality in V AIQ relationship would become evident in the bloodflow curve 
as an increased dispersion of perfusion. In addition, emphysema was related to 
abnormalities of ventilation distribution. The latter may be related, at least in 
part, to the loss of pulmonary capillary network associated to alveolar destruc
tion of emphysematous spaces (namely, wasted ventilation). This would lead in 
turn to the development of lung units with high V AIQ ratios and hence to 
increased dispersion of ventilation. Accordingly, the bimodal ventilation distribu
tion alluded to before earlier [2, 3] would be an extension of this phenomenon 
likely reflecting large areas of destroyed parenchyma. 

Influence of oxygen uptake and ventilation 

Lemaire et al. [19] studied carefully the hemodynamic effects of rapid weaning 
from mechanical ventilation in 15 patients with severe advanced COPD and pre
existing cardiovascular disease. Although inert gas exchange data were not mea
sured, it is of interest to note that there was a significant impairment in both 
Pa02 and PaC02 together with an increase in CO and the presence of significant 
deleterious hemodynamic events. Interestingly, oxygen uptake increased signifi
cantly; unfortunately, measurements of breathing pattern were not documented. 
The important conclusion that can be drawn from this study, however, is that the 
increased metabolic (extrapulmonary factor) demands of these patients could 
have influenced negatively the final Pa02, thus overwhelming the beneficial 
effects on the latter variable produced by the accompanying increase in CO 
(extrapulmonary factor). According to our experience, underlying V AIQ relation
ships (intrapulmonary factor, not measured) should have worsened. The latter 
variable, possibly with an expected less efficient breathing pattern could have 
contributed to further worsen respiratory blood gases (decreased Pa02 and 
increased PaC02}, just as they did· in our patients [ 17]. Interestingly, Annat et al. 
[23] also showed in eight COPD patients during weaning from mechanical venti
lation to both continuous positive pressure ventilation and inspiratory pressure 
support ventilation, increases in both oxygen consumption and decreases in 
minute ventilation. In addition, there was a marked increment in PaC02 without 
changes in Pa02. Conceivably, the concomitant increase in CO (not measured) 
would be at the origin of the results of arterial blood gases. An increased C02 
would have raised mixed venous P02, thus counterbalancing the combined dele
terious effects on Pa02 of both the reduced ventilation and the increased oxygen 
uptake. Just as with the study of Lemaire et al. [ 19], the increase in oxygen uptake 
was one of the most outstanding findings compared to the work of Torres et al. 
[ 17]. The absence of an increased oxygen consumption in the latter study may be, 
however, perfectly explained by the large variability of CO measurements with 
the thermodilution technique in the clinical setting, used to calculate oxygen 
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uptake through the Fick principle. Furthermore, in the experimental setting the 
Fick method can underestimate oxygen consumption measured at the mouth 
because bronchial and thebesian veins empty into the systemic circulation such 
that the oxygen consumed by parts of the lung and the heart may not be reflected 
necessarily in the Fick measurement [24, 25]. In brief, it is considered that oxygen 
consumption measured from the mixed expired samples at the mouth is more 
accurate than that calculated from the CO and the arterial-mixed venous oxygen 
contents. Although the differences between each measurement are not statistical
ly significant, it has been shown that their correlation is relatively weak [26]. 
Alternatively, in Annat et al. [23] the outstanding influence of a decreased overall 
ventilation in worsening pulmonary gas exchange needs also to be emphasized. 

Conclusion 

In summary, taken together these findings highlight the key role of the interplay of 
extrapulmonary and intrapulmonary factors governing pulmonary gas exchange 
in COPD patients with ventilatory failure under different clinical conditions. 
According to their respective role, respiratory blood gases may be influenced in 
either direction, or remain unaltered in different clinical settings. In these patients 
VAIQ mismatching emerges undoubtedly as the principal intrapulmonary determi
nant of pulmonary gas exchange, the role of shunt being almost negligible. In addi
tion, the contribution of CO and overall ventilation among other predominantly 
extrapulmonary factors may play a key role in modulating the observed arterial 
respiratory gases. The influence of CO and total ventilation need to be particularly 
highlighted since each of them is able to offset the effects of changes on Pa02 and 
PaC02 produced by further worsening in V AIQ mismatch per se. The important 
message for the clinician though is that arterial blood gas measurements may be 
totally insensitive to properly reflect the alterations operating at the level of the 
extrapulmonary and intrapulmonary determinants of pulmonary gas exchange. 
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Chapter 14 

Mechanical ventilation and lung perfusion 

A. VERSPRILLE 

Introduction 

All mechanisms causing a decrease in cardiac output will decrease lung perfusion. 
During mechanical ventilation a decrease occurs by inflation and by superimpos
ing a positive end-expiratory pressure (PEEP) on a ventilatory pattern. Both con
ditions cause an increase in central venous pressure, which causes the decrease in 
cardiac output by virtue of its back pressure on venous return. If a change in 
PEEP is established for a period longer than a minute, the time is long enough for 
the circulatory control mechanisms to counteract the negative effects. During a 
ventilatory cycle central venous pressure rises and then decreases again in only a 
few seconds. The time period of a ventilatory cycle is too short to modulate circu
latory control activity synchronously with the changes in central venous pressure, 
cardiac output and arterial pressure, even at a low ventilatory rate of 10 per 
minute. During inflation the primary response to the rise in central venous pres
sure is a decrease in venous return, causing a decrease in right ventricular (RV) 
output. After a delay of 2-5 heart beats also LV output decreases. This delay is an 
important phenomenon in relation to the tidal changes in pulmonary perfusion 
and blood volume and the decrease in mean flow by inflation relative to end-expi
ratory flow. To analyse these events, firstly, the cyclic changes in haemodynamic 
variables occurring during a ventilatory cycle will be described. Thereafter, we 
will consider the mechanisms of tidal changes in lung perfusion and pulmonary 
blood volume. 

Cyclic events 

Since 1966 cylic events during mechanical ventilation have been reported by 
many authors [ 1] but only during the last decade has quantitative analyses been 
done thanks to the possibilities of extensive computer analyses. Detailed informa
tion on the experimental conditions to sample heart beat-to- beat data of haemo
dynamic changes during the ventilatory cycles has been published elswhere [ 1, 2], 
here I will summarize the results. Numerical data of the beat-to-beat analyses 
during a ventilatory cycle during normovolaemic conditions are shown in Fig. 1. 
Intrathoracic (Pit), central venous (Pcv) and transmural central venous pressure 
(Pcv,1m), the latter as a substitute of right ventricular (RV) filling pressure, are 
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Fig. 1. Haemodynamic changes during a ventilatory cycle under conditions of normovo
laemia, all plotted against time. Inflation starts at time zero; negative time is the time of 
the preceeding cycle. A ventilatory cycle lasted 6 s and this ventilatory rate was 10 per 
minute. Inflation (I) was 2.4 sand spontaneous expiration (E) 3.6 s 
a. Open circles: aortic (Pao) and pulmonary arterial pressure (Ppa) relative to ambient air 

pressure. Closed circles: the transmural values relative to intrathoracic pressure 
b. Right (RV) and left ventricular (LV) output in ml per s 
c. Open circles: central venous (Pcv) and intrathoracic (actually pericardia!) pressure (Pir). 

Closed circles: transmural Pcvi Pev>tm = Pcv- Pit· 
d. The difference between stroke volume of the RV and that of the LV, representing the 

change in pulmonary blood volume (Qp) per heart beat. The sum of negative values 
represents total blood shift from the pulmonary to the systemic circulation during infla
tion; the positive values represent the increase in Or per heart beat during expiration 
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plotted in Fig.1, c. During inflation the increase in Pcv is smaller than that in Pit. 
implying a fall in filling pressure, P mtm· We also demonstrated such changes in 
RV end-diastolic transmural pressure, Prved,tm [1]. The fall in filling pressure at 
the right side of the heart is obviously due to a fall in preload, i.e. a decrease in 
venous return. The decrease in venous return is represented by the fall in RV out
put (Fig.1b). Heart rate did not change more than 3% during a ventilatory cycle. 
The lowest value of RV-output occurred at maximal inflation, its fast recovery 
during early expiration coinciding with a recovery of P cv,tm· The recovery in RV 
output to its end-expiratory value occurred via an overshoot of a few beats, with 
a delay of 3 beats the fall in LV-output followed the fall in RV-output. The delay is 
about 2-3 beats in hypo-and normovolaemia and larger in hypervolaemia [2]. 
Parallel to the fall in LV-output a decrease in left ventricular filling pressure 
(PJv,ed,1m) occurred [1], the nadir of the fall in LV stroke volume being always 
found a few beats after the start of expiration when the intrapulmonary pressure 
fell to its end-expiratory level. Thereafter, a gradual recovery of stroke volume 
and filling pressure to the end-expiratory plateau occurred. 

In spite of a large decrease in RV output, only a slight decrease in transmural 
pulmonary arterial pressure (Ppa,tm) occurred during inflation, which recovered 
during expiration. If the input into a vessel or system of vessels is decreased, the 
filling pressure, and therefore the volume of the vessel, will only remain constant 
if also the output is concomitantly and equally decreased. Therefore, we 
explained the almost constant transmural pulmonary arterial pressure during 
inflation by an increasing obstruction of outflow from the pulmonary arterial 
system due to an increasing alveolar pressure, aortic pressure (Pao) falling 
approximately in parallel with LV output (Fig.1a). 

During early inflation an increase rather than a decrease can be seen, the rea
son is certainly not an increased LV output. During normovolaemic conditions 
we did not find a significant change in LV output during the first few beats of the 
inflation phase; the value was similar to the end-expiratory output. Only during 
hypervolaemia did we observe a significant increase in LV output during the first 
four strokes in the inflation period [2]. 

Tidal change in lung perfusion 

The decrease in RV output during inflation is not fully compensated for by the 
increase in flow during expiration to obtain a mean flow equal to end-expiratory 
flow; only a small overshoot in early expiration compensates for the loss in flow 
during inflation. During conditions of normovolaemia a loss in flow of about 10% 
on average is caused by inflation if ventilatory rate is 10 per minute [1, 2], in sim
ple terms this means that mean cardiac output is about 10 o/o lower than end-expi
ratory flow. 

During inflation the rise in central venous pressure causes an accumulation of 
blood in the venous capacities. Thus, a relevant question to consider is why the 
decrease in flow during inflation is not fully compensated for by an increased 
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flow during expiration, when all accumulated blood will be released from the 
venous capacities. A first answer is that during a ventilatory cycle central venous 
pressure is higher on average than at end-expiration due to the increase and fall 
as observed in Fig.lc. The overall higher Pcv will decrease venous return, but this 
rise in central venous pressure of a few mm Hg represents only a very small part 
(a few percent) of the total arterial-to-venous pressure gradient. A more detailed 
answer can be derived from Fig. I. Due to the accumulation of blood in the 
venous system RV output is decreased much more than the rise in P cv predicts 
from the arterial-to-venous pressure gradient, this decrease in RV output is fol
lowed by a similar decrease in LV-output with its lowest value during the first 
beats in early expiration. Concomitantly, a decreased aortic pressure occurs and, 
therefore, decreases the driving force of blood into the venous system. The 
decreased input into the venous system and the blood released from the venous 
capacities make up the venous return, which by itself is larger than the end-expi
ratory flow, but far too little to compensate for the loss in flow during inflation. 
The coincidence of a release of the accumulated venous blood and the low basic 
venous input flow is due to the capacity function of the pulmonary vascular sys
tem and the alveolar pressure acting upon it, causing a delay between the output 
decrease of the right and left ventricle. 

Comparing volaemic conditions our results revealed (Table 1) that during 
hypervolaemia the tidal loss in flow in ml • s-1 • kg-1 is lower than during normo
volaemia [2]. As a percentage the loss in flow relative to end-expiratory flow is 
even more reduced compared to that during normovolaemia, because the loss is 
related to the higher end-expiratory flow during hypervolaemia. 

In Table 1 the changes in central venous pressure are also presented. During 
hypervolaemia the rise in central venous pressure by inflation was significantly 
smaller than that during normo- and hypovolaemia. As inflation volume was the 
same in all volaemic conditions the rise in intrathoracic pressure was also the 
same, implying that the fall in transmural central venous pressure was largest 
during hypervolaemic conditions. We attributed this larger fall in filling pressure 
for a smaller decrease in flow during hypervolaemia, compared to normo- and 
hypovolaemia, to the typical character of a ventricular function curve [2]. During 
hypervolaemia cardiac function was related to the less steep part at higher load 
and filling pressure compared to the other two volaemic conditions. A smaller 
increase in P cv during inflation will certainly contribute to a smaller tidal 
decrease in venous return. However, the smaller increase in P cv cannot fully 
explain the difference in tidal flow loss between hypervolaemia and normo- and 
hypovolaemia. 

An additional explanation for the smaller decrease in flow during inflation 
under conditions of hypervolaemia could be a higher filling state of the venous 
capacities. During hypervolaemia central venous pressure is substantially 
increased compared to normovolaemia, and upstream the venous pressure will 
be relatively even higher, in accordance with the higher flow. If a vessel is filled 
upto the level of a steep rise in pressure for a given volume increase, a smaller 
volume will be accumulated for a similar or even higher rise in intravascular 
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Table 1. Tidal loss in right ventricular flow and tidal rise in central venous pressure during 
inflation 

Normovolaemia-1 

Hypervolaemia 

Normovolaemia-2 

Hypovolaemia 

RVFLOWLOSS 

% of end-exp flow 
mean,sd,p 

9.0 3.0 0.15 

2.2 2.0 0.002 

10.7 3.7 

15.6 3.8 0.008 

mi. s·• • kg·• 
mean,sd,p 

0.20 0.084 0.05 

0.06 0.065 0.005 

0.26 0.1 

0.25 O.Q7 0.88 

RISE IN Pcv 
mmHg 
mean,sd,p 

2.6 0.39 0.9 

1.7 0.66 0.0 

2.6 0.66 

2.7 0.67 0.64 
----- ---------------------------

n is 48 in all volaemic series 
p: p-values from paired t-test versus normovolaemia-2. The volaemic conditions were 

created in the order given top-down in the table 
Normovolaemia-1: the blood volume after surgery with normal composition 

Hypervolaemia: + 15 ml per kg dextran solution 
Normovolaemia-2:- 15 ml per kg bleeding 
Hypovolaemia:- 15 ml per kg bleeding 
(The table is taken from [2], by courtesy of Pflligers Archiv) 

pressure. During inflation the rise in central venous pressure is about the same 

for normo- and hypervolaemia, which together with a higher filling state might 

explain the smaller accumulation of blood under hypervolaemic conditions. 
During hypovolaemia the tidal loss in flow in ml.s.1.kg.1 was the same as dur

ing normovolaemia, but it was higher in percentage due to the lower end-expira

tory flow. Apparently, during hypovolaemia as well as during normovolaemia the 

filling state of the venous capacity is in the linear part of its pressure-volume rela

tionship, implying a similar accumulation of blood for a similar rise in venous 

pressure. 

Tidal changes in pulmonary blood volume 

If we regard RV and LV output as input and output of the pulmonary circulation 

respectively, we can calculate from the heart beat-to-beat differences in ventricu

lar output the changes in pulmonary blood volume. The differences between the 

stroke volumes of both ventricles are presented in Fig. I d as can be seen, because 

the input of blood into the pulmonary circulation fell immediately after the start 

of inflation, while output from it remained constant for several beats (Fig. 1 b), a 

loss of blood from the pulmonary circulation occurred during inflation. During 

expiration this loss was recovered due to a larger input into than output from the 

pulmonary circulation. The tidal change in blood volume was larger if inflation 

volume was larger, which we determined during inspiratory pause procedures 

after inflation of various volumes. The accumulated differences between the 
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input and output of the pulmonary circulation yielded an S-shape relationship 
between the change in blood volume and inflation volume [ 1]. At an inflation 
volume of approximately 25 ml!kg body weight (bw) the maximal tidal change in 
blood volume was found at about 1.5 ml!kg bw. We calculated that approximately 
7 % of this value came from the decrease in LV volume due to the decrease in 
preload (filling pressure). If we extrapolate these data to human beings, a shift of 
15-20% of the total pulmonary blood volume to the systemic circulation during 
inflation could occur during mechanical ventilation at 10 strokes per minute. 

Quantitative data regarding the contribution to this shift by either the arter
ies, the capillaries or the veins is unknown but we have some evidence to con
clude that the contribution of the pulmonary arterial system is relatively small, 
because we observed only a small decrease in transmural pulmonary arterial 
pressure during inflation (Fig. 1a). If the blood volume in the arteries does not 
change much during inflation, the tidal shift of blood from the pulmonary circu
lation will be mainly delivered by the capillaries and veins, which implies a rela
tively larger loss of capillary and venous blood volume during inflation than 15-
20 %, calculated for the tidal shift of blood related to the total pulmonary blood 
volume. 

Two mechanisms causing the shift of blood from the pulmonary circulation 
into the systemic circulation might be involved: 
1. the normal function of the pulmonary vascular volume capacity, implying an 

emptying if input is decreased; 
2. an effect of squeezing of these capacities due to the rise in alveolar and 

intrathoracic pressure [ 1]. 
During expiration the squeezing effect is omitted and the increased input 

into the pulmonary circulation will fill the vascular capacities again. We also 
compared the tidal shifts in blood volume during mechanical ventilation under 
conditions of hypo-, normo- and hypervolaemia during ventilation at a rate of 
10 per minute [2]. Hypovolaemia was 15 ml blood per kg body weight below nor
movolaemia and hypervolaemia 15 ml!kg bw above it. The tidal change in pul
monary blood volume was about 1 ml per kg during normo- and hypovolaemia 
(Table 2). During hypervolaemia the tidal shift was 40% lower. 

We considered two hypotheses to explain these data: 
1. a similar tidal shift in blood volume during normo- and hypovolaemia for a 
similar rise in extravascular pressures (intrathoracic and intrapulmonary pres
sure) indicates that the pressure-volume relationship of the pulmonary circula
tion is in its linear part. This view fits with the linear model of the pulmonary 
vascular bed [3]. The smaller blood shift from the pulmonary circulation during 
hypervolaemia could be due to a higher filling state of the pulmonary vascula
ture system, up to the non-linear part of the P-V relationship, where a pressure 
change coincides with a smaller volume change; 
2. another explanation could be the smaller decrease in RV output by inflation 
during hypervolaemia compared to the fall during normo- and hypovolaemia 
[2]. A small decrease in input into a capacity will only cause a slight decrease in 
volume and output. 
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Table 2. Tidal shift in pulmonary blood volume during inflation 

Normovolaemia-1 

Hypervolaemia 

Normovolaemia-2 

Hypovolaemia 

mean 
mlkg-1 

10.96 

0.61 

0.99 

1.04 

sd 
mlkg-1 

0.17 

0.27 

0.24 

0.17 

p: p-values from paired t-test versus normovolaemia-2 
The volaemic conditions are defined in the legends of Table 1 
(This table is taken from [2], by courtesy of Pfliigers Archiv) 

p 
mlkg-1 

0.34 

0.000 

0.18 

An objection against the first explanation is that arterial pulmonary pressure 
was only increased a few mm Hg relative to the value during the other volaemic 
conditions. Therefore, it seems unlikely that the filling state of the arterial system 
was at the higher non-linear part of the P-V relationship. We regard the slightly 
increased pulmonary arterial pressure during hypervolaemia too small to accept 
a filling state at the non-linear level of the P-V relationship. On the other hand we 
have to be careful to make a definite choice. Firstly, we concluded above that the 
arterial system will contribute only slightly to the tidal shift of blood. Secondly, 
we have no information about the filling state of the pulmonary system down
stream of the arterial system. The pulmonary arterial pressure depends on either 
the vascular flow resistance or the level of alveolar pressure causing the Starling 
resistors (which is the analogy of the height of the rim of a waterfall) or a combi
nation of the two. Because the mode of ventilation was the same during all 
volemic conditions, the alveolar pressure will have caused a similar threshold 
pressure at capillary level to the arterial flow (height of the rim). [In such a situa
tion the slightly increased pulmonary arterial pressure during hypervolaemia can 
be explained by the higher flow over the upstream arterial and arteriolar flow 
resistance]. The consequence of a rim of a waterfall is the functional separation 
of the upstream part of a flow from its downstream part. A downstream pul
monary venous pressure rise will not influence the upstream pulmonary arterial 
pressure if the venous pressure is below the pressure of the rim. Therefore, we 
cannot definitely exclude a higher filling state of the venous part of the pul
monary vascular system during hypervolaemia, but, if the lung veins are filled up 
more during hypervolaemia, would they not cause a larger shift of blood rather 
than a smaller one during compression by inflation if the rise in intrathoracic 
pressure is about the same? It will be obvious that we are at a level of speculation 
and that we have no definite answer. 

In contrast to the first hypothesis the second has no controversial considera
tions in itself, though this is not the only reason that I have a preference for the 
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second explanation. The data verifying this mechanism were experimentally 
observed (Table 2), whereas the first explanation is wholly unsupported by 
experimental evidence. 

Consequences during disease 

During inflation the increase in alveolar volume will increase the area of the dif
fusion membrane between alveolar air and lung capillary blood, which favours 
gas exchange. The corresponding decrease in capillary blood volume and blood 
flow will cause a negative effect on total gas transfer. Thus, besides its positive 
effect on gas exchange by unfolding of alveolar membranes and recruitment of 
alveoli, inflation has a negative effect by decreasing capillary blood volume. In 
acute respiratory distress the compliant parts of the lung, i.e. the more healthy 
parts which are essential for keeping the patient alive, will receive a larger part of 
tidal volume than the parts with low compliance. As a consequence, during infla
tion blood volume will decrease more in the compliant parts than in the less com
pliant parts, the consequence of which if true, is a disadvantage for gas exc~1ange. 

Overall, mechanical ventilation has a positive effect, otherwise it would not be 
a therapy in the treatment of patients suffering from acute respiratory distress. 
Undoubtedly, the positive effect of unfolding and recruitment of membrane for 
gas transfer, implying a recruitment of shunt blood for oxygen uptake, exceeds 
the negative effect on oxygen uptake in the less diseased areas attributed to a 
decrease in capillary blood volume. Our results indicated that this negative 
effect can be diminished by blood transfusion because the tidal shift in pul
monary blood volume is decreased if total blood volume is increased. 
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Chapter 15 

Monitoring respiratory mechanics during 
controlled mechanical ventilation 

G. MUSCH, M.E. SPARACINO, A. PESENTI 

Introduction 

Monitoring the mechanics of the respiratory system in the critical care setting 
has become increasingly popular and feasible since modern ventilators and other 
respiratory monitoring equipment allow easy measurement of airway and 
esophageal pressure, airflow and volumes during mechanical ventilation. It is 
thus possible to assess the basic physiologic properties of the respiratory system -
compliance and resistance - which are important to the physician since they bear 
diagnostic, prognostic and therapeutic relevance to the patient. 

This discussion will be limited to the assessment of respiratory mechanics 
during controlled mechanical ventilation in muscle relaxed patients. Before get
ting into the practical and computational details of the problem though, a brief 
overview of some of the mathematical models currently employed to explain the 
behaviour of the respiratory system is needed in order to gain a deeper under
standing of what will follow. 

Modelling of respiratory system mechanics 

A wide variety of respiratory system models have been used by physiologists so 
far [1-8]; these can be characterized by the number of compartments they 
assume, where a compartment is meant as any physiological entity whose 
dynamics are described by a linear first order differential equation [2]. We will 
not deal with the mathematical aspects of such models, which are fully treated 
elsewhwere [1, 9, 7], but we will try to give a qualitative explanation of the behav
iour of those models that might be helpful in interpreting respiratory mechanics 
data during controlled me€hanical ventilation. 
We will make two simplifying assumptions: 
1. that the models are linear i.e. their mechanical characteristics are indeed para
meters independent of flow, volume and pressure; 
2. that inertial components of the models are negligible. This assumption seems 
valid for the respiratory system in the range of normal breathing frequencies up 
to 2Hz [10]. 
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Linear one-compartment model 

A graphical representation of a one compartment-model is depicted in Fig. la; such 
a system consists of an elastance E ("balloon") served by a resistance R ("pipe"). 

a) b) 

R 

Fig. 1. a. One-compartment model of the respiratory system, featuring single constant ela
stance (E) and resistance (R). b. Two-compartment model of the respiratory system consi
sting of two single-compartment models joined in parallel. (From [9], with permission) 

Its equation of motion is [ 1, 9] 

P(t) = R. V(t)+E. V(t) (1) 

where P(t) is the pressure applied to the system at timet, measured at the proxi
mal, "open", end of the pipe, V(t) is flow through Rat timet and V(t) is volume 
above resting volume at time t. Equation (1) is a linear first-order differential 
equation; it shows that the applied pressure P(t) has to counterbalance the elas
tic recoil of the balloon and to drive airflow through the resistance R. Figure 2 
shows the time course of P(t), flow and volume when the balloon is inflated at 
constant flow over a certain time, followed by rapid occlusion of the pipe for a 
given time interval and then allowed to deflate passively. The instantaneous 
pressure rise at inspiratory flow onset equals the rapid pressure drop that is 
observed when constant inspiratory flow stops and is given by [9]: R • V(t). 
Dividing this pressure change by flow yields an estimate of R. Furthermore, 
dividing the pressure value recorded after occlusion by the volume inflated 
allows computation of the elastance E [ 9]. 

When deflation begins, P(t) drops to zero and volume decreases exponen
tially with a time constant = R • C (where C=l/E denotes compliance}; if defla
tion was abruptly interrupted, P(t) would rise instantaneously to a plateau value 
representing the elastic recoil of the balloon at the time of interruption [ 2, 9]. 
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Fig. 2. Time course of pressure P (recorded at the open end of the resistance R), flow V 
inflated volume V, during constant flow inflation and successive deflation of the one-com
partment model in Fig. la 

Linear parallel two-compartment model 

A second compartment may be added in parallel to the previous model either by 
including another "pipe with balloon" structure with a different time constant 
(Fig. lb), or by adding a viscoelastic component that behaves as a slow compart
ment [3]. These two different kinds of two-compartment models have been 
referred to as "gas redistributive" and "rheologic" respectively [2]. 

Figure 3 shows the pressure, volume and flow time course of the two-com
partment model during flow conditions equal to those mentioned above for the 
one- compartment model. Two points here need to be stressed. 

First, there is no way of differentiating between the rheologic and the gas 
redistribution model from the pressure and volume recordings; it can be shown 

p 
01----f 

v 
01----1 

v 
01---~ 

t 

Fig. 3. Time course of pressu
re P (recorded at the open, 
common, end of the resistan
ces R1 and Rz), flow Vand 
inflated volume V, during 
constant flow inflation and 
successive deflation of the 
two-compartment model in 
Fig. lb 
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mathematically that the equations describing the parallel gas redistribution 
model (1) and viscoelastic rheologic model [7] have exactly the same form. 

Second, there are important differences in pressure and volume tracings as com
pared with the one-compartment model: after constant flow interruption there is a 
rapid decrease in pressure that reflects either the pipe's resistance [1], equal toRt • 
R2/(R1 + R2) (parallel resistors), or the resistance of the fast compartment [ 3], depend
ing on the kind of model we adopt. This ideally instantaneous drop is then followed 
by a slower pressure transient, which can be shown to follow exponential kinetics [9, 
7], and that is due to either gas redistribution between the two units with different 
time constants ("pendelluft") or to stress relaxation of the viscoelastic component. 

Similar slow pressure transients might be observed if passive deflation were 
suddenly interrupted: an immediate rise in pressure would be followed by an 
asymptotic exponential rise to a plateau value [1]. Furthermore, the volume-time 
profile during deflation would follow a double rather than a single exponential 
function. Two-compartment models have been shown to describe respiratory 
mechanics data better than one-compartment ones [3, 5, 6, 11-13]; the second 
compartment has been interpreted as representing either stress relaxation of lung 
and chest wall tissues [7, 14,-16], as seems to be the case for healthy lungs, at least 
in animals, and/or gas redistribution between alveolar units with different time 
constants [ 17, 18]. It seems likely that in diseased lungs both processes may con
tribute to the pressure transients that follow constant flow interruption. 

We will now go through the most important respiratory mechanics variables 
and some of the methods available for their assessment during controlled 
mechanical ventilation. 

Respiratory resistance 

Illustrate are some of the methods available for the assessment of inspiratory and 
expiratory resistance during controlled mechanical ventilation. 

Inspiratory resistance 

A technique that has gained popularity in recent years is the flow interruption 
technique during constant flow inflation [ 1, 9]; it is basically a combination of the 
interrupter [19] and elastic subtraction [20] methods proposed by Von Neergaard 
and Wirtz. Experimental tracings in Fig. 4 show the time course of airway and 
esophageal pressure during an end inspiratory occlusion after constant flow 
inflation: airway pressure shows a rapid drop followed by a slower decay. Three 
values may thus be identified on this tracing: peak airway pressure (Peak,aw) i.e. 
airway pressure immediately preceding occlusion, "zero flow" airway pressure 
(Pt.aw) i.e. airway pressure immediately following occlusion, that can be deter
mined either inspectively or by back extrapolation of the slow pressure decay to 
the time of occlusion [21], and plateau pressure (P2,aw) i.e. airway pressure at the 
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Fig. 4. End inspiratory occlusion followed by an end expiratory port ot:;clusion. Experimental 
tracing. AP: Auto-PEEP; Paw: airway pressure; Pes: esophageal pressure; V: airflow; V: volume 

end of the inspiratory hold; this last value depends on the duration of occlusion 
but 3 s are commonly recognized as sufficient to reach a value that well approxi
mates static recoil pressure of the respiratory system [ 3, 22]. 

In the esophageal pressure tracing shown, only a peak (PJ,es) and a plateau 
(Pz,es) value may be identified. There is contrasting evidence concerning the exis
tance of a rapirl drop in esophageal pressure following airway occlusion and 
hence an esophageal contribution to Rmin (see below): studies on animals have 
been able to identify such rapid decay in esophageal pressure [11, 12] although 
other Authors did not find a rapid initial drop in esophageal pressure after end 
inspiratory occlusion in human subjects [22, 13]. The pressure drops that follow 
flow interruption represent the gradients required to drive end inspiratory air
flow into the respiratory system and to maintain motion of lung and chest wall 
tissues; they are therefore used to calculate inspiratory resistance. 

By dividing these pressure changes by the preceding constant flow, several com
ponents of inspiratory resistance may be computed and they may be partitioned 
into lung and chest wall resistance [ 3, 22, 23, 13]: 
1. "Ohmic" resistance (denoted as Rinih Rint> Rmin) is computed as Rmin = (Peak,aw

PJ,aw)/V. In intubated patients it mainly represents airway resistance [1, 14] and it 
has been shown to vary with inspiratory flow, at a given lung volume, according to 
the Rohrer equation (3) 

Rmin= a+b • V 

where a and b are two coefficients reflecting laminar and turbulent flow components 
respectively. Rmin has been shown to decrease with increasing lung volume at a 
given flow rate [ 3]. 
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2. "Additional" resistance (that we will denote as ~R) reflects the pressure drop due 
to tissue viscoelasticity (stress relaxation) and/or time-constant inhomogeneities 
(pendelluft). It is not a "pure" resistance since flow has already stopped during the 
slow pressure decay of either airway or esophageal pressure; therefore, the term 
"additional pulmonary impedance" has been suggested [24]. Additional resistance 
may be calculated for the lung and the chest wall separately if esophageal pressure 
is available: 

~RL = [ (Phaw-Phes)-(Pz,aw-Pz,es) ]/V 
~Rcw= [Peak,es-P2,es]/V 

Rmin, ~RL and ~Rcw are all that is needed to compute respiratory system addi
tional resistance (~Rrs = ~RL +~Rcw), respiratory system total resistance (Rmax.rs = 
~R,rs+Rmin) and lung total resistance (Rmax,L = ~RL +Rmin). 

As we have previously stated, experimental evidence at present suggests an 
esophageal contribution to Rmin in humans to be negligeable, if any; therefore 

Rmin,rs equals Rmin,L· 
We still have two important points left. 
First, a correction for the values of Rmin is needed due to the fact that the clos

ing time of the ventilator valve is finite and hence some inspiratory flow contin
ues between the onset of valve closure and full valve closure [11, 25]. 

Second, if airway pressure is not measured at the tip of the endotracheal tube but 
at its proximal end, the resistive pressure drop due to the artificial airway needs to 
be subtracted from peak airway pressure before calculating inspiratory resistances. 
Several Authors have dealt with the problem of estimating flow resistance of the 
artificial airway in mechanically ventilated patients. Behrakis et al. [26] determined 
the pressure flow relationship of various endotracheal tubes in vitro, using the same 
gas mixture as in the in vivo study; by fitting Rohrer's equation to such a relation
ship they calculated the resistance of the tubes. Since, in their in vivo experiment, 
they measured airway pressure at the proximal end of the tube, they subtracted its 
calculated flow resistance from total measured respiratory resistance to obtain 
intrinsic respiratory flow resistance. Later, though, Wright et al. [27], questioned the 
validity of this method: they found the in vivo resistance of the endotracheal tubes, 
measured through an intratracheal catheter, to exceed their in vitro resistance and 
attributed this finding to deformations, kinking and secretions that may narrow the 
lumen of the endotracheal tube in intubated patients. Very recently Navalesi et al. 
[28] have substantially confirmed these results. Furthermore, they studied the effect 
of the site of tracheal pressure measurement on tube resistance and concluded that 
there were no relevant differences in inspiratory tube resistance when the tip of the 
tracheal catheter was placed either 2 em inside, at the tip of, or 2 em outside the 
endotracheal tube. In contrast, expiratory tube resistance appeared to be much 
affected by the position of the intratracheal catheter, decreasing progressively as the 
tip of the catheter was moved from outside to inside the tube. They explained this 
finding as due to the airflow velocity increase that results from the reduction in 
cross sectional area from the trachea to the tube during expiration. 
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Endotracheal tubes with intramural catheter channels that open at the tip of 
the tube might provide a valuable alternative to intraluminal catheters; since they 
do not reduce the tube's cross sectional area, they do not increase tube resistance. 
Furthermore, the fixed position and orientation of their opening may contribute 
to obtaining more reliable tracheal pressure measurements than with intralumi
nal catheters [28]. 

Increased respiratory resistance is a hallmark of obstructive pulmonary dis
ease and several Authors have shown an increase of both ohmic and additional 
resistances in COPD patients [29, 22]. Recently, however, evidence of an abnor
mally increased resistance in ARDS patients has gathered also [29-31], present 
data suggesting an increase of both additional and ohmic resistances, the latter 
being, at least partially, reversed by bronchodilators [30]. 

Expiratory resistance 

We will illustrate three methods for the assessment of expiratory resistance (Rex) 
in muscle relaxed mechanically ventilated patients. 

Flow interruption technique 

If expiratory flow is interrupted, airway pressure rises to a plateau value that cor
responds to a weighted average of alveolar pressures at the time of occlusion. 
Subtracting airway pressure just before the interruption from the post occlusion 
plateau value and dividing by the expiratory flow that was present just prior to 
interruption yields an estimate of expiratory resistance at that given lung volume 
[1, 7]. Here also, if airway pressure is not measured at the tip of the endotracheal 
tube, the resistive pressure losses due to the artificial airway and, possibly, to the 
ventilator circuit have to be subtracted from the post occlusion plateau in airway 

pressure [26]. 

Passive exhalation time constant method 

If the respiratory system is assumed to behave as a single compartment, the exha
lation time course of lung volume above resting volume is fitted by a single expo
nential equation [33]. Its time constant 't, i.e. the product of resistance (Rex) and 
compliance ( Crs), represents the time needed to exhale 63 o/o of lung volume above 
resting volume [34]. Tau may be calculated from the expiratory volume-time 
curve and expiratory resistance computed as Rex = t/Crs· This value of expiratory 
resistance, however, includes also the resistance of the expiratory pathway from 
the endotracheal tube to the expiratory port. Furthermore, one-compartment 
modelling of the respiratory system does not seem adequate in most instances, as 
we have previously recalled. 
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Alveolar pressure estimation method 

Noninvasive measurement of alveolar pressure without flow interruption is not 
possible; however, alveolar pressure may be estimated during exhalation if respi
ratory system compliance ( Crs) and exhaled volume are known: 

Paiv(t) = Pz,aw-V(t)/Crs 

where PaJv(t) is the estimated alveolar pressure at the time a volume equal to V(t) 
has been exhaled. Expiratory flow resistance may thus be estimated as [26]: 

Rex= [PaJv(t)-Paw(t)]/["V(t)] 

where Paw(t) and V(t) are airway pressure and flow,respectively, at the time V(t) 
was exhaled. 

Here also correction is due if Paw is not measured at the distal end of the 
endotracheal tube. 

Auto-PEEP 

The difference between alveolar and airway opening pressures at end expiration 
is defined as auto-PEEP [35]. In muscle relaxed mechanically ventilated patients 
Auto-PEEP is always associated with dynamic hyperinflation, i.e. an increase of 
end expiratory lung volume above resting volume [36]. Two distinct forms of 
Auto-PEEP may occur in relaxed mechanically ventilated patients, depending on 
the presence or absence of flow limitation [36]. 

Dynamic hyperinflation without flow limitation occurs when the lungs do not 
have enough time to reach their resting volume during passive deflation because 
of high ventilatory requirements coupled with brief expiratory time and/or high 
resistance. This may be the case in ARDS patients in whom very high minute vol
umes are necessary to compensate for the reduced efficiency of ventilation in 
order to maintain reasonable arterial carbon dioxide levels despite a high shunt 
fraction and dead space. Furthermore, prolonged inspiratory time, commonly 
regarded as beneficial for arterial oxygenation, is used in the ventilatory manage
ment of ARDS patients; this implies a brief expiratory time that fosters the devel
opment of Auto-PEEP. Findings of Auto-PEEP in mechanically ventilated ARDS 
patients have actually been reported [29, 37]. 

Even in normal anesthetized subjects the added resistance of the endotra
cheal tube, the expiratory circuit and the exhalation valve may substantially 
increase total expiratory resistance (from less than 4 em HzO/l!s to greater than 
10 em Hz0/1/s) thus delaying lung emptying and fostering the development of 
Auto-PEEP if minute ventilation is high (usually greater than 20 1/s). 

Dynamic hyperinflation with flow limitation is seen in patients with very 
severe airflow obstruction, usually with asthma or acute exacerbation of COPD. 
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Flow limitation was originally described in spontaneously breathing emphysema
tous subjects by Fry [38] and later in ventilated patients (see for instance ref. 39). 

It is defined as the independence of expiratory flow on transpulmonary pressure 
as observed from isovolume pressure-flow curves. This means that either increas
ing transpulmonary pressure, as may occur in spontaneously breathing subjects 
performing greater expiratory effort, or decreasing transpulmonary pressure, as 
may be the case in mechanically ventilated subjects to whom PEEP is applied, 
does not change the rate of lung emptying. A decreased lung recoil coupled with 
high expiratory resistance and, eventually, flow limitation, are the factors that fos
ter the development of Auto-PEEP in patients with COPD. 

Several theories have been put forward to explain flow limitation and have 
been reviewed by Hyatt [40]. One of these, the "equal pressure point theory", 
assumes that intrathoracic airway collapse occurs where intrabronchial and 
extrabronchial pressures are equal, this choke point being named the equal pres
sure point (EPP). In this situation any pressure change downstream of the EPP 
would not affect expiratory flow rate and pressure upstream of the EPP, unless it 
reversed the dynamic airway collapse. This is of particular importance in under
standing the interactions between Auto-PEEP and any externally applied PEEP: if 
flow limitation is present, PEEP at least when lower than a critical value estimated 
to be about 85 o/o of Auto-PEEP [41], does not cause further hyperinflation and 
may actually be advantageous during assisted mechanical ventilation by reducing 
work of breathing and effective triggering sensitivity [36, 33]. Conversely, if Auto
PEEP without flow limitation occurs, any externally applied PEEP represents a 
back pressure to expiratory flow that further reduces lung emptying and increas
es lung hyperinflation [36], with increased risk of barotrauma and hemodynamic 
deterioration. This might explain apparent inconsistencies in the findings of dif
ferent Authors [ 41, 33, 42]. 

Recognition of flow limitation is therefore fundamental for proper ventilatory 
management. Valuable information may be provided by the expiratory flow-time 
tracing: high flow transients following occlusion release, a linear and/or biphasic 
flow profile and failure of added resistance to influence expiratory flow rate indi
cate flow limitation and dynamic airway collapse [35]. A PEEP test may be per
formed to evaluate whether Auto-PEEP remains constant or decreases at increas
ing PEEP levels. 

Auto-PEEP can be measured by several methods during passive ventilation. 
The most popular one is the end expiratory port occlusion method [ 43], when the 
expiratory port of the ventilator is occluded at end exhalation and airflow is thus 
interrupted, airway pressure rises to a plateau value that represents a compliance 
weighted average of end expiratory alveolar pressures of different lung units (Fig. 
4). Notice from Fig. 4 that the time course of the pressure rise after the end expi
ratory occlusion is smooth, consistent with a multi-compartment model interpre
tation of the respiratory system [ 1]. 

An alternative method to evaluate Auto-PEEP [44] is based on the considera
tion that inspiratory flow will not start until airway pressure overcomes alveolar 
pressure; the airway pressure change that is necessary to initiate inflation yields 
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an estimate of Auto-PEEP that is usually referred to as "dynamic" Auto-PEEP as 
opposed to "static" Auto-PEEP measured by the end expiratory port occlusion 
method. 

Other methods to assess Auto-PEEP during controlled mechanical ventilation 
are based upon so called "external PEEP counterbalancing" where Auto-PEEP is 
estimated as the lowest level of PEEP that causes an increase in lung volume, 
measured by impedance plethysmography [45]. This technique, though, may 
yield reliable results only if flow limitation is the pathophysiologic condition 
underlying airflow obstruction [36]. 

The main pathophysiologic consequences of dynamic hyperinflation are 
related to a potential risk for barotrauma and hemodynamic compromise, with 
decreased cardiac output and blood pressure and misleadingly high values of 
heart filling pressures [ 41-43]. 

Compliance 

The change in volume per unit change in applied static pressure is defined as 
compliance. 

In muscle relaxed patients total respiratory system compliance may be deter
mined by inflating the lungs with a given volume of gas and recording the associ
ated airway pressure rise under static (i.e. no flow) conditions when airway pres
sure (Paw) equals the elastic recoil pressure of the respiratory system (P ehrs) [ 46]. 
If esophageal pressure, which estimates pleural or intrathoracic pressure, is avail
able, total respiratory system compliance ( Crs) may be partitioned into its lung 
(CL) and chest wall (Ccw) components with formulas 

Crs = TV f dP ehrs Ccw = VtfdPes 

where VT is the inflated volume and dPehrs, dP,es and dPL the changes in static air
way pressure, static esophageal pressure and static transpulmonary pressure (P, L = 
Pehrs-Pes) associated with TV inflation. 

Simple algebric calculations from the above formulas show that: 

1/Crs = liCL + 1/Ccw or 
Ers= EL+Ecw 

where E = 1/C denotes elastance, the inverse of compliance. The two equations 
above show that the lung and chest wall are modelled as being in series. 

Another important equation derived from easy arithmetical workup of the 
above formulas is: 

dPes =Pehrs• (CL(CL+Ccw)} 

this implies that the fraction of an alveolar pressure change which is transmitted 



162 G. Musch, M.E. Sparacino, A. Pesenti 

to the pleural space depends on the relative stiffness of the lung and chest wall. 
This is important because the hemodynamic consequences of positive pressure 
breathing depend upon the increase in intrathoracic pressure that, for a given 
alveolar pressure, will be higher with compliant lungs and/or stiff chest wall than 
with stiff lungs [47]. Chest wall volume and compliance determine the value of 
intrathoracic pressure. 

Respiratory compliance may be evaluated in several ways in the critical care 
setting during controlled mechanical ventilation. 

A supersyringe may be used to draw the pressure volume curve of the respira
tory system in paralyzed patients [48, 49]. The patient is first administered sever
al large breaths from the ventilator possibly to standardize for previous volume 
history, and is then connected to the supersyringe which has been previously 
filled with approximately 20 ml/Kg of pure oxygen. A manometer needs to be 
placed on the syringe so that if an Auto-PEEP is present it can either be account
ed for in the drawing of the P-V curve or the patient be disconnected and allowed 
an apnea sufficient to reach resting volume. Fernandez et al. [50] have shown that 
an isovolumetric pressure increment (IPI) that corresponds to Auto-PEEP can be 
detected when the supersyringe is connected to patients with dynamic hyperin
flation at the end of the expiratory time set in the ventilator; failure to take IPI 
into account may lead to erroneous parameters derived from the P-V curve. Once 
the supersyringe has been connected to the patient, the respiratory system is 
inflated in 50-200 ml steps allowing a 2-3 s pause between successive inflations to 
reach an airway pressure plateau which is recorded together with the correspond
ing volume change. When either an airway pressure of about 50 em HzO or a total 
inflated volume of 20 ml!Kg, which should approximately correspond to total 
lung capacity, has been reached inflation should stop and the thorax be deflated 
in the same stepwise fashion so that both the inflation and deflation limbs of the 
P-V curve may be drawn. 

In ARDS patients, at least at some point in ARDS natural history, marked 
alterations of the P-V curve profile ensue [51] and this has allowed the definition 
of some indexes that bear important consequences for the ventilatory manage
ment of the patient [48, 52]. Different values of compliance may be estimated 
from the P-V curve as shown in Fig. 5. Cstart has been defined as the compliance 
pertaining to the first 100 ml inflation, Cinf and Cdef as the respective slopes of the 
inflation and deflation limb of the P-V curve in their most linear segments. The 
ratio of Cinf to Cstart has been shown to correlate with alveolar recruitment and 
the lowest pressure value at which the slope of the P-V curve corresponds to Cinf 
has been claimed as a rational value at which to set PEEP, and thus named Best
PEEP. Other indexes derived from the P-V curve include the unrecovered volume 
(UV), i.e. the volume not recovered from the lung into the syringe at the end of 
deflation and the hysteresis area (HA), i.e. the area within the inflation and defla
tion limbs of the P-V curve. When the P-V curve is drawn with the supersyringe 
method a number of factors, including continuing gas exchange with a time 
dependent discrepancy between oxygen subtracted from and carbon dioxide 
added to the system, temperature and humidity changes in the inhaled gas, may 
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Fig. 5. P-V curve of total respiratory system obtained with the supersyringe method. See 
text for further explanation. (From [ 48]) 

misleadingly affect the shape of the curve. The derived parameters should thus be 
properly corrected for the above factors [53]. This is particularly true for those 
indexes calculated on the deflation limb of the P-V curve, and especially for UV 
andHA. 

During routine mechanical ventilation in muscle relaxed patients static com
pliance may be calculated through an end inspiratory hold manouver, as shown 
in Fig.4 [3, 32, 22, 44, 23, 43], which allows the determination of lung, chest wall 
and total respiratory system static compliance according to the following stan
dard formulas: 

C1 = Vtl[ (Pz,aw-Pz,es)- [(PEEP+ Auto-PEEP)-(Po,es)] 
Ccw = Vtf(Pz,es-Po,es] 

Crs = Vti[Pz,aw-(PEEP+ Auto-PEEP)] 

where VT is tidal volume, Po,es is end expiratory esophageal pressure, Pz,es and 
Pz,aw are end inspiratory occlusion esophageal and airway pressures respectively. 

As discussed above, when an end inspiratory hold manouver follows constant 
flow inflation, a "zero flow" airway pressure (PI>aw) may be identified before Pz,aw 
is reached; this allows the computation of the dynamic respiratory system com
pliance (Cdyn,rs) [3]: 

Cdyn,rs = Vtf[Pt,aw-(PEEP+Auto-PEEP)] 

Cdyn>rs may then be partitioned into lung (Cdyn,d and chest wall (Cdyn,cw) dynam
ic compliance [13]. 
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Chapter 16 

Aspects of monitoring during ventilatory 
support (Po.l) 

R. BRANDOLESE, U. ANDREOSE 

Introduction 

Gas exchange (02 and C02) in the lungs is dependent on the respiratory pump to 
inflate the lungs and on the functioning of the lungs themselves. When the respi
ratory system is unable to mantain normal work, respiratory failure can develop. 
The respiratory pump includes the neurological respiratory control mechanism, 
peripheral nerves, respiratory muscles and chest wall structures. The act of 
breathing depends entirely on the stimulation of respiratory muscles by the 
action of the respiratory center, which is composed of several widely scattered 
neurons located bilaterally in the medulla oblungata and pons. Information from 
the chemoreceptors sensitive to respiratory gases and from the mechanorecep
tors are integrated in the brain stem and spinal cord. It is useful to divide the res
piratory control system into a voluntary and automatic. The voluntary system 
adapts respiration to rapidly changing environmental factors. 

The automatic system coordinates the chemoreceptors and the mechanorecep
tors inputs and adjusts ventilation according to metabolic requirements and the 
mechanical properties of the respiratory system (lungs, chest wall and respiratory 
muscles). The blood gases are maintained constant and the work of breathing is 
minimised [ 1]. 

The time courses of inspiratory and expiratory phases are entirely controlled 
by the respiratory centre: inspiration starts and is then terminated, in some cir
cumstances, by afferent impulses from the stretch receptors of the lungs [2], but 
the mechanoreceptors of the chest wall and the chemoreceptors of course also 
play a role. The expiration is affected by less certain factors than inspiration, but 
may be influenced by carotid bodies [3, 4]. 

If minute ventilation increases, the tidal volume (V1) also initially increases 
too, followed by a rise in respiratory rate according to the formula of work of 
breathing (WOB) [5]: 

where Cctyn is dynamic compliance of total respiratory system, V T is tidal volume 
and f is respiratory rate. 

The expiratory time (Te) shortens more than the inspiratory time (Ti) [6]. The 
rise in VT despite a fall inTi implies that the velocity of shortening of the muscle 
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fibers increases, in other words, the mean inspiratory flow (VtiTi) becomes more 
rapid when Vt increases. The mean inspiratory flow rate is influenced by the 
mechanical properties of the lungs and the chest wall, the intensity of stimulation 
of the inspiratory muscles and their strength [7, 8]. Control of Ti, Te and VtiTi 
enables any combination ofV1 and respiratory rate to be achieved. The metabolic 
demand of the tissues governs minute ventilation, the chemoreceptors ensure an 
alveolar ventilation adequate to maintain normal blood gases and a breathing 
pattern adjusted to minimize the work of breathing [ 1]. 

Mechanical properties of chest wall 

The contraction of the inspiratory muscles inflates the lungs, overcoming the elastic 
properties of the lung and chest wall, the air flow resistances and the small viscosity 
and inertia of the tissue. This may be expressed by the following formula: 

Pmus,i = Pei,rs + Pres,rs (1) 

Moreover Pmus,i must counterbalance the intrinsic positive end expiratory pres
sure if any. The formula ( 1) has to be corrected into: 

Pmus,i = Pei,rs + Pres,rs + Peepi 

Pmus,i representing the mechanical workload for the inspiratory muscles. 
The elastic recoil of the chest wall is closely related to its volume and the rela

tionship is approximately linear in the range of tidal volume during quiet breath
ing. The compliance of the chest wall falls at both high and low lung volume so 
that more energy is required to inflate and deflate the lungs [9, 10]. 

If the chest wall is separated from the lungs, the volume that it reaches owing to 
its elastic recoil is considerably greater than the volume assumed by the lungs. The 
volume at which these two opposite forces are balanced is the Functional Residual 
Capacity (FRC). This is the end expiratory rest volume if there is no expiratory 
muscle activity and no available elastic recoil pressure to further expiratory flow. 
The force of the inspiratory muscles decreases when pulmonary volume increases 
because inspiratory muscle becomes shorter and are in a disavantaged position in 
their force-length relationship [11]. 

Contractile properties of respiratory muscles 

The force developed by a muscle is dependent on its mass or cross-sectional area 
and the number of activated fibers, the mass being influenced by nutritional 
state, age and pathological disorders of the muscles. The mass of contracting 
muscle employed to cope with any applied respiratory load, can be increased by 
recruiting other types of muscles [ 11]. Failure to recruit muscles may be due to a 
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lack of motivation or to an impairment of the central respiratory control. 
The tension developed during a single muscle twitch is less than that which 

occurs with repeated stimulation. In general, the force developed is about 25 % of 
maximum at 10 Hz, 70 % of maximum at 20 Hz and finally 100 % at 100 Hz [ 11]. 

The muscle length is an important determinant of the force generated by the 
respiratory muscles. The inspiratory muscle are more powerful near RV (residual 
volume) where they are longest and the expiratory muscles at TLC where they are 
stretched. The volume of the lung is a rough guide to establish the length of the 
respiratory muscles, but the length of the respiratory muscle may vary from 
breath to breath even at the same lung volume. 

The more rapidly a muscle shortens the less is the tension that is developed 
[11]. More muscle energy is necessary if the muscle shortens rapidly and it has 
been seen that respiratory muscle fatigue is more likely if the mean inspiratory 
flow increases [ 12]. 

The contractility of the respiratory muscles is decreased by hypoxia [ 13], hyper
capnia [14], alteration of acid-basic balance. It is aiso decreased by fatigue [11]. 

Weakness of a muscle is an inability to generate an expected force, while 
fatigue is the inability to sustain an established force. It is very important to dif
ferentiate the fatigue arising in the muscle or at neuromuscular junction from the 
fatigue determined because of an insufficient drive from the central nervous sys
tem, or because of mechanical insufficiency of the muscle [ 11]. When muscle 
fatigue is developing, there is normally a compensatory increase in the firing fre
quency and in the number of active motoneurons. The adequacy of the respirato
ry drive has to be assessed in order to establish the presence or absence of 
fatigue. Two types of muscle fatigue have been recognized: 
- high frequency fatigue; 
- low frequency fatigue. 

High frequency fatigue is characteristic of myastenia gravis, and the force 
generated by the muscles is reduced at stimulation frequency of 100Hz. Recovery 
from this type offatigue is rapid, approximately ten minutes [15]. 

Low frequency fatigue is seen in primary muscle disorders such as the 
myopathies. Low frequency fatigue is characteristic of COPD decompensated 
patients and takes days for recovering [ 15, 11]. 

Airway occlusion pressure 

In 1973 Milic-Emili et al. first performed the airway occlusion manouvre occlud
ing the trachea of anesthetized cats at FRC [16]. In this way it was possible to 
measure the pressure generated during occluded inspiratory efforts. At elastic 
equilibrium volume of total respiratory system (FRC) the elastic recoil is nil and 
therefore the pressure measured is the net pressure developed by the inspiratory 
muscles [17, 18]. During inspiratory efforts at occluded airways there is no flow of 
gas and the intrathoracic gas volume does not change, so that the measurement 
performed is not influenced by the elastic and resistive properties of the respira-
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tory system. The airway occlusion pressure may be a useful index of neuromuscu
lar inspiratory drive [19] (Fig. 1). The occlusion manouvre is performed allowing 
the subject, if not intubated, to breath through a mouthpiece with a valve that 
allows inspiration and expiration to be performed in separate modes. The opera
tor, while the subject is breathing out, closes the inspiratory line of the respiratory 
circuit so that the next inspiration is performed at occluded airways generating a 
negative inspiratory pressure at the mouthpiece. After a short time the subject 
perceives that the tube is blocked and continues to make some abnormal inspira
tory efforts [20, 21]. However, the pressure generated during the first 100-300 
msec represents the force generated by the inspiratory muscles in isometric con
ditions under the same respiratory neural stimulus as an unobstructed breath. 
This technique requires, unlike inspiratory work, no esophageal balloon and a 
minimum of electronic devices. When the airways of a subject are occluded, he 
struggles against the occluded device so that the inspiratory peak pressure may 
be quite different breath by breath and the measure is not correlated to an unob
structed respiratory drive. However, it has been demonstrated that there is a delay 
of no less than 150 msec between the application of the occlusion and the sub
ject's recognition and reaction. Hence the pressure measured at 100 msec after 
having occluded the airways is independent from the attitude (cortical responses) 
[21] of the subject and has been considered as an index of respiratory central 
drive. This index has the additional advantage of being independent from lung 
volume vagally mediated reflexes. If a subject breaths mixtures with different 
concentration of COz, the occlusion mouth pressure wave increases its amplitude 
without changing its shape [21]. We can say in other words that the occlusion 
pressure is proportional to the output of the respiratory centers. It is important 
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Fig. 1. Consecutive series of occlusion pressure waves from a representative subject 
breathing air. These waves are very similar in the first section, up to 250 msec from the 
start of inspiration 
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that measurements of mouth occlusion pressure (Po.1) be made at constant lung 
volume, since the relationship between the stimulus leaving the respiratory cen
ters and the pressure developed by the respiratory muscles changes with volume 
variation because of altered geometry of the respiratory system and force-length 
properties of the inspiratory muscles [ 22, 23]. In the assessment of P0.1 the supine 
position is suitable, because in this posture the ratio of functional residual capac
ity to total lung capacity changes less than in the upright position. Moreover, in 
the supine position the contraction of the respiratory muscles is more uniform 
from subject to subject [24]. Other factors may affect the measurement of Po.h 
such as neuromuscular diseases, drugs and reflexes that arise from the intercostal 
muscles during airway occlusion [21]. Interestingly, it has been demonstrated 
that for the same chemical respiratory drive conscious men are able to respond to 
application of respiratory load by increasing the airway occlusion pressure mea
sured after 100 msec of occlusion. There is a sensitivity of central neural drive to 
chemical stimuli but also to mechanical loading. Po.t is a good index of neurores
piratory drive output and is dependent only on the neuronal discharge and on 
the effectiveness of the inspiratory muscles [21]. The measurement of P0.1 may be 
obtained using a pressure transducer connected to a mouthpiece, to the proximal 
portion of an endotracheal tube if the patient is intubated, or to an air-tight face 
mask. The pressure occlusion signal is transmitted to a previously calibrated 
recording system. If an esophageal balloon is positioned in the third portion of 
the oesophagus, we can record Po.t esphageal using the same apparatus. 

Which Po.t must we utilize in clinical settings: mouth, tracheal or esophageal! 
Marazzini at al. [25] compared the pressure generated at mouth and at esophagus 
during the first 100 msec after occlusive manouvre in normal subjects and in 
COPD patients during COz rebreathing. They found that normal subjects had 
similar responses to COz in terms of mouth and esophageal pressure, whereas 
COPD patients had a greater response to COz in Po.t measured in the esophagus 
than at the mouth. This phenomenon may be explained on the basis of the differ
ent magnitude of the time constant of the upper airways in the normal subject in 
comparison to COPD patients. But if the upper airways are by-passed via a tra
cheal or tracheostomy tube one would expect that the time constant should be 
drastically reduced. To verify this hypothesis Murciano at al. [26] compared 
esophageal and tracheal pressure in patients mechanically ventilated due to acute 
exacerbation of their chronic airway obstruction. Their results agreed whith the 
hypothesis and no difference was found between the esophageal and tracheal 
occlusion pressure in COPD mechanically ventilated patients. In normal adult 
subjects mouth occlusion pressure is as high as 1 em HzO during quiet breathing 
and is not related to age and sex [24, 27]. Minute ventilation is a direct conse
quence of the central respiratory drive and in each subject there is a linear rela
tion between minute ventilation and P0.1 [21, 28]. If P0.1 increases, minute ventila
tion also increases; approaching a Po.t of 10-12 em HzO there is a drastic 
enhancement in minute ventilation up to 70 1/min. In contrast, the resting P0.1 

value is quite different in patients with lung diseases, both restrictive or obstruc
tive [27]. At equal minute ventilation the driving neuromuscular pressure is 
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greater in COPD patients than in normal subjects, so that the Ve/P0.1 ratio is less 
in the first group [27]. These patients spend much more to produce much less. 

In stable COPD patients the value of mouth occlusion pressure varies in the 
range of 3-5 em HzO becoming as high as 10-15 em H 20 in decompensated COPD 
patients [29], with a minute ventilation only feebly increased and an alveolar ven
tilation decreased because of breathing pattern [30] (rapid shallow breathing, 
which determines a greater ventilation of dead space) (Fig. 2). All COPD patients 
were found to have an abnormal value of Po.I and the hypercapnic blue bloaters 
are not distinguishable from the normocapnic pink puffers by measuring mouth 
occlusion pressure. In COPD patients the measurements of ventilation are not 
indicative for assessment of central neural drive because minute ventilation is 
low and this is due to high value of respiratory resistance. At this point the intro
duction of mouth occlusion pressure in clinical practice has offered a solution to 
this problem because the measure is independent of flow resistance and elastance 
[21]. We mentioned above that mouth occlusion pressure is related to mechanical 
workload: in other words patients whose respiratory impedence is high (increased 
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Fig. 2. Up and down tracings of respiratory flow and esophageal pressure in a patient with 
acute exacerbaton of chronic airways obstruction during spontaneus breathing in CPAP 
mode. This figure displays a complete respiratory cycle. The deflection in esophgeal pres
sure before start of inspiratory flow defines the presence of PEEPi>dyn (intercept of vertical 
line B with esophageal pressure tracing at the point of zero flow). The "occlusion pressu
re" is also shown (Po.les) measured at the point were vertical line A intersects the esopha
geal pressure tracing after a time interval of 100 msec from the beginning in the drop of 
the esophageal pressure. The values of Po.les and PEEPi>dyn are 5.7 and 7.6 em HzO respec
tively. In this case, because of the presence of PEEPi> the occlusion of the airways at the 
end of expiration has not been performed, because pleonastic. In fact, until the whole 
PEEPi is counterbalanced by an isometric contraction of the inspiratory mucles, the end 
expiratory lung volume remains unchanged and consequently there is no dissipation in 
the pressure generated. In other words, the airways become reopened when PEEPi has 
been overcome 
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respiratory resistances, elastance and hyperinflation, PEEPi) were shown to have 
an increased respiratory central drive. If these patients have to be mechanically 
ventilated the measurements of Po.1 can be an optimal guide to application of an 
adequate pressure at airway opening by the ventilator. The value of preset pres
sure during pressure support ventilation will be varied in relation to the Po.1 
trend. This modulation in preset pressure will determine the use of high ventila
tory pressure in presence of a high Po.J and, conversely, the application of low 
pressure if respiratory drive is small. The monitoring of mouth occlusion pressure 
in the clinical setting is important to differentiate patients who cannot be weaned 
from the respirator (high Po.J) from those who are able to resume spontaneous 
breathing (low Po.J) [31, 32]. It should be noted that we do not know if this elevated 
drive means a bigger workload, whether they have higher inspiratory output or 
elevated resistance and consequently a change in Po.1 without a parallel change in 
output. 

Moreover we must keep in mind that in myotonic dystrophya authors have 
observed a normal Po.1 in presence of low ventilation and this may be explained 
on the basis of an unexpected upper airway resistance which determines a phase
lag in the transmission of occlusion pressure [33]. But we must consider that Po.J 
measurement is only one of the many parameters used during a weaning trial 
and it has been widely discussed elsewhere (34-36]. In the clinical setting the 
ratio Po.dPimax is also used as an index that links ventilatory drive and the ability 
of the respiratory muscles to generate pressure [37, 38]. 

Briefly, maximum inspiratory pressure (Pimax) is the force that respiratory 
muscles are able to generate during an occlusive manouvre at prefixed volume, 
usually at FRC. But though the measurement of Pimax is feasible in cooperating 
subjects, it is not always reliable in critically ill mechanically ventilated patients. 
Pimax alone is not a sensitive predictive index for a successfull weaning from the 
ventilator, but the ratio Po.dPimax seems to be a better index than P.Ol alone, in a 
correct evaluation of low values of P0.1 determined by a relative ineffectiveness of 
the respiratory muscles and not by a low respiratory central drive [38]. Hence 
Pimax makes possible the identification of patients who fail to exhibit a high PO.l 
value due to muscles weakness and/or muscle fatigue. Montgomery et al. [39] 
demonstrated that Po.1 alone was not significantly different between patients that 
had been weaned and those whose weaning trial was unsuccessful. But if Po. I was 
measured after COz stimulation it was able to separate the two groups of patients. 
The ratio Po.dPo.J (COz) appears to be an index of the respiratory reserve based 
on the real clinical status of every patient rather than on theoric standard predic
tive parameters. Marini [ 40] has demonstrated that during assisted mechanical 
ventilation the work of breathing done by the ventilated patient may be a consis
tent part of the total work performed by the machine. The same author has found 
a close correlation between the work of the patient during mechanical ventilation 
and the magnitude of the discharge rate of the inspiratory central drive [ 40 ]. 
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Relation between positive end expiratory pressure (PEEP) and Po.1 

The simplified equation of motion of the air into the respiratory system is 
defined by the following equation: 

P = Vt/Cdyn+ Rrs(VtiTi)+Peepi 

This equation establishes the magnitude of the inspiratory muscle load which has 
been overcome to generate flow across the airways [41]. It is clear that the deter
minants of inspiratory workload are the elastic and resistive components of total 
respiratory system. But in the equation we can see an adjunctive elastic compo
nent PEEPi i.e. elastic recoil pressure at end expiration. PEEPi is a corollary of 
dynamic pulmonary hyperinflation which is a constant feature of decompensated 
COPD patients during mechanical ventilation [41-43]. PEEPi can be defined as 
the inspiratory threshold load that inspiratory muscles have to counterbalance 
before starting inspiration. Hence PEEPi represents an adjunctive extra burden 
for the respiratory muscles and so the mechanical workload is further enhanced. 
Smith and Marini [44] have studied the interrelations between Peepi and central 
neural drive measured on the negative deflection of esophageal pressure tracing. 
These authors applied a positive expiratory pressure (PEEP) in COPD patients 
affected by a severe airway obstruction and mechanically ventilated; many respi
ratory mechanics variables were measured and among these they related Po.I to 
PEEPi. The addition of external PEEP influenced the Po.Ies· Whereas the applica
tion of 5 em H20 PEEP determined a feable decrease in Po.Ies (15 %), 10 em H20 
PEEP caused a relevant and significant reduction in the central inspiratory drive 
(47 %).The decrease in Po.Ies is attributed to a lesser degree of inspiratory tresh
old load because PEEPe replaced PEEPi (Table 1). 

Po.1 has been related to other parameters of respiratory and pulmonary func-

Table 1. Individual values of Po.les and ~Pes in a representative COPD patient during diffe
rent degrees of pressure support and during spontaneus breathing. Note that inspiratory 
center drive output expressed as Po.1es varies in relation to different mechanical loads 
sustained by the respiratory muscles (~Pes). Po.les is airway occlusion pressure measured at 
100 msec on the esophageal pressure tracing. ~Pes is the gratest difference in esophageal 
pressure generated by the inspiratory muscle during tidal breathing 

Spontaneus breathing Pressure support 

TTube CPAPO CPAP5 10/5* 15/5* 15/0* 10/0* 

Po.les 4.00 5.60 2.90 1.36 1.40 2.60 3.40 
(em H20) 
~Pes 19.63 16.00 12.79 4.00 5.00 13.00 13.48 
(em H20) 

* PEEP value set by the ventilator 
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tion. The ratio of Po. I and mean inspiratory flow define a parameter called "effec
tive inspiratory impedence" which relates the central neural drive to effectiveness 
of airflow (45]. In other words this parameter illustrates the effective tranforma
tion of neural drive discharge into flow. Finally, Po.I has been related to tidal vol
ume (Vt), obtaining the effective elastance, which indicates the degree of neural 
drive required to achieve effective ventilation [ 46]. 

Summarizing, Po.I is the only noninvasive measure of output that leaves the 
central nervous system reaching the appropriate effector (respiratory muscles) 
across conditions where respiratory mechanics is changed. Moreover P0.1 alone or 
in combination with other indexes would be an important predictor of a success
ful weaning of mechanically ventilated patients from the ventilator. It is essential 
when measuring Po. I to close the airway exactly at the point of zero flow or at the 
end of a tidal expiration avoiding an uncorrected gauge. 
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Chapter 17 

End-tidal PC02 monitoring during ventilatory 
support 

1. BLANCH, P. SAURA, U. LUCANGELO, R. FERNANDEZ, A. ARTIGAS 

Introduction 

Capnography is the technique that allows the measurement and the graphic wave
form display of COz at the patient's airway during the respiratory cycle. The dis
played waveform is called a capnogram and many authors agree that the graphic 
display allows the validity of the measured PCOz to be assessed. Currently available 
systems for breath-by-breath COz analysis include mass spectrometry and infra
red light absorption with infra-red COz analyzers being mainly used in intensive 
care medicine. Major reasons are price, simplicity to calibrate and use, and each 
one is dedicated to a single patient. The range of response time oscillates between 
100 and 200 miliseconds which is enough for breath by breath monitoring purpos
es. Two types of COz analyzers based on the infrared radiation principle are avail
able. Mainstream analyzers have a very rapid response time (less than 200 millisec
onds) and the advantage of being a part of the ventilatory circuit. Sidestream ana
lyzers pump the gas sample from the airway in a range between ISO to 500 ml!min 
through a small tube to a remote analyzer. Tubing obstruction of pulmonary secre
tions or water condensation and a response time longer than mainstream analyzers 
are their major disadvantages. The normal capnogram has a square wave pattern in 
which inspired PCOz equals zero at expiratory phase (Fig. 1). The expiratory capno
gram consists of three successive phases. Phase I contains gas from the apparatus 
and anatomic dead space and the shape is not different from the previous inspira
tion. Phase II represents a rapid increase in PCOz resulting from progressive emp
tying of alveoli. Phase III represents the elimination of alveolar air and this phase is 
referred to as the plateau because its appearance is almost flat in patients with nor
mal lungs and is the highest point is the end-tidal PCOz (PetCOz). In clinical prac-
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tice, the best measure of PetC02 will be obtained when tidal volumes are larger 
than dead space, by using low sample aspiration rates when using sidestream ana
lyzers and when the waveform is displayed for plateau and PetC02 analysis [ 1-4]. 

Relationship between arterial PC02 and PetC02 during total 
ventilatory support 

End-tidal PC02 will approximate PaC02 when C02 equilibrium is achieved 
between end-capillary blood and alveolar gas and when normal V/Q relationships 
are present in the lung. Both C02 production from tissues and mixed venous blood 
flow determine the amount of C02 released to alveoli, whereas alveolar C02 clear
ance is influenced by alveolar ventilation. As a result, in low V /Q compartments 
alveolar PC02 approximates mixed venous blood whereas in high V/Q compart
ments alveolar PC02 approximates inspired air PC02. Due to the fact that the 
capnogram is constituted by air coming from millions of alveolar units with differ
ent V /Q relationships, PetC02 is the result of the very different alveolar PC02. 
Therefore, it was established that PetC02 could be as low as PC02 of inspired air, or 
as high as mixed venous PC02 but not higher than mixed venous PC02 [5, 6]. 

The use of PetC02 as a reflection of PaC02 has been explored and controversy 
exists regarding its utility as a noninvasive method to approximate PaC02 during 
mechanical ventilation. Several studies analyze the relationship between PaC02 
and PetC02 in critically ill patients receiving mechanical ventilation. Donati et al 
[7] found a PaC02-PetC02 gradient less than 4 mmHg in the recovery period 
after cardiac surgery. Takki et al [8] changed alveolar ventilation during anesthe
sia and found similar results and Perrin et al [9] showed that at different levels of 
alveolar ventilation, changes in alveolar PC02 were useful to predict variations in 
PaC02. On the other hand, other authors have shown the opposite. Raemer et al 
[10] found great variability in the gradient to accurately predict changes in 
PaC02. Our group have also found that the estimation of PaC02 from PetC02 in 
order to calculate cardiac output using the indirect Fick method did not yield 
enough accuracy in patients with lung disease [ 11]. Recently, Hoffman and asso
ciates [12] found good correlation of PetC02 and PaC02 in 20 critically ill 
patients; however, when ventilation was acutely altered to test the monitoring 
precision of PetC02, 4 of the 20 patients showed a negative correlation between 
PaC02 and PetC02, thus the investigators concluded that PetC02 monitoring may 
provide misleading trends of PaC02 when gradients change. 

To examine whether additional factors, other than changes in the ventilatory 
pattern, could have influenced the capnogram, we reasoned that time constant 
inequalities within the lung may have an effect on the relationship between 
PaC02 and PetC02. Therefore, we analyzed the effect of autoPEEP on the relation
ship between PaC02 and PetC02 [13]. We studied 24 consecutive sedated and par
alyzed patients under controlled mechanical ventilation for acute respiratory fail
ure. They were grouped according to whether or not they had autoPEEP and were 
randomly ventilated at 3 different levels of minute ventilation. The PaC02-PetC02 
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gradient only remained stable in those patients without autoPEEP in whom the 
mean value of the PaC02-PetC02 gradient was lower than 3.6 mmHg. Despite the 
fact that PaCOz and PetCOz showed significant correlations in both groups, an 
accurate prediction of PaCOz from PetCOz could only be carried out in patients 
without autoPEEP. These results indicate that, in patients with acute respiratory 
failure under controlled mechanical ventilation, the presence of autoPEEP is 
associated with inaccuracy in the calculation of predicted PaCOz from PetCOz. 

Relationship between arterial PC02 and PetC02 during weaning 

The decision to start a weaning trial in a critically ill patient often implies having 
correct arterial blood gases. The fact that capnography could provide a noninvasive 
tool to assess alveolar ventilation and therefore PaCOz, some investigators have 
evaluated the utility of capnography during weaning periods. However, these stud
ies have yielded controversial results. Niehoff et al [14] evaluated the use of 
capnography in 40 ICU patients under mechanical ventilation and found that 
PetCOz of > 40 torr predicted hypercarbia with a sensitivity of 28 %. However, the 
same authors found during the weaning period (IMV method) that a group of 
post-cardiac surgery patients randomized to a capnography/pulse oxymetry moni
toring group had fewer arterial blood gas determinations than a control group 
weaned with periodic arterial blood sampling. Healey et al [15] compared changes 
in PetC02 and PaCOz before and after withdrawal of mechanical ventilation in 20 
patients predisposed to hypercarbia. After switching the patients from assist/con
trol to spontaneous breathing, changes in PaCOz were closely paralleled by changes 
in PetC02 (r = 0.82). Nine of 20 patients had an increased PaCOz of 10 torr or 
greater, and PetCOz rose by at least 5 torr in 7 of these patients concluding that 
changes in PetCOz were predictive of important PaCOz increases. Withington et al 
[ 16] evaluated the use of capnography during weaning in 40 patients following car
diac surgery reporting a 79 % sensitivity for detection of hypercarbia using PetCOz. 
These investigators conclude that once a gradient between PaCOz and PetCOz has 
been calculated, capnography can be used to guide respiratory management until 
extubation. However, the opposite has also been found. Hess et al [ 17] evaluated the 
use of PetC02 as an indication of changes in PaC02 in 24 adult patients being 
weaned from mechanical ventilation. After each change in the weaning process 
(SIMV rate, T-piece trial) a total of 113 data sets were collected. Despite of the fact 
that good correlation was found between PaCOz and PetCOz, in 43 % of the cases 
the change in PetCOz incorrectly indicated the direction of change in PaCOz. 

Recently, Morley et al [18] evaluated simultaneous PaC02 and PetCOz determi
nations during MV and again during a spontaneous breathing trial just before 
returning the patient to mechanical ventilation. These authors found that capnog
raphy offers a reasonable estimate of changes in PaCOz during weaning in patients 
without lung disease. However, for ± 5 mmHg change in PetCOz, capnography had 
a sensitivity of 59 % and a specificity of 80 % for patients with parenchymal lung 
disease, particularly patients with emphysema. Interestingly and very important 
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for clinical practice, all severe episodes of hypoventilation, defined as 10 mmHg or 
higher increse in PaC02, were identified by capnography. Therefore, the majority of 
the episodes of hypoventilation missed would be of mild to moderate severity. 

We have also studied the utility of capnography in patients undergoing wean
ing from mechanical ventilation [19]. The objective was to analize the ability of 
PetC02 to identify clinically relevant episodes of hypercapnia during weaning. 
Our weaning protocol consisted in 2 hours breathing on 5 em H20 of continuous 
positive airway pressure (CPAP). We determined PaC02 and PetC02 in assist/con
trol mode, after 1 hours and 2 hours (before extubation) on CPAP, or immediately 
before returning to assist/control mode in those patients who failed the weaning 
trial. We evaluated 30 patients (53 determinations) and found that changes in 
PaC02 and in PetC02 varied in opposite direction in only two determinations. 
Episodes of hypoventilation (PaC02 > 42 mmHg or and increment of 8 mmHg in 
PaC02 in hypercapnic patients) were detected by an increment > 3 mmHg in 
PetC02 with a sensitivity of 82 o/o and a specificity of 76 o/o. Like others, we can 
conclude that PetC02 might provide a reasonable estimate of PaC02 during 
weaning although false positives may occur in patients who are not hypercapnic, 
thus resulting in unnecessary invasive blood gas determinations. 

Capnography in airway obstruction 

The factors that influence the waveform of the expired capnogram are the venti
lation perfusion mismatch of some lung zones, airway gas mixing and C02 

sequential expiration [3, 5, 20]. Bronchial obstruction is associated with regional 
decreases in airflow, consequently reductions in alveolar ventilation and respon
sible for the heterogeneity of the ventilation/perfusion relationship. Therefore, 
the increasing expired COz slope observed in some patients may be a result of the 
serial mixing of gas flowing from units with different time constants. Several 
studies conducted in asthmatic patients showed the existence of a significant cor
relation between indices describing the shape of the capnogram and the usual 
spirometric parameters. You et al [21] demonstrated the existence of a very good 
correlation (p < 0.001) between the end-tidal slope of the alveolar plateau and the 
forced expiratory volume in one second as a percentage of predicted. Later on the 
same group [22] studied different indices taken from the succesive phases of the 
expired capnogram and found significant correlations between spirometry and 
capnographic indices. In subjects receiving mechanical ventilation Watson et al 
[23] found very good correlation between the expired C02 slope and respiratory 
resistance in patients with normal lungs during general anesthesia. 

Critically ill patients under mechanical ventilation may often exhibit high res
piratory system resistance (Rrs) due to a variety of reasons [24, 25]. As the expira
tory capnogram is correlated with spirometric indices, we investigated the rela
tionship between Rrs and expired capnogram in a population of patients under 
mechanical ventilation admitted in a general intensive care service [26]. In addi
tion, we assessed whether the expired COz slope and PaCOz-PetCOz gradient 
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could be a sensitive parameter to predict Rrs during total ventilatory support. 
Regression analysis found a close correlation between Rrs and expired C02 slope 
(r = 0.86; p < 0.001) and prediction interval limits at the 95% confidence level for 
Rrs were± 7.39 em HzO/l!s from the predicted value obtained by the regression 
equation, where Rrs = 11.42 + 2.28. Expired C02 Slope. Weak correlation was 
found between Rrs and the PaCOz-PetCOz gradient (r = 0.48; p < 0.01). In line 
with the results of Watson et al [23] in intubated subjects with normal lungs, and 
You et al [22] in asthmatic patients, we found a strong correlation between the 
expired C02 slope and Rrs· All these observations suggest that C02 elimination is 
impaired by a flow resistive mechanism and that the degree of airways obstruc
tion modulates the PCOz rise rate during expiration. However, despite the strong 
correlation found between Rrs and the expired C02 slope, wide prediction inter
vals were obtained for a given value of estimated Rrs using the regression equa
tion. Therefore, the expired C02 slope has limited clinical applicability in order to 
accurately predict Rrs at the bedside. 

In contrast, we found a weak correlation between PaCOz-PetCOz gradients 
and Rrs [26]. Because the PaCOz-PetCOz gradient is not only influenced by struc
tural airway abnormalities but also by high and low V/Q regions [27-29], it could 
explain why determinate patients may exhibit wide PaCOz-PetCOz gradient 
together with both normal Rrs and expired C02 slope. Finally, low cardiac output 
states may widen the PaCOz-PetCOz gradient as pulmonary perfusion decreases 
whereas lung mechanical properties remain unchanged [30]. These observations 
suggest that C02 elimination in critically ill patients is strongly modulated by 
lung, airway, endotracheal tube and ventilator equipment resistances. Although 
continuous capnogram waveform monitoring at the bedside might be useful to 
assess Rrs, very accurate predictions could only be done in determinate patients. . 
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Chapter 18 

Face mask ventilation in acute exacerbations of 
chronic obstructive pulmonary disease 

L. BROCHARD 

Introduction 

Acute exacerbation of chronic obstructive pulmonary disease (COPD) constitutes 
a frequent cause of admission in intensive care units. All patients require specific 
medical therapy, including oxygen, and many of them eventually require endotra
cheal intubation and mechanical ventilation with the aim of improving gas 
exchange, rest the respiratory muscles and avoid exhaustion and respiratory 
arrest. This technique is considered as invasive because it bypasses natural airway 
protective mechanisms in order to give access to the lower airways, often necessi
tates sedation and can be associated with traumatic or infectious complications 
[1, 2]. Non-invasive ventilation constitutes a way of delivering mechanical venti
lation avoiding the use of endotracheal intubation. After being used in the setting 
of home mechanical ventilation [3, 4], it is now proposed for patients with acute 
respiratory failure [ 5-13]. 

Although the final objective is to try to reduce complications associated with 
mechanical ventilation, three different goals can be identified [14]. First, non
invasive ventilation can be delivered with the aim of replacing machanical venti
lation in patients who would need endotracheal intubation. Second, it may be 
proposed at an earlier stage to avoid further deterioration of the patient and 
avoid the need for eventual endotracheal intubation. In fact, these two goals are 
often difficult to differentiate but may imply different action mechanisms. 
Similarly, this technique may be used to postpone intubation in patients in whom 
the decision of performing endotracheal intubation has not been firmly decised. 
Third, non invasive ventilation has been used as a way to deliver ventilatory sup
port in patients with respiratory failure in whom intubation was considered as 
questionable, such as elderly patients. 

Techniques of non invasive ventilation 

The patient-ventilator interface has an important influence on the efficacy of the 
technique. Because direct access to the lower airways is not possible, nasal or 
facial masks have to be used. Although a mouth-piece costitutes a feasible alter
native, it is rarely used in acute respiratory failure bacause of its frequent discom
fort and the need for active cooperation of the patient. Nasal or full face masks 
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have both been used successfully [5, 6] and both present advantages and disad
vantages. An ideal mask should be easy to handle and to fit to the patient's face, it 
should have a low internal volume, prevent leaks as far as possible and be com
fortable, avoiding pain created by localized zones of compression. Nasal masks 
offer many advantages compared to full face masks in this respect but one major 
drawback is the possibility of leakage through the mouth in the case of patients 
who mouth breathe or simply do not close their mouth. This can induce patient
ventilatory asynchrony and impedes the action of noninvasive ventilation [15]. 
Nasal masks, therefore, might be reserved for instance, for cooperative patients or 
after an initial phase of treatment with a full face mask. 

Different ventilatory modes have been used, mainly distributed between pres
sure-targeted modes, like pressure support ventilation, and volume controlled 
modes. Both types of ventilatory modes may result in successful ventilation. In 
both types, the quality of the triggering mechanism may play an important role 
in the efficacy of the technique. Also, the characteristics of pressure and flow con
tour may influence the results (rate of rise of pressure, peak flow rate, flow
impeding characteristics). Although some special ventilators have been proposed 
for this purpose, most of them were proposed for long term home ventilation 
[16]. Only very few have been developed to meet requirements encountered in 
patients with respiratory failure [10]. One prospective study compared assist
control and pressure support ventilation delivered noninvasively [13]. No differ
ence was found in the efficacy of the technique with regards to the need for endo
tracheal intubation, although only small groups of patients were studied. Patient's 
comfort, however, was poorer with assist-control and the number of side effects 
was significantly greater with this mode. This was probably explained by the 
higher peak mask pressure with assist-control which can induce discomfort, gas
tric insufflation, provide leaks around the mask and imposes the mask to be fit
ted more tightly and favors pressure skin lesions. 

Lastly, the combination of pressure support and positive end-expiratory pres
sure seems to be one of the most attractive modalities of ventilation to reduce res
piratory efforts in COPD patients [17]. Although the technique may not be crucial 
for the immediate efficacy of this therapy, it may play a role in the time-consuming 
aspects of this procedure and its acceptance by patients and nursing staff [ 18]. 

Physiological effects 

Meduri and coworkers initially described the efficacy of the technique in a small 
group of hypercapnic patients rapidly improving gas exchange under face mask 
ventilation [6]. Most of the failures of the technique were not due to ventilatory 
inefficiency. Later on they suggested that a rapid improvement in PCOz and pH 
assessed after one hour of treatment was a good predictor of the ultimate success 
of the technique [19]. They also used this technique in a group of seven patients 
who presented ventilatory failure early after tracheal extubation. They were able 
to compare the efficacy of the same ventilatory support delivered either invasive-
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ly or non-invasively at a few hours interval. They found no difference in expired 
ventilation or gas exchange with the two different ways of delivering the ventila
tory support. 

Several studies assessed the physiological effects of pressure support ventilation 
delivered non invasively in patients with stable COPD [20] or acute exacerbation [10]. 
Results similar to those observed in intubated patients have been reported. On short 
periods of time (about one hour), an improvement in oxygenation is combined with 
a decrease in PaCOz and a rise in pH, together with a reduction of respiratory muscle 
activity assessed by transdiaphragmatic pressure or diaphragm EMG. Most studies 
performed in this situation showed that non invasive ventilation usually constitutes a 
partial ventilatory support unloading the respiratory muscles, but not taking the 
whole respiratory work. Because the degree of assistance is usually limited, this may 
represent a cause of failure in patients with high levels of respiratory activity. 

One interesting effect, reported in several studies [8, 21], is to allow a correc
tion of hypoxemia without inducing worsening of hypercapnia, as often observed 
in COPD patients with acute exacerbation. 

Clinical results 

Assessment of the efficacy of non invasive ventilation has been performed using 
different methodologies. The first open uncontrolled studies described improve
ment in gas exchange and functional parameters, all results suggesting benefitial 
effects of the technique [6-8, 16, 19, 22]. Several authors used historical or non 
randomized control groups to evaluate the efficacy of this form of therapy. Foglio 
and co-workers found no benefit with non invasive ventilation delivered to 
patients with COPD by comparision to the evolution of similar patients who 
refused to be ventilated with the technique [9]. No randomization was performed 
in this study. In addition, only one patient required intubation in the whole group 
suggesting a mild severity of the exacerbation. Later the same group used non 
invasive ventilation delivered via a full face mask, instead of the nasal mask pre
viously used, and found a significant reduction in the number of patients requir
ing intubation compared to an historical control group [13]. Fernandez and co
workers recently showed the effects of pressure support delivered via a full face 
mask in COPD patients describing a progressive worsening under oxygen thera
py [8]. The initial oxygen-induced hypercapnia observed in these patients was 
rapidly corrected under pressure support and most patients avoided endotra
cheal intubation. 

We previously compared the results obtained in 13 patients admitted for acute 
exacerbation of COPD and treated with pressure support ventilation delivered via 
a full face mask to a carefully matched historical control group in a case-control 
study [10]. Both groups had comparable severity on admission and similar mor
tality. The number of patients requiring intubation, however, was markedly 
reduced from almost 80 % to 10 %, together with a reduced duration of ventilato
ry assistance and a marked reduction in the length of hospital stay. 
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Recently, a multicenter randomized prospective study was performed by a 
British group [11]. Bott and co-workers studied 60 patients with acute respiratory 
failure on COPD and compared a standard medical therapy to the same treat
ment with the addition of nasal intermittent positive pressure. In the new therapy 
group several physiological parameters were significantly improved compared to 
the control group, as well as the breathlessness score. The authors also compared 
mortality between the two groups and found a significant reduction in the non
invasive ventilation group (29 % to 10 %, p < 0.05) when the 4 patients who did 
not tolerate non invasive ventilatory support were excluded from the analysis. It 
should be noted, however, that most of the patients in the control group died 
without being intubated, which reflects specific therapeutic attitudes compared 
to other approaches. 

We recently completed a multicenter randomized study comparing standard 
therapy to face mask pressure support in 80 COPD patients [21]. Patients were in 
severe respiratory distress with tachypnea (mean respiratory rate 35 breaths/min), 
hypoxemia (mean P02 40 mmHg) and respiratory acidosis. Most patients present
ed signs of encephalopathy. A major reduction in the need for endotracheal intu
bation (74% to 26 %, p < 0.05), a reduction in the length of hospital stay and a 
decrease of in-hospital mortality (29% to 10 %, p < 0.05) was observed in the new 
therapy group. This benefit resulted from a marked reduction in the number of 
patients presenting complications during the ICU stay. It is important to note that 
patients with a clear cause for decompensation requiring a specific therapeutk 
approach, such as pneumothorax, lung abcess, need for surgery, etc., were not 
included in the study. These benefitial results were therefore obtained in a selected 
group of patients. 

Conclusion 

In Intensive Care Units non invasive ventilation seems to constitute an important 
advance for the management of acute exacerbation of chronic obstructive pul
monary disease. After an initial training in the technique, major benefitial results 
can be obtained in selected patients using pressure support ventilation via a full 
face mask. Further studies are needed to better delineate indications and to 
understand mechanisms of failure. 
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Chapter 19 

Proportional assist ventilation (PAV) 

R. GIULIANI, Y.M. RANIERI 

Introduction 

Proportional assist ventilation (PAY) [1-3] is an innovative ventilatory assistance 
technique devised by Dr. Magdy Younes of Manitoba University and intended for 
clinical use in patients who, though having an adequate respiratory "drive", are 
not capable of"sustaining" the respiratory work completely. 

First of all, it should be stressed that this ventilatory assistance mode has not 
yet found a proper role in clinical use, and some technical and design solutions of 
the product are still awaiting definition. At present PAY is implemented on proto
type respirators which associate it with the more traditional assisted or con
trolled ventilation techniques. 

Proportional assist ventilation is the most advanced achievement of an evolu
tional process concerning all modern ventilation techniques and is characterized by 
an increasing adjustment of the respirator to the patient's ventilatory requirements. 

The classical constant-flow and "cycled" controlled ventilation (by now con
fined to the cases with total loss of the neuro-muscular function) has given way 
to ventilation techniques capable of "assisting" the patient's ventilation by exclu
sively integrating the ventilatory activity component that the patient lacks, while 
respecting all the components that have remained intact. 

This partial and "targeted" level of ventilatory assistance pursues two objectives: 
1. maintain the utmost physiological conditions in both the ventilation and the 

interactions between ventilation and haemodynamics; 
2. reduce the time of weaning from the ventilator. 

In the light of these considerations, optimal ventilation and minimal ventila
tion coincide. According to a modern view of ventilatory assistance, weaning from 
the respiratory prosthesis begins when the patient is connected to the respirator. 

The goal of"minimizing the ventilatory support" is completely absent in con
trolled ventilation (CY), in which both the respiratory rate and the various phas
es of the cycle (inspiration, pause and expiration) are the responsibility of the 
automatic ventilator. Under these circumstances should the patient's own ventila
tory activity be inadequate, it is usually advisable to suppress it pharmacological
ly in order to reduce the risk of barotrauma. 

The clinical choice of CY is, therefore, based on the evaluation of inadequacy 
of the patient's respiratory "drive" and on the decision to replace it with a more 
appropriate respiratory pattern for the patient's pulmonary conditions. This logic 
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is best expressed by the inverted I:E ratio ventilation, in which low inspiration 
flows and short expiration times are the best strategy for a more homogeneous 
ventilation of the pulmonary parenchyma. 

A first attempt to "adjust" the respirator to the patient's spontaneous activity 
is made whenever venturing into the rather difficult procedure improperly 
defined ''patient's adjustment to the machine": the shortening of the inspiration 
time, the subsequent increase of the inspiration flow and the search for the opti
mal respiratory rate are mere attempts to "adjust the machine to the patient". 

According to this logic of respirator-patient adjustment (of which PAY is the 
most advanced goal), the high-sensitivity trigger has turned the beginning of the 
inspiration cycle from a passive (time-dependent) into an "intelligent" condition 
(rapid response to the patient). Thanks to the trigger, not only can the patient 
increase the respiratory rate, but also the beginning of inspiration is synchronous 
with the patient's spontaneous activity. The "flow-by" trigger represents a further 
step forward, since it promptly responds to the patient's ventilatory requirements 
by reducing both the barotrauma and the energy expenditure [ 4]. 

A review of the various phases of this evolutional process is not the aim of 
this presentation, but emphasis should be laid on its logic being based on the ever 
improving discrimination of the various components of the ventilatory activities, 
and on the selective "support" of those that have been actually impaired. 

Pressumetric ventilation (PV), characterized by a flow having an initial peak 
and a downward trend, ensures a flow a more similar to the physiological one. 
Nevertheless, PV, whether controlled or assisted, entrusts the respirator with the 
control of the in- and expiration time, maintaining the typical prerogative of 
"rigid", "time-cycled" ventilations. 

Synchronized intermittent mandatory ventilation (SIMV) aims at reducing 
the number of acts "imposed by the machine", allowing the patient to breathe 
spontaneously between two respirator-controlled acts. 

Ventilation by Pressure Support (PS), among the various systems adopted in 
clinical use, is characterized by the very limited level of respiratory assistance 
(continuous positive airway pressure- CPAP- cannot be regarded as a real venti
lation as, per se, it does not ensure the patient any gas exchange). At present PSis, 
therefore, the most advanced mechanical ventilatory support mode in the wean
ing process. PS (like PV) guarantees a constant pressure value at the mouth 
throughout the inspiration. However, unlike the PV, PS gives back the patient the 
possibility of timing the phases of the respiratory cycle. The patient, by modify
ing the flow morphology with his/her own ventilatory activity, determines the 
change from the inspiratory to the expiratory phase (flow cycling). PS must 
therefore be used in those patients whose neuro-muscular function is "adequate". 

During inspiration, PS increases the pressure gradient between mouth and alve
olus. This gradient has two components: [1] the patient's inspiratory effort and [2] 
the support pressure set on the respirator. The gradient is, of course, at its maximum 
value at the beginning of the inspiration and then progressively decreases. Thanks 
to the "flow cycling" feature, the alveolar pressure will never reach the PS value, as 
the expiratory phase will surely be activated before such a condition occurs. 
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Let us analyse the pressure gradients during PS. 
1. The mouth-alveolus gradient is mainly determined by the PS level and, to a 
very small extent, by the patient's effort. 
2. The support pressure level set on the respirator remains constant and is inde
pendent from the patient's "respiratory effort" variations. This means that even 
significant percentage variations of the latter will only slightly affect the total gra
dient. For instance, let us suppose that a support pressure of 18 em HzO has been 
set on the respirator and that the patient makes an inspiratory effort creating a 
negative pressure of 2 em HzO. The total gradient will be equal to 20 em H20. 
Should the patient double his/her "effort" (for example, owing to increased meta
bolic requirements) taking it to 4 em HzO, the total gradient will go from 20 
(18+2) to 22 (18+4) em HzO. The real flow increase, therefore, is 10 o/o, as against 
an increase in the patient's activity of 100 o/o. In this situation the patient restores 
an adequate volume/minute by increasing the respiratory rate. 
3. As the mouth-alveolus gradient at the beginning of the inspiration is heavily 
determined by the support pressure, the maximum flow is directly proportional 
to the latter. Subsequently, the gas going into the alveoli reduces the inspiratory 
flow to the "cycling" threshold value. Whatever the technical features determining 
the "cycling" process, at the end of the inspiration the tidal volume is directly pro
portional to the set pressure support level. 

PS, therefore (and all constant pressure ventilations), not only allows the 
patient very limited variations of flow and tidal volume, but also entrusts these 
two variables (maximum flow and tidal volume) to the setting of a single para
meter (pressure support). In patients with a selectively"resistive" or"compliance" 
pathology (an altered time constant) - not infrequent during weaning- the flow 
and/or tidal volume values can turn out not to be optimal if determined through 
the same parameter. 

In the presence of increased resistances, without a parallel increase in elas
tance, an optimal inspiratory flow can only be guaranteed by an increase in the 
support pressure, which will be followed by pulmonary hyperinflation (since com
pliance is less compromised). Conversely, in situations of limited compliance and 
fundamentally "normal" resistances, a support pressure providing a moderate 
inspiratory flow peak will be inadequate to guarantee a sufficient tidal volume. 

These aspects of PS can lead to clinical failures by blocking the weaning 
process. 

The purpose of PAV is to overcome these limitations 

PAV is a type of ventilation (belonging to the pressometric group) intended for those 
patients who, though having a substantially intact "respiratory drive", require ventila
tory assistance owing to their inability to entirely sustain the work of breathing, more 
specifically elastic and/or resistive work. PAV can integrate the patient's inspiratory 
effort whenever this is quantitatively insufficient, although qualitatively adequate. 

PAV can also optimize the ventilatory support in the presence of an impairment 
of the pulmonary time constant. 
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The innovative aspect of this technique consists in the continuous adjustment of 
the pressure support value, by distinguishing a "resistive" and an "elastic" component 
within the latter. At any instant, the pressure gradient (~P) governing the respiratory 
act is equal to the difference between the pressure generated by the respirator (Paw) 
and the pleural pressure determined by "the activity" of the patient's respiratory 
muscles (Ppt), (~P = Paw-Ppt). The ~p gradient can also be regarded as the sum of four 
pressure components: resistive, elastic, inertial and end expiratory pressure (Motion 
equation): 

~p =Pres+ Pet+ Pin+ EEP (1) 

Leaving aside Pin (inertial pressure) (normally regarded as negligible and, at 
least, absorbable into the other terms) and zeroing the EEP value (end expiratory 
pressure), the equation can be appropriately simplified as follows: 

~p =Pres+ Pet (2) 

By replacing the values of resistive and elastic pressure with their respective 
determinants, one can write: 

(3) 

where R and E are the values of pulmonary resistance and elastance respectively, 
while Vand V respectively express the "instantaneous" values of flow and tidal 
volume (pulmonary volume above the end expiratory volume= LV-EELV). 

Breaking down of ~pinto Paw and Ppt allows to identify the Rvent and Rpat per
centages in the R value and the Event and Epat percentages in the E value, there by 
identifying the R and the E fractions respectively "supported" by the ventilator 
(Rvent and Event) and by the patient (Rpat and Epat). Hence: 

(Paw- Ppt) = (Rvent + Rpat) • V+ (Event+ Epat) • V 

and by separating the two components: 

By analogy with [2]: 

- Ppt = Rpat • V + Epat • V 
Paw= Rvent • V +Event • V 

- Ppt = Ppt-res + Ppt-et 
where - Ppt-res = Rpat • V 

- Ppt-et = Epat • V 

and again by analogy with [2]: 

(4) 

(5) 
(6) 

(7) 
(8) 
(9) 
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where: 

Paw= Paw-res+ Paw-el 

Paw-res= Rvent • V 
P aw-e! = Event • V 

(10) 

(11) 
(12) 

where the letters "-res" and "-el" refer to the two different resistive and elastic 
components respectively. 

Thanks to its ability to measure the instantaneous flow (V) and to calculate 
the inspired volume (V), at each instant and through equation (6), PAV calculates 
the pressure support (Paw) to be provided. The Rvent and Event values (of which the 
patient is to be "relieved" and the machine is to be loaded) must be set on the res
pirator. The remaining Rpat (= R-Rvent) and Epat (= E-Event) percentages are the 
resistance and elastance values that have to be sustained by the patient (Eq. 5). 

To summarize, according to the pre-set resistance and elastance values (Rvent 
and Event), the machine generates a pressure at the mouth (Paw), equal to the sum 
of two pressure components (Eq. 6): a) one capable of guaranteeing the instanta
neous flow through a resistance value equal to the set value (VRven1); b) the other 
capable of offsetting, for each instantaneous tidal volume, an elastance value 
equal to the set value (V Event). 

The remaining Rpat and Epat percentages will remain the patient's responsibili
ty. The larger the Event and Rvent values (as set on the machine), the smaller the 
respiratory effort made by the patient, of course. In the theoretical case in which 
the set values were exactly to coincide with the patient's values (Rvent = R and 
Event= E) all the work of breathing would be carried out by the machine. 
However, for the correct operation of the latter, the Rvent and Event values will 
always have to be lower than the respective R and E values. 

A concrete example will clarify a few doubts. Let us suppose that the patient 
has a pulmonary elastance (E) of 20 em Hz0/1 and inspiratory resistances (R) 
equal to 10 em H20/l/sec. In the absence of any ventilatory support the patient 
carries out all the work of breathing entailed by that particular anatomo-patho
logic condition. Should we decide to use PAV to relieve the patient from half of 
the elastic effort and 3/4 of the resistive effort, an Event value of 10 (=50 o/o of 20) 
and a Rvent of 7.5 (= 75 o/o of 10) would be set on the respirator. This would imply, 
during the inspiratory phase, the application of a pressure value at the mouth that 
is a function of the set Rvent and Event values, and continuously modified accord
ing to the instananeous flow and the already insufflated volume (Eq. 6). 

When the patient starts a flow V (instantaneously equal to Ppi/R) the respirator 
begins to compensate for the patient's effort, by supplying a (Paw-res) pressure 
equal to V Rvent· 3/4 of the resistive pressure Pres will now be sustained by the res
pirator (Paw-res= 7.5 • V) and only 1/4 of its total value (equal to 10) by the patient 
(Ppi-res = 2.5 • V). At the same time, the machine determines the insufflated vol
ume (V) and calculates the Paw-el value according to Eq [12] (Paw-el = V • 10). The 
other half of the elastic pressure (Ppi-el = V • 10) will be sustained by the patient. 
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At each instant pressure Paw, supplied by the respirator, is equal to the sum of 
the resistive (Paw-res) and the elastic component (Paw-el) (Eq 10, 11 and 12). The 
patient will have to take charge of a respiratory work that is the function of the 
resistive (Ppl-res) and elastic pressure (Ppl-el) percentages concerning the patient 
(Eq 7,8 and 9). 

While the machine applies pressure Paw systematically and without excep
tions, the patient is capable of modifying at any instant his/her own inspiratory 
effort Ppl· A part of Pph must, however, be "spent" as elastic pressure (in the 
example Ppl-el = V • 10). The remaining Ppl-res value is the pressure which, with 
Paw-res (supplied by the respirator), maintains the flow through resistance R. Any 
variation in Ppl-res (L1Ppl-res) causes a flow variation (SV) (according to the formula 
L1 V = L1Ppl-res /R). The flow variation thus induced by the patient will be followed 
by a new calculation of the Paw-res pressure and, as a consequence, a new flow 
value (V). Thus, the patient, by varying his/her inspiratory effort, can bring 
about variations in the pressure support supplied by the respirator. 

When the patient zeroes his/her resistive Ppl-res effort, the machine also ceases 
its resistive support, while the new calculations of Eq. 11 are being carried out 
(more numerous in the case of a sudden flow variation). 

The elastic load sustained by the machine (Paw-el) is continuously calculated 
on the basis of the instantaneous value of V and the Event constant (set on the res
pirator). The remaining percentage of elastic pressure Ppl-el must necessarily be 
sustained by the patient. 

In short: 
1. the pressure at the mouth (Paw) applied by PAV is the sum of two components 

(Paw-res and Paw-el); 
2. the elastic component (Paw-el) increases with the insufflated volume (V), 

according to a multiplying factor equal to the elastance value set on the respi
rator (Event); 

3. the resistive component (Paw-res) is determined, instant by instant, by flow (V) 
and by a multiplying factor equal to the resistance value set on the respirator 
(Rvent); 

4. any variation of the patient's inspiratory effort (Ppl-res) leads to a coherent and 
proportional variation in the pressure support of the respirator; 

5. the pressure supplied by the respirator is, therefore, constantly adjusted to the 
ventilatory requirements of the patient, who will maintain an optimal ventila
tion, exclusively taking charge of the elastance and resistance percentages 
assigned to him/her. 
In connection with the statements made on PS, the following observations 

can be made: 
1. with PAV the patient can change the support supplied by the machine, which 

changes as a function of the insufflated volume; 
2. the patient's inspiratory effort significantly modifies the alveolus-mouth pres

sure gradient (and therefore the flow). Each time that the patient modifies 
his/her "effort" (e.g. the patient doubles it), the machine changes in the same 
proportion. The entire L1P gradient is thus "piloted" by the patient; 
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3. thanks to PAV, an end inspiratory elastic pressure adequate to the desired pul
monary volume can be achieved, while maintaining an optimal inspiratory 
flow. 
Unfortunately, the clinical studies for the validation of this technique are still 

few. It is not possible, therefore, to confirm that excellent clinical use can be 
summed to its conceptual value. In our view, the clinical validation of this tech
nique can only be attained through two complementary procedures: 
- verification that such a sophisticated approach is useful and easy to manage in 

clinical practice; 
- search for innovative technological solutions. 

Among the critical aspects found during the experimental use of the machine, 
attention should be paid to the following: 
1. mention has already been made of the difficulties in measuring the patient's 

pulmonary resistance and elastance values. The automation of measurements 
would certainly simplify the use of this technique. By means of this automatic 
calculation, the values that are set on the respirator could be expressed in per
centage units or in values to be sustained by the patient; 

2. an incorrect setting of the Rvent and Event values (particularly if in excess) caus
es the machine to malfunction dramatically and the immediate patient's disad
justment. In addition to phenomena of non-linearity or time variance of the 
pulmonary mechanics parameters, each subject with spontaneous ventilatory 
activity periodically modifies the depth of his/her breathing (and therefore the 
values of E), so impairing the adequacy of the set values; 

3. the cycling mode between the inspiratory and expiratory phase is an extremely 
critical aspect. It is evident that, for the machine to start the expiratory phase, 
the patient must actively oppose the pressure supplied by the respirator. This 
procedure surely brings discomfort and an additional effort to the patient. 
For iconographic purposes only, we shall present three figures which, as 

Claude Bernard would say, can succeed in "stimulating the researcher's imagina
tion". 

Figure 1 shows the curves regarding flow, volume, pressure at the mouth and 
esophageal pressure recorded in a patient ventilated with PS and PAV, both in 
basic conditions and after the introduction of a dead space with the aim of simu
lating a variation of the patient's ventilatory requirements [5]. 
Figure 2 which concerns the same subject during ventilation with PS shows 
emblematically that after the application of a dead space the patient does not 
modify his/her own inspiratory effort - which, moreover, is already rather high -
and cannot therefore increase the tidal volume. The adjustment response is 
obtained by increasing the respiratory rate (see Fig. 1). Conversely, under basic 
conditions, PAV (Fig. 3) brings about a lower inspiratory effort which is increased 
with the tidal volume after applying the dead space. 

We may conclude by saying that, if on the one hand PAV is a promising tech
nique and has clearly shown to be an undeniable step forward compared with the 
clinically validated ventilatory support techniques, there are still some practical 
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difficulties preventing its widespread clinical use at present. In our opinion, these dif
ficulties can be overcome by means of technologically advanced solutions, but also 
by means of compromise solutions involving theoretical and conceptual aspects. 
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Chapter 20 

Pulmonary mechanics beyond peripheral airways 

P.V. ROMERO, J. LOPEZ AGUILAR, L. BLANCH 

Introduction 

Lung mechanics is often introduced by means of the monoalveolar model. It pre
sumes a simplified system composed by a newtonian or flow-independent resis
tance (R) and a linear or volume-independent compliance (C) placed in series. This 
is a convenient model to express lung mechanics in a simple way and is easy to 
handle in clinical situations, where complex patho-physiological interpretations are 
not needed. Usually the resistive term is referred to airways and defined as the 
pressure drop between alveoli and trachea or mouth in phase with airflow. Airways 
resistance can be assessed in different ways, high frequency oscillation and inter
rupter methods being usual in ventilated patients. As long as airways resistance 
behaves as a newtonian resistance, and alveolar pressure is adequately estimated 
after interruption, both methods should give similar results. Lung compliance is 
measured as the slope of a line drawn between the end inspiratory and end expira
tory levels of tidal volume versus transpulmonary pressure loop (dynamic compli
ance). Dissipative forces acting in lung parenchyma (tissue resistance) are not con
sidered in this simplified model of lung mechanics, lung compliance illustrating the 
mechanical behaviour of lung parenchyma. However, there is increasing evidence 
on the importance of tissue resistance in the overall lung mechanical behaviour [1, 
2]. As pointed out in another chapter of this book, tissue resistance has a different 
nature than airways resistance. Both dissipative processes are mechanically in 
series and combine additivelly to generate total lung resistance. 

Even though the non-linearity of pressure-volume and pressure-flow relation
ships is well known, lung mechanical behaviour is considered in practice to be lin
ear. Linearity assumes a direct proportion between related parameters and the reli
ability of the principle of superposition. In general fewer parameters are needed to 
define a system under the assumption of linearity than if non-linearities are to be 
considered. Many non-linear models are theoretically able to improve information 
respective to a linear model. However, the lack of agreement on a single reliable 
model limits the application of non-linear analysis to mechanical lung behaviour. 
On the other hard parameters expressing non-linearity often lack clear physical or 
physiological correlation. These reasons favour the choice of linear analysis provid
ed that a minimal linearity can be assumed at least in the operative range. 
Variations of linear parameters with volume or flow must be taken into account to 
compare data when different experimental approaches are used. 
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In many pathophysiological situations the monoalveolar lung model is no 
longers useful. We have then to account for differences between alveolar territories 
as well as for mechanical interactions between them. In these situations lung 
periphery, normally considered as the "silent" part of the lung, should be taken into 
account in the models used to describe the mechanical behaviour of the whole sys
tem. A plurialveolar more realistic model has to account for parenchymal charac
teristics derived from non-uniformity like alveolar heterogeneity or alveolar insta
bility. Alveolar mechanical heterogeneity usually refers to differences in motion 
between alveolar areas and to out-of-phase behaviours. Alveolar instability is relat
ed to opening and closing phenomena as well as to alveolar recruitment. 

At the alveolar level, mechanical forces are conservative. Therefore, they tend 
to maintain a given architecture and structure of airspaces and oppose any defor
mation or change in shape or volume. A series of interactions tend to keep or 
restore the equilibrium and act in favour of homogeneity and isotropy. These 
interactions can be summarized in three main mechanisms: 
1. the balance between surface and tissue forces that prevents distortion or 

anisotropy; 
2. the mechanical interaction between adjacent regions that tend to prevent or 

absorb out-of-phase behaviours; 
3. the interaction between parenchyma and airways that helps to keep airways 

patency. 
These mechanical interactions depend largely on alveolar structure and are 

conservative. Any distortion of alveolar shape, especially if not isotropic, gener
ates restoring forces that tend to recover equilibrium [3]. 

Lung tissue mechanical behaviour and lung homogeneity 

Alveolar expansion in homogenous lungs depends basically on the arrangement 
of the two main force bearing elements at alveolar level: the complex fibre system 
and the surface lining. The pleural pull is transmitted to the acini through the 
connective elements that form the peripheral fibre system. This volume depen
dent traction is evenly distributed throughout the lung. Only gravitational forces 
induce small differences between the upper and lower lung regions. 

In an isolated lung a relaxed configuration is obtained in the absence of flow 
when alveolar pressure equilibrates with atmospheric pressure. This configuration is 
reached at a volume somewhat less than FRC. Figure 1 shows the amount of elastic 
energy stored in lung parenchyma and related to lung surface area (A= k • V [2, 3]) 
from the experimental results of Bachofen [4]. Elastic energy stored by lung 
parenchyma (Total) is non-linearly related to alveolar surface, in such a way that is 
minimum at a value corresponding to the lung relaxed configuration (CnfL). In 
isotropic deformation total elastic stress comes from the sum of the elastic fibres 
storage and surface forces at the air liquid interface [ 5] 

Elastic energy stored in connective fibres is minimum ( Cnft) at an alveolar 
surface (and therefore to a volume level) somewhat higher than the lung relaxed 
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Fig. 1. Relationship between elastic energy stored by lung parenchima (total) and alveolar 
surface. In isotropic deformation total elastic stress comes from the sum of the elastic 
fibres storage and surface forces at the air liquid interface 

configuration. Both distension and compression of alveoli tend to bring out 
recovery forces from the fibre structure. Surface forces increase non-linearly 
with alveolar surface, the slope increasing as lung volume approaches TLC. The 
net force acting at alveolar level tends to avoid any shift from the relaxed config
uration. In the whole system the resting configuration is somewhat different 
from the relaxed configuration of the alveolar spaces. The equilibrium is kept by 
the opposing action of the chest wall. 

Parenchymal distortion generates energy dissipation due to internal frictional 
processes. Forces opposing tissue motion are called tissue viscance or resistance, the 
term viscance refering to the peculiar characteristics of tissue resistive behaviour. 
For a given alveolar basal configuration, tissue resistance is highly dependent on the 
amplitude of the changes in alveolar volume and especially on the frequency and 
speed at which such changes are made; increasing with slow movements and high 
amplitudes. Tissue resistance is also dependent on lung volume, being higher as 
lung volume increases. This resistive behaviour of lung tissue also acts in favour of a 
more homogeneous alveolar filling. Decrease of tissue viscance with frequency has 
the effect of reducing the time constant and favouring alveolar filling. Increase of 
resistance with increased alveolar volume tends to load overdistended areas and 
favour alveolar filling in areas with low tidal excursion and low FRC. 

To study lung tissue behaviour in homogeneous lungs a direct measurement 
of alveolar pressures (Paiv) is generally needed. The alveolar capsules technique 
allows the direct recording of alveolar pressure in experimental settings [ 6]. 
Measurement of Palv in different locations allows to inquire about homogeneity 
of lung behaviour. Alveolar capsules consist in small trumpet-like plastic pieces 
with a flat bottom that is glued to the pleural surface with cyanoacrilate glue 
(Fig. 2). The capsule chamber is connected to the subtended alveoli by gently 
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Fig. 2. Schematical representation of alveolar capsule 

puncturing the pleura. On the free port of the capsule a small piezoelectric pres
sure transducer is either directly plugged in or connected by means of a flexible 
piece of small capacity tube. Recordings of alveolar pressure should fit tracheal 
pressure at the end of tidal volume excursions and hysteresis between different 
capsules should not exist or be negligible in an homogeneous lung. 

Tissue fibres transmit tension generated at the pleura to the whole lung. But 
they also act as direct transmitters of forces generated by the distortion of an 
acinar area by the adjacent ones, this phenomenon being called alveolar interde
pendence [7]. Tissue forces are equally transmitted to the periphery of bronchi 
and vessels trough the adventitial attachments (tissue-airways interdependence) 
[8]. In this way any change of shape in a lung region gives rise to forces in the 
boundary that oppose the direction of the distortion. Tissue forces act specifical
ly against atelectasis or airways narrowing, but also against not isotropic or out
of-phase motion of adjacent areas in order to keep homogeneity and airways 
patency. 

Although lung tissue behaviour is non-linear in nature, linear models are 
usually applied to describe its mechanical properties [9]. The linear approach 
assumes homogeneity and is generally described by the following equation: 

~Ptis = (Paiv-Ppi) = Etis • V + Rtis • (dV/dt) + PEEPaiv (1) 

In the case of alveolar capsules, Ppl is atmospheric pressure and hence ~p = Paiv· 
The nature of Etis and Rtis is discussed elsewhere in this book. Etis is assumed to 
be the dynamic elasticity of lung tissue and Rtis corresponds to tissue viscance; 
both defining together the viscoelastic behaviour of lung parenchyma. We can 
calculate mechanical parameters for the whole lung by applying the linear equa
tion to fit transpulmonary pressure (Ptp) swings: 
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f1Ptp = (Ptr-Ppi) = Edyn • V + Rtot • (dV/dt) + PEEPtr (2) 

where Edyn (dynamic elastance measured for the whole lung) and Etis should be 
identical, except for gas compression in airways, and PEEP should be roughly the 
same either measured at alveolar or at tracheal level. Airways resistance (Raw) is 
then calculated by subtracting Rtis from total pulmonary resistance (Rtot): 

Raw = Rtot - Rtis (3) 

Assessment of lung tissue mechanical properties requires that alveolar pressure 
adequately represent alveolar territories that fill and empty with a pattern of volume 
and flow roughly identical to that observed at tracheal level. No direct evidence of 
this is usually available because alveolar volume and flow cannot be directly mea
sured. However, as long as dynamic elastance obtained from alveolar pressure (Etis) 
and from tracheal pressure (Edyn) differ by less than a 10 %, and PEEP obtained 
from equations (1) and (2) are similar (less than 0.5 hPa is acceptable for a PEEPtr of 
5 hPa), measured alveolar pressure can be assumed to reflect alveolar filling pressure 
in phase with overall lung volume and flow changes. Figure 3 shows superimposed 
recordings of pressures from four alveolar capsules placed in different lobes of an 
homogeneous rabbit lung. The narrow fit of alveolar pressures can be appreciated. 

Digital sampling of alveolar pressure at different subpleural regions allows to 
estimate alveolar heterogeneity by calculating the coefficient of variation of alw
olar pressure at each sampling time CV %( t) [ 1]. 

Usually tidal variations of CV %(t) are maximum at end expiration or early in 
inspiration and minimum at end inspiratory level. 

Alveolar heterogeneity depends largely on the patency of airways supplying 
the different alveolar territories. During lung challenge with agonists of smooth 
muscle, the interalveolar mean coefficient of variation varies in a dose dependent 
manner. If agonists of airways constriction are administered intravenously in 
rabbits (Fig. 4) we observe a sudden increase in total lung resistance and elas
tance reflecting biomechanical changes in airways and lung parenchyma. Lung 
heterogeneity, represented by the maximum and minimum value of CV % for 
each cycle, is delayed respective to changes in elastance and resistance. This delay 
reflects the action of forces that oppose lung heterogeneity which are over
whelmed only after a certain level of reaction is reached. 

The first consequence of mechanical heterogeneity is the wide and uneven 
distribution of alveolar time constants and consequently the out-of-phase behav
iour of areas with different time constants. The frequency dependence of lung 
elastance arise from a preferent distribution of inspired volume to the areas with 
a short time constant (faster areas) which became overventilated with respect to 
the areas with longer time constant. A second consequence of the out of phase 
behaviour is due to the different filling and emptying rates of different territories 
which causes the development of intrinsic or auto PEEP [10, 11, 12]. Figure 5 
shows the development of intrinsic PEEP in an alveolar territory during the 
inhalation of increasing concentrations of methacholine in a responsive open 
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chested, ventilated and anaesthetized rabbit. Only the expiratory limbs of alveo
lar pressure at different increasing concentrations of methacholine (Mch) are 
shown. A timid response can be appreciated at 4 and 8 mglml, without a marked 
change in the pattern of the curve. Inhalation of 16 mglml induce a sudden and 
huge increase in the dynamic elastance (tidal volume remaining constant 
throughout trial), accompanied by a faster lung decompression during expiration 
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Fig. 5. Expiratory pattern of P aiv( 1) during Mch challenge (average of 10 breaths) 

that reflects an important parenchymal reaction due to constriction of peripher
al smooth muscle and to a paradoxical decrease of the local airways resistance 
because the negative interaction between lung tissue and airways [8]. Increasing 
Mch concentrations induce an important airways narrowing that reduces alveo
lar volume filling and therefore tidal alveolar pressure shifts. The development of 
intrinsic PEEP reflects the increase in the alveolar end expiratory volume due to 
the incomplete emptying of the slow air-trapped territory. The flat shape of the 
expiratory limb of alveolar pressure is related to the increase of the time constant 
of that territory, and therefore to the impairment of alveolar emptying. After 
atropine inhalation expiratory alveolar pressure recovers a more normal shape. 
PEEP comes back to previous values, therefore reflecting the reversibility of the 
response [2]. 

The estimation of pulmonary or parenchymal mechanical properties is often 
confused by the presence of out-of-phase alveolar behaviour due to alveolar 
pressure no longer representing the driving pressure of the system in phase with 
volume (elastic pressure) or flow (resistive pressure). In the presence of alveolar 
heterogeneity different alveolar territories are at different points on the breath
ing cycle, depending on the degree of phase lag. This phenomenon, called the 
pendelluft effect, is especially notorious immediately after interruption of air
flow. Shortly after flow has been stopped alveolar pressure equilibrates all over 
the lung if the alveoli are homogeneous or if time constants are narrowly distrib
uted. Therefore, in the presence of a wide distribution of time constants, alveolar 
equilibrium is reached progressively as slower alveoli empty into faster ones 
[13]. This process dissipates gradually until alveolar pressure becomes the same 
in all communicated areas. Collateral ventilation is of great importance in this 
alveolar equilibration especially in adjacent territories [ 14]. 

Figure 6 shows the behaviour of three alveolar territories during an expirato-
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ry interruption of airflow in an open chest dog in basal condition and after hista
mine inhalation. After an inspiratory pause that equilibrates alveolar pressures, 
the airway is opened and a free expiration takes place, tracheal pressure (P1r) falls 
rapidly whereas alveolar pressure (a, b and c) decrease slowly due to airways 
resistance. The time course of expiratory decay of alveolar pressure is similar 
under the basal condition. Histamine inhalation induces big differences, which 
reflect dissimilarities in the mechanical behaviour of the respective territories. 
When flow is abruptly interrupted (dotted line), alveolar pressures tend to join 
tracheal pressure. Therefore, even in the basal condition the equilibration is 
delayed a short period after occlusion, faster territories (c) having lower pres
sures than slower ones (a) by the time of interruption. After histamine challenge 
heterogeneity increases the difference between the emptying rates of different 
territories. The pendelluft effect is accentuated in the sense that a longer time is 
needed to equilibrate alveolar pressures after occlusion. 
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Fig. 6. Alveolar Heterogeneity during Histamine Challenge Pendelluft effect 

Alveolar stability: opening and closing 

In normal lungs alveoli remain permanently opened at FRC and only if volume is 
reduced forcibly to near RV are peripheral airways seen to close. An airspace is 
opened if communicated with the atmosphere through the conducting airways. 
Surface forces, airways patency and interdependence account for alveolar stability. 

In some circumstances mechanisms that guarantee alveolar stability are over
whelmed and peripheral airspaces can close at volumes above FRC. This happens 
especially when there is increased fluid in the airspaces or impaired surface-lin
ing properties [15]. Instability implies a region of negative lung compliance on 
the pressure-volume curve. During inflation increase of total volume of lung 
beyond a critical point tends to decrease pressure because of the unstable alveo
lar units that pop out and open as a critical point of pressure is reached. 

To observe the dynamics of alveolar opening and closing in unstable lungs a 
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group of rabbits were treated with i.v. ethclorovynol (ECV) a substance known to 
induce a permeability interstitial oedema [ 16, 17]. Several capsules were placed at 
different locations and lung volume was changed by slowly changing PEEP 
between 3 and 15 hPa. Tidal volume was kept constant. Figure 7 shows an alveolar 
territory opening at a critical opening pressure, then closing when pressure falls 
under a second critical level somewhat lower than opening pressure. As alveolar 
pressure swings after opening are not different from opened territories, it can be 
argued that elastic behaviour after opening is not different in the previously 
closed territories. This allows to determine the relative alveolar volume by taking 
into account the pressure-volume characteristics of alveolar territories when 
opened. Figure Sa shows the behaviour of two alveolar territories, both closed at 
the end expiratory pressure of about 5 hPa. One of them opens at a pressure of 
about 10 hPa and closes again at 5 hPa, the second territory does not open even at 
pressures as higher as 45 hPa. The first alveoli constitute an unstable territory 
because they open and close at physiological levels of pressure. The second terri
tory remains permanently closed and is stable in this condition. Therefore, in the 
presence of alveolar instability three situations should be considered: a) alveoli 
can be permanently opened and so are stable in the opening condition; b) alveoli 
can be unstable and open and close in the range of physiological or applied pres-
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Fig. 7. Time course of the airway pressure and alveolar volume at critical opening and clo
sing points 
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sures and c) alveoli can be steady closed in the range of applied pressures. It fol
lows that the state of an unstable territory will depend on the range of pressure 
applied in tidal excursions either as negative pleural-transmitted pressure in 
spontaneous ventilation or as airways positive pressure in ventilated patients. 
Figure 8b shows the pressure-volume behaviour of two territories closed at the 
tidal operative range in a ventilated rabbit. When airways pressure is increased 
over a threshold level Alv 1 opens whereas Alv 2 remains closed. Unstable alveoli 
(alv 1) show a tendency to trap air when closed. The amount of air trapped can 
vary as shown by the different levels of volume observed. Conversely, alv 2 seems 
to be atelectasic. Figure 9 shows the pressure-volume behaviour of another terri
tory closed at the level of tidal volume (PEEP = 3 em H20). Three status can be 
depicted in this unstable territory as a function of the pressure applied. Under a 
critical pressure (Zone C) alveoli are permanently closed, some air can be 
trapped as far as airway closing is reversible and/or no atelectasis has developed. 
The pressure-volume slope probably reflects the interaction with surrounding 
alveoli. A second Zone (Zone B) is characterized by the unpredicted configura-
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Fig. 9. Pressure-volume behaviour of a territory closed at the level of tidal volume 

tion of unstable alveoli under the action of applied pressure in a range between 
the critical point of opening and a maximal point from which the alveolus 
remains permanently opened. This second zone admits several configurations as 
alveoli can either remain opened or close, then trapping a different amount of air 
inside. Finally, Zone A defines the opened stable status. 

Opening of unstable alveoli can occur at different critical pressures, depend
ing on the degree of local impairment. Therefore, a sequential recruitment is 
possible in lungs with unstable alveolar territories. Operating volume at a given 
pressure is no more directly dependent on elastic properties of the lung but on 
the number of units that are working at a that given level of pressure [18]. This 
phenomenon is called alveolar recruitment. 
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Chapter 21 

Oscillatory mechanics 

D.NAVA)AS 

Introduction 

Normal tidal breathing is generated by cyclic muscular pressure applied to the 
chest wall. Mechanical ventilation is produced by cyclic pressure applied to the 
airway opening. In both situations tidal volume generated by the driving pres
sure is determined by the mechanical load of the respiratory system. In general, 
for a given driving pressure, higher mechanical load results in lower ventilatory 
out put. The mechanical load as computed from the pressure-flow relationship of 
the respiratory system undergoing sinusoidal oscillation is called respiratory 
impedance (Zrs), because of the complex structure of the respiratory system Zrs 
varies markedly with oscillatory frequency. Mechanical properties of the airways 
and the lung and chest wall tissues can be estimated by fitting suitable physio
logical models to Zrs measured at different frequencies. Therefore, the study of 
oscillatory mechanics in a wide range of frequencies is of clinical interest in the 
assessment of respiratory mechanics in spontaneously breathing and mechani
cally ventilated patients. 

Equipment 

Oscillatory mechanics is commonly studied in spontaneously breathing patients 
by applying low-amplitude pressure oscillations at the mouth. Forced oscillation 

frequencies usually span from = 2 Hz to = 30 Hz. Measurements at frequencies 
close to that of spontaneous breathing are difficult to obtain because of the super
position of breathing flow. Figure 1 describes the standard equipment used to 
measure Zrs by forced oscillations in spontaneously breathing patients. The exci-

tation pressure (peak-to-peak amplitude = 2 hPa) is generated by a loudspeaker 
attached to a chamber. Flow is measured with a pneumotacograph connected to a 
differential pressure transducer. Pressure is measured with a similar pressure 

transducer. A bias tube ( = 1 m long, = 2 em ID) allows the patient to breath. The 

gas inside the equipment is renewed by means of a constant flow of air ( = 0.31/s). 
Flow and pressure signals are recorded with a microcomputer which is also used 
to generate the excitation signal to the loudspeaker. The equipment must be 
designed in accordance with published recommendations [ 1]. 
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BT 

MC 

Fig. 1. Standard equipment to measure respiratory impedance by forced oscillation. LS: 
loudspeaker; PN: pneumotachograph; PT: pressure transducers; MC: microcomputer; BT: 
bias tube; BF: bias flow 

Data processing and modelling 

The oscillatory behaviour of the respiratory system is interpreted by means of 
mechanical models. At spontaneous breathing frequencies and normal tidal vol
umes, respiratory mechanics of healthy subjects can be roughly represented by a 
series combination of a resistance (R) and an elastance (E). The driving pressure 
(P) required to overcome the resistive and elastic loads of this R-E model is: 

where V and V are flow and volume respectively. When such a linear system is 
subjected to sinusoidal driving pressure, sinusoidal flow and volume oscillations 
of the same frequency result (Fig. 2). For a given peak-to-peak pressure ampli
tude (P) the peak-to-peak flow (V) and volume (V) amplitudes are determined by 
the mechanical load of the model. 

In sinusoidal oscillation minimum and maximum of sinusoidal flow occur at 
mid tidal volume (Fig. 2). The pressure difference between these isovolume 
points (Pr) accounts for the resistive pressure change (Pr = R • V). Hence, 

Pr/V= R 

The ratio Pr/ V is called effective resistance (Ref). Ref reflects the resistive load 
which, in this model, does not depend on frequency (Ref= R). 

At points of minimum and maximum volume flow is zero and the pressure dif-
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Fig. 2. Sinusoidal response at 0.2 Hz of. a series combination of a resistance (R = 3 hPa • s • 1-1) 

and an elastance (E = 10 hPa/1). L1P, L1 Vand L1 V are peak-to-peak amplitudes of pressure, flow 
and volume, respectively. Pr: pressure difference between minimum and maximum flow; Px: 
pressure difference between minimum and maximum volume 

ference between them (Px) accounts for the elastic pressure change (Px = E • V). 
Since in sinusoidal oscillation V = V/2rrJ (f =frequency) the elastic load is usually 
expressed in terms of pressure and flow changes as follows: 

- /',.Px/ V = -/',.E/2nf 

The ratio - /',.Px/ V is called reactance (X) and in this model X corresponds exclu
sively to the elastic load (X= -E/2n;f) which depends inversely on frequency. From 
this definition X of an elastic load is negative indicating that flow leads pressure. 

The oscillatory response of any linear system is fully described at each frequen
cy by Ref and X, these two variables together defining its mechanical impedance. 

Ref and X of the respiratory system exhibit frequency dependencies which cannot 
be adequately interpreted in terms of a resistance-elastance combination. In particu-

lar, at frequencies greater than = 2Hz inertial properties of airways and tissues can
not be neglected. TheR-E model can be completed with an inertance (I) to account 
for these additional features. Figure 3 plots the two parts (Ref and X) of the imped
ance of a model made up of a series combination of a resistance (R = 3 hPa • s • 1- 1 ), 

an elastance (E = 10 hPa/1) and an inertance (I = 0.01 hPa • s2 • 1-1 ). Ref of this R-E-I 
model does not vary with frequency and coincides with that of theR-E combination 
(Ref= R). X is the addition of the inertial and elastic loads (X= 12nf- E/2n;f). At low 
frequencies the inertial load (12nf) is negligible and, therefore, X mainly reflects the 

elastic load (X = -E/2n;f) which is negative (flow leads pressure). At high frequen-
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cies X is positive (flow lags pressure) and mostly accounts for the inertial load. The 
frequency where elastic and inertial loads are compensated and X = 0 (flow is in 
phase with pressure) is called frequency of resonance (fr). 

Respiratory impedance 

In healthy subjects Ref = 2.5 hPa • s • I-I and varies little with frequency in the 

conventional forced oscillation range ( = 2 - 30 Hz). On the other hand, X shows a 

marked positive frequency dependence with fr = 8 Hz. Normal values of respira
tory impedance have been published recently [2, 3]. Respiratory impedance of 
healthy subjects exhibits a pattern similar to that of a R-E-I model (Fig. 3) and for 
this reason, it is usual to compute R, E and I by fitting the model to Ref and X 

measured between = 2 - 30 Hz. Fitted values of R and I are reasonable and inter
preted as the resistance and inertance of the total respiratory system. By contrast, 
E fitted from frequencies> 2Hz is substantially greater (about a factor of 3) than 
values reported at spontaneous breathing frequencies. This difference could 
reflect pendelluft and tissue viscoelasticity. 

Patients with airway obstruction show higher Ref with a marked negative fre
quency dependence and a shift in X to lower values with increased fr [4]. Studies 
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Fig. 3. Effective resistance and reactance of a model composed by a series combination of a 
resistance (R = 3 hPa • s • P ), an elastance (E = 10 hPa/1) and an inertance (I = 0.01 hPa o s2 o l-1) 
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in patients with restrictive lung diseases reported a similar pattern but with a 
smaller rise in Ref [5]. The negative frequency dependence of Ref has been attrib
uted to mechanical inhomogeneties between lung compartments [6], however, 
this could be in part due to extrathoracic airway shunt. To minimize this artefact 
Peslin et al. [7] suggested the application of pressure oscillations by means of a 
head generator. 

Lung impedance 

Oscillatory mechanics can be partitioned into lung and chest wall compartments 
by measuring pleural pressure with an oesophageal balloon [8]. Farre et al. [9] 
combined forced oscillation and breathing signals to measure lung impedance of 
healthy subjects in a frequency range extended down to spontaneous breathing 
frequencies. They observed a slight negative dependence of Ref of the lung at low 

frequencies ( = 0.2 - 2 Hz), which could be explained by lung tissue viscoelastici
ty. By using the same approach Navajas et al. [10] studied lung impedance in 

patients with obstructive disease and found a large Ref ( = 11 hPa • s • 1-1) which 
varied little between spontaneous breathing and forced oscillation frequencies. 

Respiratory impedance measurements in mechanically ventilated 
patients 

The most direct approach to measure respiratory impedance in mechanically 
ventilated patients would be to connect a standard pressure generator in parallel 
with the ventilator. However, this cannot be done because conventional loud
speakers do not withstand the high pressures produced by the ventilator. One 
solution is to disconnect the patient from the ventilator for a few seconds and 
apply pressure oscillations with a loudspeaker attached to the inlet of the endo
tracheal tube. By using this method Navajas et al. [ 11] measured total respiratory 
impedance from 0.25 to 32 Hz in anaesthetized paralysed patients. They found a 
strong negative frequency dependence of Ref between 0.25 and 2 Hz. At higher 
frequencies Ref showed a modest negative frequency dependence. They attributed 
the high values of Ref found at spontaneous breathing frequencies to chest wall 
viscoelasticity. To avoid disconnecting the patient from the ventilator, Navajas et 
al. [ 12] connected a standard pressure generator to the expiratory outlet of the 
ventilator. During the inspiratory phase the expiratory valve of the ventilator is 
occluded and, as a result, the loudspeaker is not subjected to the high pressures 
applied to the patient. During the expiratory phase the valve is opened and the 
pressure oscillation generated by the loudspeaker is transmitted to the patient 
through the expiratory tubing. This method allows us to measure respiratory 
mechanics during expiration by means of standard equipment in paralysed as 
well as in non-paralysed patients. To measure oscillatory mechanics during all 
the ventilatory cycle, Peslin et al. [ 13] designed a pressure generator based on a 
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loudspeaker enclosed in a small box and shunted by a tube. They measured respi
ratory impedance from 5 to 20 Hz in patients with acute respiratory failure with
out disturbing mechanical ventilation. These authors found large cyclic changes 
in Ref and X which were consistent with airflow nonlinearities and dynamic air
way compression, respectively. Therefore, measuring respiratory impedance at 
different points in the respiratory cycle may be helpful in assessing flow depen
dence of resistance and in detecting expiratory flow limitation in mechanically 
ventilated patients. 
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Chapter 22 

Experimental and clinical research to improve 
ventilation 

R.J. HouMES, D. GaMMERS, K.L. So, B. LACHMANN 

Introduction 

A common finding in patients with acute respiratory failure or acute lung injury 
(ALI) is a reduced lung distensibility (Fig. 1 ). It has been shown that this decrease 
in lung compliance is due to a disturbed pulmonary surfactant system, resulting 
in an increased surface tension. 

In turn, increased surface tension leads to an increase in retractive forces act
ing at the alveolar air-liquid interface which in turn leads to end-expiratory alve
olar collapse, atelectasis and an increase in right to left shunt, resulting in a 
decrease in PaOz. The only rational therapy to treat this condition consists of: 
1. counterbalancing the increased collapse tendency by applying positive airway 

pressure to prevent end-expiratory collapse (mechanical gas ventilation); 
2. decreasing alveolar surface tension by application of exogenous surfactant; 
3. eliminating the air-liquid interface by filling the lung with a fluid that is capa

ble of maintainig gas exchange at the alveolar capillary membrane. 
This paper will briefly review the rationale for these three therapeutic approaches. 

FLUID - filled 
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20 30 40 
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Fig. 1. Pressure-volume curves of three different situations in a lung. When the healthy 
lung is surfactant depleted the curve shifts to the ARDS-lung curve. When this ARDS-lung 
is filled with fluid (elimination of the alveolar air-liquid interface) the curve shifts to the 
fluid- filled curve 
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Improvement of ventilation by optimal ventilator settings 

Since its introduction into clinical practice more than 40 years ago, artificial ven
tilation has proven to be a life-saving method or therapy in intensive care. Yet it 
has remained a topic of much discussion and controversy as it involves a distur
bance to normal respiratory and cardiovascular function [2, 3, 4, 5]; that is why 
the adult respiratory distress syndrome (ARDS) may be, in part, a product of our 
therapy- rather than the progression of the underlying disease. 

To date no adequate explanation of the pathophysiologic basis of these 
changes caused by artificial ventilation has been documented. The main con
tributing factors which emerge from almost all the above-mentioned studies 
seem to be the ventilatory modes which fail to prevent partial (or complete) end
expiratory lung collapse combined with high pressure amplitudes during the ven
tilatory cycle. 

More than twenty years ago Mead et al. stated that: "at a transpulmonary 
pressure of 30 em HzO, the pressure tending to expand on atelectatic region sur
rounded by a fully expanded lung would be approximately 140 em H20" [6]. 

Such forces may be the major cause of structural damage (especially to bron
chiolar epithelium, alveolar epithelium and capillary endothelium) and may be 
the basis not only for formation of hyaline membranes but may also cause the 
release of mediators from the disrupted parenchyma, so triggering the patho
physiological mechanisms of ARDS [7]. 

During ventilation of patients with ARDS, who almost always have atelectatic 
lung regions, pressure differences of 30 em H20 or higher are quite common. We 
have to understand, however, that it is not the 30 em HzO pressure difference that 
damages the lungs but rather the resulting shear forces of more than 140 em H20 
which are responsible for the barotrauma. It must be concluded that in order to 
prevent lung damage due to high shear forces between open and closed lung 
units, only ventilation modes that result in an open lung and keep that lung open 
with the smallest possible pressure amplitudes should be used. 

The Laplace law (P=2g /r, where P is the pressure to stabilize a bubble/alveoli; 
g is surface tension at the air-liquid interface; r, the radius of the bubble/alveolus) 
offers an explanation as to why in ALI-lungs that are not prevented from end
expiratory collapse, high pressure amplitudes appear during the respiratory 
cycle. However, if this end-expiratory collapse is prevented and the functional 
residual capacity (FRC) is normal, the injured lungs can be ventilated with small 
pressure amplitudes (Fig. 2). 

In other words, to get a certain volume change in larger alveoli the necessary 
pressure changes are much smaller compared to alveoli which are collapsed or 
have a lower volume. It can further be derived from the law of Laplace that the 
pressure necessary to keep the alveoli open is smaller at a high FRC level. 
Therefore, the PEEP necessary to stabilize the end-expiratory volume can be 
minimized if the lungs are totally opened to an FRC level of a healthy lung. 

Another reason why the lung should be kept open is the fact that under cer
tain circumstances artificial ventilation affects the pulmonary surfactant system. 
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Fig. 2. Pressure-volume relation (P-V) 
showing the pressure needed to infla
te a total airless lung to the total lung 
capacity. B indicates the opening pres
sure (Po) which has to be overcome to 
inflate the lung. Once the lung is infla
ted to the FRC (C) only a pressure Pc 
is needed to stabilize this lung. A 
shows that without opening the lung, 
pressure Pc does not result in volume 
increase 

In normal healty lungs, during end-expiration the surfactant molecules are com
pressed on the small alveolar area (leading to a low surface tension or a high sur
face pressure) thus preventing the alveoli from collapse. If the surface of the alve
olus becomes smaller than the total surface of the surfactant molecules, the mole
cules are squeezed out of the surface and forced towards the airway and thus lost 
for the alveoli. During the following inflation of alveoli, the surface is replenished 
with surfactant molecules that were in the hypophase. During the next expira
tion, the same mechanism continues to work and surfactant molecules are forced 
into the airways; this a continuing cycle (Fig. 3) [8]. 
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Fig. 3. a: shows the balance between synthesis, 
release and consumption of surfactant in the 
healthy lung. The intrapulmonary pressures 
values to stabilize the lung are indicated. b: 
shows an imbalance between synthesis, release 
and consumption of surfactant due to artificial 
ventilation. At the beginning of inspiration, 
there exists an apparent deficiency of surfactant 
molecules but due to respreading of stored sur
factant molecules the surfactant layer is restored 
at end inspiration. c: shows the effect of deple
tion of the stored surfactant molecules due to 
continuous squeezing out of surfactant, resulting 
in a serious surfactant deficiency 
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With large tidal volume and/or high rates, surfactant molecules are lost into 
the airways rather rapidly, as demonstrated by Faridy [9]. 

This mechanism explains how loss of surfactant by artificial ventilation can be 
caused by the rhythmic compression (expiration) and decompression (inspiration) 
of the alveolar liming, especially when the compression is far below the static state 
of the surfactant layer, which is normal equal to or just above the FRC level [ 10 ]. 

Thus, to prevent loss of surfactant by artificial ventilation one should main
tain aeration of as large parts of the lung as possible without allowing either 
hyperdistention or lung collapse. 

Improving ventilation by exogenous surfactant 

Pulmonary surfactant is a complex of phaspholipids (80-90 o/o), neutral lipids (5-
10 o/o) and at least four specific surfactant-proteins (5-10 o/o) (SP-A, SP-B, SP-C 
and SP-D) syntesized and secreted from the alveolar type II cells, lying as a 
monolayer at the air-liquid interface in the lung [11, 12]. 

One of the functions of the pulmonary surfactant system is to lower the surface 
tension at the alveolar surface and small airways, which reduces the muscular effort 
necessary to ventilate the lungs and, due to this lowering of surface tension pre
vents end-expiratory collapse when, during expiration, the alveolar radius decreas
es [ 6, 12]. Surfactant also plays a role in maintaining the fluid balance in the lung 
and in the lung's defence against infection. In addition, surfactant, and in particular 
SP-A, enhance the antibacterial and antiviral defence of alveolar macrophages [ 13]. 

When considering the main physiologic functions of the alveolo-bronchial 
surfactant system (i.e. surfactant keeps the lungs open, surfactant keeps the lungs 
dry, surfactant keeps the lungs clean) it can easily be understood that alteration 
in its functional integrity will lead to: 
- decreased lung distensibility and thus to increased work of breathing and 

increased oxygen demand by the respiratory muscles; 
- atelectasis; 
- transudation of plasma into the interstitium and into the alveoli with decreased 

diffusion for 0 2 and COz; 
- inactivation of the surfactant by plasma and specific surfactant inhibitors; 
- hypoxaemia and metabolic acidosis secondary to increased production of 

organic acids under anaerobic conditions; 
- enlargement of functional right-to-left shunt due to increased perfusion of non

ventilated alveoli (the von Euler-Lijestrand reflex does not "work" in surfactant 
deficient alveoli); 

- decreased production of surfactant as a result of hypoxaemia, acidosis and 
hypoperfusion. This will lead to a vicious circle and the lung will fail as a gas 
exchange organ. 

The central role of surfactant deficiency can further be illustrated by recent 
studies in animal models of ARDS which demonstrated that exogenous surfac
tant instillation dramatically improved blood gases and lung mechanics. The 
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models of surfactant deficiency in which these improvements could be demon
strated include acute respiratory failure due in vivo whole-lung lavage, neuro
genic ARDS, respiratory failure after intoxication with N-nitroso-N-methy
lurethane or paraquat. Evidently, it is rational to administer exogenous surfactant 
in ARDS patients, but the question the arises why is this not yet a reality. 
Surfactant has been commercially available for neonates for about six years. 
Surfactant therapy in patients other than neonates with RDS is almost impossible 
due to the fact there is not enough surfactant available and current prices are too 
high (lg of surfactant costs about US $ 3,000-5,000). Therefore, only a few case 
reports have been performed up to now. (For review see [16]). 

The impact and importance of exogenous surfactant therapy was recently 
demonstrated by Gregory and colleagues [ 17]. 

Were the first to demonstrate decreased lung compliance and increased mini
mal surface tension in lung extracts from two ARDS patients. Since then, several 
studies have demonstrated qualitative and quantitative changes of surfactant in 
BAL fluid from ARDS patients (for review see [15]). Recently Gregory et al. 
demonstrated that several of these alteration already occur in patients at risk of 
developing ARDS, suggesting that these abnormalities of surfactant occur early in 
the disease process. 

Analyses of lung surfactant recovered in BAL from patients with ALI, or from' 
animal models of acute respiratory failure, demonstrate disturbances of the lung 
surfactant system. Reduction on surfactant activity is associated with increased 
minimal surface tension of lung extracts or lung homogenates, and composition
al changes of surfactant and/or decreased surfactant content of the lungs. 
Ashbaugh and colleagues [14]. In a pilot study on ALI, showing a reduction of 
mortality from 43.8 to 17.6 o/o by instillation of 400 mg surfactant per kg body 
weight. 

Thus, surfactant therapy seems a promising approach for the treatment of 
acute respiratory failure in ARDS and ARDS-like syndromes. However, from 
experimental and clinical experience, it has been seen that the impact on the 
magnitude of the response after exogenous surfactant therapy, depends not only 
on the course of the injury but also on the timing of surfactant therapy, the used 
dose of exogenous surfactant, the type of surfactant preparation, the ventilator 
settings of the mechanical ventilation; and especially the level of PEEP, and the 
method of administration surfactant which is important for its distribution. The 
rationale for giving surfactant is to improve ventilation by recruiting collapsed 
alveoli and to stabilize them with the applied ventilator settings. Thus, before 
exogenous surfactant therapy is applied, one has to evaluate by lung function 
tests whether or not sufficient parts of recruitable lung areas are still available. 
Thus, one should not give surfactant to patients with heavily consolidated and/or 
fibrotic lungs in which surfactant could not effectively improve lung function. As 
soon as surfactant preparations become more widely available at lower costs, tri
als should begin to define the role of surfactant treatment in adults. 
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Improving ventilation by eliminating the air-liquid interface 

In 1929 von Neergaard demonstrated that lungs that were collapsed would open 
up more readily if the effect of surface tension was completely nullified by using 
liquid rather than air as the expanding medium, i.e. by eliminating the alveolar 
gas-liquid interface [18] (Fig. I). 

In this respect, the findings of Clark et al. in 1966 were of utmost importance, 
which demonstrated the ability of healthy small mammals to successfully breathe 
while sumberged in oxygenated perfluorocarbon (PFC); moreover these animals 
could even be reconverted to air breathing [ 19]. 

These findings are explained by the special properties of PFCs: a high ability 
to dissolve respiratory gases and a low surface tension; furthermore, in the physi
ologic range PFCs do not show any in vivo metabolisation (Table 1). 

Table 1. Physical properties of some PFC liquids 

Perflubron FC-77 RM-101 

Density 1.92 1.75 1.77 
(g/ml) 

Vapor pressure 10.5 75 64 
(mmHg at 37°C) 

Surface tension 18 14 15 

(dynes/em) 

02 solubility 53 56 52 
(ml/100 ml) 

C02 solubility 210 198 160 

(ml/100 ml) 

Since this publication, extensive research has been performed to study the 
efficacy of PFCs in liquid breathing techniques; furthermore, it would be rational 
to apply these techniques in diseases characterized by high alveolar surface 
forces. 

Initial work was directed towards total fluid ventilation, using PFCs oxy
genated outside the body. This type of liquid ventilation is a process in which the 
gaseous FRC of the lung is filled with PFCs, and gas exchange is accomplished by 
pumping tidal volumes of PFCs in and out of the lung, which are guided through 
a membrane lung outside the body, where oxygen is added and C02 removed. 
Greenspan et al. successfully ventilated preterm using this principle [20]. 
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Besides its technical complexity, total liquid ventilation causes the movement 
of liquid tidal volumes through the airway and generates high viscous resistive 
forces, rendering the work of spontaneous liquid breathing prohibitive. 

Fuhrman et al. demonstrated the feasibility of liquid ventilation without the 
need of a modified liquid breathing system [21]. This technique combined intra
tracheal PFC administration with conventional ventilation, which brought the 
use of PFC for liquid ventilation closer to clinical practice. Fuhrman's group 
named this type of oxygenation: "in vivo bubble oxygenation". 

It is established that increased alveolar surface tension plays a central role in 
the pathophysiology of the respiratory distress syndrome of prematurity; fur
thermore, it is thought to contribute to lung dysfunction in ARDS [12, 16]. 
Therefore, our group investigated the efficacy of partial fluid ventilation in an 
animal model of acute respiratory failure. 

Thus, we were the first to demonstrated in adult animals with acute respirato
ry failure, using a combination of conventional mechanical ventilation and intra
tracheal PFC administration in increasing doeses (yet below FRC), that oxygena
tion can be improved in a dose-dependent manner at reduced airway pressure 
[22, 23] (Fig. 3). 

Subsequently, we further demonstrated in the same animal model, using the 
same technique yet with PFC doses approximating functional residual capacity 
volume, that pulmonary gas exchange was improved and maintained stable 
throughout the observation period at lower airway pressures; also respiratory 
lung compliance improved; discernible treatment-related alveolar damage was 
not seen on histological analysis [ 24]. 

From these studies we concluded that the dose-dependent improvement of 
gas exchange supported that large doses of PFC, approaching normal FRC of the 
animal, are required to correct hypoxia as fully as possible. On the other hand, 
respiratory system compliance and airway pressures can be improved even with a 
low dose of PFC, and further doses do not make significant changes in the lung 
mechanical properties of lung-lavaged animals. 

As for the different mechanisms involved, we proposed that even low doses of 
PFCs diminish the surface tension forces that oppose lung inflation, but that the 
space- occupying characteristics of the PFCs play a major role in its restoration 
of FRC and gas exchange (e.g. recruitment of previously collapsed alveoli, thus 
preventing end- expiratory collapse) (Fig. 4). 

The described studies demonstrate the feasibility of partial fluid ventilation 
in improving pulmonary gas exchange and respiratory mechanics in animals 
with ALI. Moreover this technique, considering the remarkable reductions in air
way pressures during partial fluid ventilation, appears to be an alternative modal
ity to minimize or prevent the progress of lung injury (e.g. ventilator-induced 
injury). Now clinical studies are warranted in order to investigate the clinical effi
cacy of this new technique. 
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Fig. 4. PaOz (top), and Peak airway pressure Peakawp at a PEEP of 6 em H20 (bottom), before 
lavage (BL), after lavage (0), and after treatment with perfluorocarbon (PFC) or saline. The 
bar represents the lavage procedure (L). Mean Pa02 increases significantly with each 
increasing dose of PFC, while in the saline group oxygenation, is severely impaired at the 
same ventilatory settings. Peakawp shows a significant drop from pretreatment values after 
the first PFC dose and remains stable during the study period, whereas in the saline treated 
group Peakawp remains at pretreatment values. (From [ 22]) 

Conclusion 

The forms of therapy discussed in this paper have been shown in experimental 
and clinical reports to be promising therapies for improvement of ventilation and 
to prevent and/or minimize the progress of lung injury in patients suffering from 
acute respiratory failure. 
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c,. 
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Est 
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F 
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Fmax 
FRC 
FVC 
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alveolar-arterial differencew of P02 
assisted control ventilation 
assisted mechanical ventilation 
assisted pressure control ventilation 

compliance 
chest wall compliance 
dynamic lung compliance 
lung compliance 
chronic obstructive pulmonary disease 
continue positive airway pressure 
respiratory system compliance 
static lung compliance 

additional elastance 
additional resistance 
volume change of the lung 
volume change of the chest wall 
additional work of the lung 

elastance 
dynamic elastance 
dynamic elastance of the lung 
dynamic elastance of the respiratory system 
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end expiratory lung volume 
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lung 

nucleus of tractus solitarius 

pressure 
airway occlusion pressure o.1 after onset of inspiration 
zero flow airway pressure 
plateau airway pressure 
alveolar pressure 
abdominal pressure 
partial pressure of COz in arterial blood 
pressure at the airway opening 
alveolar partial pressure of Oz 
partial pressure of Oz in arterial blood 
proportional assisted ventilation 
body surface pressure 
central venous pressure 
transmural central venous pressure 
mean transdiaphragmatic pressure 
peak airway pressure 
positive end expiratory pressure 
intrinsic positive end expiratory pressure 
dynamic intrinsic positive end expiratory pressure 
esophageal pressure 
end-tidal PCOz 
perflurocarbon 
muscles pressure 
pulmonary arterial pressure 
transmural pulmonary arterial pressure 
alveolar partial pressure C02 

pleural pressure 
resistive pressure 
static pressure of the lung 
static pressure of the respiratory system 
static pressure of the chest wall 
pressure support ventilation 
pressure-time product 
tracheal pressure 
partial pressure of COz in venous blood 
viscoelastic pressure 
partial pressure of Oz in venous blood 

hematic pulmonary volume 

resistance 
airway resistance 
effective resistance 
expiratory resistance 
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interrupter resistance og the lung 
interrupter resistance of the respiratory system 
interrupter resistance of the chest wall 
total pulmonary resistance 
minimal resistance 
minimal resistance of the lung 
minimal resistance of the respiratory system 
tissue resistance 
residual volume 
viscoelastic resistance 
total chest wall resistance 

saturation of hemoglobin with Oz in arterial blood 
synchronized intermittent mandatory ventilation 

time 
expiratory time 
inspiratory time 
duty cicle 
total lung capacity 
standard time constant of the respiratory system 
tension-time index 
total respiratory cycle time 
viscoelastic time constant 

volume 
vital capacity 
dead space 
relaxation volume 
tidal volume 
mean inspiratory flow 
ventilation-perfusion ratio 
expired minute ventilation 
flow 

work 
angular frequency 
airway resistive work 
dynamic work of the respiratory system 
inspiratory work of the respiratory system 
static inspiratory work of the respiratory system 
work of breathing 

impedance 
resoiratory impendance 
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resistance (Raw) 43 
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Airways 
occlusion pressure 7 
resistance (Raw) 203 
resistance 199 

Alveolar 
oxygen tension 138 
pressure 42 
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Breathing 167 
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C fiber receptors 4 
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Cardiac output 144 
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