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v

 Although in the last two decades most of the funds and efforts in respiratory research 
have been focused on cellular and molecular mechanisms, there are no doubts that 
a full understanding of the more “classical” respiratory mechanics at organ and 
system levels is far to be completely reached. 

 And understanding the mechanics of breathing is important. 
 As described by Peter Macklem in “A Century of the Mechanics of Breathing” 

(American Journal of Respiratory and Critical Care Medicine 170:10–15, 2004), the 
progresses in the knowledge of mechanics of breathing gained in the last century 
had an enormous impact in the clinical practice and allowed great benefi ts in terms 
of prevention, diagnosis and treatment of respiratory diseases. 

 For instance, the discovery of surfactant role, achieved by studies on alveolar 
mechanics, resulted in an extraordinary reduction in infant mortality from neonatal 
respiratory distress syndrome by suggesting treatments based on mechanical venti-
lation, corticosteroids and replacement of surfactant itself. In respiratory intensive 
care, the technological progress and intelligent use of mechanical ventilators during 
anaesthesia, that improved substantially the rate of survival in surgical interven-
tions, would have not been possible without a detailed knowledge of lung and chest 
wall mechanics. In lung volume reduction surgery for emphysema, suitable mechan-
ical models are of crucial importance for predicting the functional outcome during 
surgical planning and patient selection. Research in respiratory mechanics has 
allowed to highlight the abnormalities in obstructive sleep apnea and to propose the 
successful treatment by nasal continuous positive airway pressure. 

 We strongly believe that given the complexity of the respiratory system, further 
insights and improvements in clinical practice can only be obtained by an integra-
tive, multi-scale and multidisciplinary approach based on innovative technologies 
for measuring and investigating structure and function combined with computa-
tional models to process and interpret the available amount of data. 

 Solving the problem of asthma, the most prevalent respiratory disease in devel-
oped countries, will certainly require integration of knowledge from molecular and 
cellular biology on airway infl ammation and from biomechanics on how altera-
tion of airway geometry, load and structure and function of smooth muscles lead 
to excessive airway narrowing to identify the proper cure. A similar approach is 
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required for better understanding the mechanisms of loss of lung elastic recoil and 
peripheral airway obstruction in chronic obstructive pulmonary disease (COPD) 
and identifying proper means to prevent or arrest these processes. 

 This book was envisioned as a state-of-the-art description of the complexity in 
normal and pathological respiratory system, mainly observed from the point of view 
of the mechanics of the airways, lung and chest wall. It is intended as an occasion 
to spread new insights into the mechanics of breathing obtained by innovative meth-
ods of functional imaging of the respiratory system, together with new emerging 
concepts in physiology and pathophysiology. It is explained how these advances 
permit the assessment of emerging treatment approaches, including new drugs, 
innovative surgical techniques and modes of mechanical ventilation and new forms 
of rehabilitation. In order to ensure a comprehensive coverage of the subject, a mul-
tidisciplinary team of authors, comprising basic scientists in respiratory medicine, 
chest and intensive care physicians and bioengineers involved in both modelling 
and innovative technologies, was assembled. 

 The book is structured into four parts. In the fi rst part, eight chapters report last 
fi ndings on airway, lung and chest wall mechanics during spontaneous breathing at 
rest and during exercise, and how physiological aspects of mechanics of breathing 
are altered in presence of diseases, namely asthma, COPD, and acute lung injury 
(ALI). In the second part, established and emerging methods for assessing respira-
tory mechanics and, more generally, lung function are illustrated including: spirom-
etry, forced oscillations, optoelectronic plethysmography, gas washout, assessment 
of respiratory muscle perfusion, and dyspnea. 

 The third part offers an update on how thoracic functional imaging can provide 
new insights to the assessment of mechanics of breathing, particularly to study air-
way distensibility, regional ventilation, diaphragm displacement, and regional per-
fusion. The fourth part includes six chapters and reports an updated review on how 
different kinds of intervention (pharmacological treatment, rehabilitation, and inva-
sive and non-invasive mechanical ventilation) affect the mechanics of breathing in 
selected diseases. 

 This volume constitutes an updated and signifi cantly revised second edition of 
the book  Mechanics of Breathing:   Pathophysiology,   Diagnosis and Treatment , 
which was based on a series of lectures delivered during the post-graduate course 
“What is new in mechanics of breathing: implications for diagnosis and treatment”, 
held in Como, Italy, on April 2001. The present edition contains, in addition, a 
selection of lectures provided at the ERS Research Seminar “The Limits to Exercise 
in COPD: New Insights from New Methods”, held in Como, Italy, on September 
2007. The two chapters authored by Peter Macklem and Solbert Permutt, eminent 
scientists who have enormously contributed to a better understanding of different 
aspects of the mechanics of breathing and recently passed away, are reported inte-
grally as in the fi rst edition. This book is dedicated to them. 

 Milano, Italy Andrea Aliverti 
 Milano, Italy Antonio Pedotti  

Foreword
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1.1          Introduction 

 In order to breathe, we must continuously contract and relax our respiratory muscles 
about 30,000 times a day or a billion times for a lifetime of 90 years. That is quite a 
marathon that no other skeletal muscles are required to perform. These muscles 
move the parts of the chest wall that form the boundaries of the thoracic cavity, 
either enlarging or contracting its volume and thereby displacing air in and out of 
the lungs. What are the respiratory muscles and how do they accomplish their task? 

 Ignoring the upper airway muscles that contract to maintain airway patency, the main 
respiratory muscles are the diaphragm, the abdominal muscles, and the inspiratory and 
expiratory muscles of the rib cage, including the scalenes, sternocleidomastoids, and 
triangularis sterni. The compartments they displace are the rib cage and the abdomen. 
The rib cage can, in turn, be broken down into two compartments, the part that is apposed 
to the lung, the pulmonary rib cage, and the part apposed to the diaphragm, which forms 
the cephalad boundary of the abdomen, the abdominal rib cage [ 1 ].  

1.2    Actions of Individual Respiratory Muscle Groups 

 Let us consider the actions of the abdominal muscles. Among them, the rectus 
abdominis does not seem to be important for breathing. The most important is the 
transversus, while the obliques are probably both postural and respiratory. These 
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muscles form the anterolateral abdominal wall and insert into the costal margin, and 
thus can act on the abdominal rib cage [ 2 ]. When they contract by themselves, they 
displace the abdominal wall inward, compress the abdominal contents, increase 
abdominal pressure (Pab), and passively stretch the relaxed diaphragm. The increase 
in Pab is transmitted across the diaphragm, but reduced by whatever passive trans-
diaphragmatic pressure (Pdi) is present, to increase pleural pressure (Ppl) and 
thereby infl ate the pulmonary rib cage, while defl ating the lung [ 3 ]. Thus, the vol-
ume displaced by the cephalad displacement of the diaphragm, which equals the 
volume swept by inward displacement of the abdominal wall, is greater than 
the increase in thoracic volume due to pulmonary rib cage expansion. The actions 
of the abdominal muscles on both the lungs and abdomen are purely defl ationary. 
They are expiratory muscles. 

 Their action on the rib cage is considerably more complex. The passively 
stretched costal diaphragmatic fi bers that originate from the costal margin exert an 
infl ationary action on the abdominal rib cage, as does the increase in Pab that is 
transmitted through the diaphragm to its inner surface. However, any tension trans-
mitted from the abdominal muscles that are also attached at the costal margin would 
tend to defl ate it. The resulting forces acting on the pulmonary and abdominal parts 
of the rib cage are likely to be different, producing a distortion of the rib cage away 
from its relaxation confi guration. To the extent that the rib cage resists bending, 
there will be an interaction between the two rib cage compartments tending to mini-
mize distortions [ 1 ,  4 ]. While almost certainly both rib cage compartments expand, 
the displacements and distortions between the two rib cage compartments have not 
yet been studied in detail. 

 Now let us see what happens when the inspiratory muscles of the rib cage con-
tract in isolation. These muscles, of which the most important are the scalenes and 
parasternal muscles, also include whichever external intercostals that are acti-
vated during breathing and the sternocleidomastoids. These muscles insert almost 
exclusively into the pulmonary rib cage, the caudal border of which is marked by 
the cephalad extremity of the area of apposition of the diaphragm to the rib cage. 
This border extends transversely around the rib cage at the level of the xiphister-
num. While it is true that the external intercostal muscles extend well into the 
abdominal rib cage, they do not play much of an inspiratory role, except perhaps 
when ventilating at maximal breathing capacity. As ventilation increases, these 
muscles are activated from above downward, so that it is only at very high levels 
of ventilation that the external intercostals attached to the abdominal rib cage 
contract [ 5 ]. 

 Contracting the inspiratory rib cage muscles therefore has a direct action to 
expand the rib cage, making Ppl more negative, infl ating the lung, and sucking the 
diaphragm in a cephalad direction, passively stretching it. Because the diaphragm is 
relaxed, the negative Ppl is transmitted to the abdomen, so that Pab also falls, but not 
by quite as much as Ppl, because of the passive Pdi resulting from the stretching of 
the diaphragmatic fi bers. The fall in Pab displaces the abdomen inward and thus is 
expiratory to this compartment. However, the net effect on the whole chest wall is 
inspiratory; hence, the expiratory displacement of the abdominal wall, which equals 
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the cephalad displacement of the diaphragm, is not as great as the inspiratory dis-
placement of the pulmonary rib cage. Again the effects on the abdominal rib cage 
and the abdomen are not straightforward. The fall in Pab exerts a defl ationary pres-
sure on the abdominal rib cage, while the passive stretching of the diaphragm and 
the infl ation of the pulmonary rib cage both tend to expand it. While the net effect 
is infl ationary, the precise displacements and distortions have not been accurately 
measured yet. However, the abdominal rib cage and the abdomen move in opposite 
directions. There is little interaction between these two compartments [ 6 ], but under 
these circumstances the abdomen does not move with a single degree of freedom. 
The part of the abdominal wall immediately adjacent to the costal margin is “tented” 
by the abdominal rib cage and moves outward with it, while the rest of the abdomi-
nal wall moves inward [ 7 ]. This happens to a greater extent than with abdominal 
muscle contraction when the tensing of these muscles minimizes abdominal wall 
distortions. 

 What happens when the diaphragm, often referred to as the most important 
respiratory muscle, is the only muscle contracting? The diaphragm’s connections 
with the rib cage are all at the costal margin on ribs 7–12 in the abdominal rib 
cage (except for a tiny slip at the bottom of the sternum). Thus, it has only a mini-
mal action on the pulmonary rib cage. When it contracts, its fi bers exert a force 
on the central tendon, which is displaced caudally compressing the abdominal 
contents, increasing Pab, and displacing the abdominal wall outward. At the 
same time the fi bers originating from the costal margin exert a cephalad force on 
the abdominal rib cage through ribs 7–12, and this is augmented by the increase 
in Pab acting in the area of apposition of diaphragm to the inner surface of the 
abdominal rib cage. The purpose of diaphragmatic contraction is to develop a 
pressure difference across the muscle so that as Pab increases, Ppl decreases, 
thereby infl ating the lung. Thus, the action of the diaphragm on the abdomen and 
the lung is purely inspiratory, but the decrease in Ppl is expiratory to the pulmo-
nary rib cage. If the diaphragm contracts against a closed glottis when to a close 
approximation chest wall and lung volume remain constant, the pulmonary rib 
cage is displaced inward as the abdomen is displaced outward. While the increase 
in Pab and the tension developed in the costal fi bers act to expand the abdominal 
rib cage, this is almost exactly counterbalanced by the expiratory displacement 
of the pulmonary rib cage and the resistance of the rib cage to bending, so that no 
net movement of the abdominal rib cage occurs and considerable rib cage distor-
tion takes place [ 4 ,  8 ]. 

 The motions occurring when the diaphragm is the only muscle contracting and 
air is free to fl ow into the lung have not been studied yet with precision, but it is 
likely that signifi cant rib cage distortions would take place. The pulmonary rib cage 
would be caught between the expiratory force of the fall in Ppl acting over its whole 
inner surface and the inspiratory action of the expanding abdominal rib cage taking 
the pulmonary rib cage with it. As most of the force developed by the diaphragm on 
the rib cage would go into distorting it, and only a small fraction into expanding it 
[ 8 ], this would be an ineffi cient way to breathe. Rib cage distortions are costly 
[ 4 ,  8 ], so a good way to breathe is to avoid them altogether.  

1 The Act of Breathing
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1.3    Quiet Breathing at Rest 

 Normally, humans breathe both at rest and during exercise, in a way that the rib cage 
does not distort [ 8 ]. The undistorted confi guration of the pulmonary and abdominal 
rib cage compartments occurs when the pressure acting on both compartments is the 
same. This occurs during relaxation with all muscles relaxed and Ppl is equal to Pab. 
During quiet breathing at rest, equal pressures acting on both compartments require 
that the inspiratory rib cage muscles contract to the extent that the net infl ationary 
pressure acting on the pulmonary rib cage is identical to the net infl ationary pressure 
produced by the agencies acting on the abdominal rib cage. If xPdi is that fraction 
of Pdi which acts directly on the abdominal rib cage to expand it, and the pressures 
developed by the inspiratory rib cage muscles is Prcm, then for the pressures to be 
equal during inspiration on both compartments:

  Prcm + Ppl = Pdi + Pab Pabmx y−    ( 1.1 )    

  The left-hand term is the sum of the pressures acting on the pulmonary rib cage, 
including the defl ationary action of Ppl, while the right-hand term is the sum of the 
pressures acting on the abdominal rib cage, including the action of Pab acting in the 
area of apposition of the diaphragm to the abdominal rib cage. In the upright posi-
tion, at least, the abdominal contents passively stretch the abdominal muscles. As 
they insert into the abdominal rib cage, they have a defl ationary action on this com-
partment represented by − yPabm, where y is the fraction of the passive pressure 
developed by the stretched abdominal muscles on the abdominal rib cage. 
Rearranging,

    
Prcm = + l Pdi Pabmx y( ) −    ( 1.2 )    

  This assumes that expiratory muscles do not act (except passively) during quiet 
breathing. This is the case [ 8 ]. The inspiratory rib cage muscles must overcome the 
defl ationary action of the fall in Ppl on the pulmonary rib cage and develop an infl a-
tionary pressure equal to the combined effects of the direct action of the diaphragm 
and Pab, minus the defl ationary pressure developed by the passively stretched 
abdominal muscles on the abdominal rib cage. The fact that the measured Prcm is 
only about half of Pdi during quiet breathing suggests that yPabm is substantial.  

1.4    Breathing During Exercise 

 A quite different pattern of breathing emerges during exercise. As soon as exercise 
starts, there is an immediate recruitment of expiratory muscles, even at zero work-
load [ 9 ]. The abdominal muscles are the main ones recruited; the expiratory rib cage 
muscles are recruited to a lesser extent. The expiratory muscles are recruited cycli-
cally, starting at the beginning of expiration, and increasing the pressure that they 
develop throughout expiration, which reaches its maximal value at end-expiration. 
Then they do not relax right away, but counterintuitively relax slowly throughout 
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inspiration (Fig.  1.1 ). This results in a Pab that is high at the beginning of inspira-
tion, but falls progressively throughout inspiration, in striking contrast to breathing 
at rest when Pab increases throughout inspiration [ 9 ].

   Evidently as soon as exercise starts, there is an immediate change in the central drive 
to the respiratory muscles. This drive activates the muscles to produce power, the prod-
uct of the fl ow they generate and the pressure they produce. But how this power is par-
titioned between fl ow and pressure is not determined by the central drive; it is a unique 
function of the load the muscle acts against. During breathing at rest, when Pab rises 
throughout inspiration, this load on the diaphragm increases continuously. Furthermore, 
Ppl decreases continuously throughout inspiration. The increase in Pab and decrease in 
Ppl represent the interaction between the activation of the diaphragm produced by the 
central drive and the elastic loads of the lung and chest wall that the diaphragm is acting 
against. For a given degree of activation, as these loads increase during inspiration, more 
of the central drive to the diaphragm is converted into Pdi and less is converted into fl ow. 

14.0
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  Fig. 1.1    Pressure volume diagram of the abdomen during relaxation, during quiet breathing, and 
during various levels of exercise [ Vab  volume displaced by the abdominal wall,  Pga  gastric pres-
sure, used as an index of abdominal pressure ( Pab )]. The  straight  line with a positive slope at lower 
values of Vab and bending to the right at high Vab is the relaxation pressure volume curve of the 
abdomen, and  Pabw  is the elastic recoil pressure of the abdomen. The  heavy curve  along the relax-
ation line ending in the  open circle  is the abdominal pressure volume curve during quiet breathing. 
The  curved lines  with negative slopes are dynamic abdominal pressure volume curves during vari-
ous levels of exercise. The  open circle  at the bottom end of the largest of these curves is a zero fl ow 
point at end-expiration. The upper  open circle  is a zero fl ow point at end-inspiration. The pressure 
generated by the abdominal muscles ( Pabm ) at any Vab is the horizontal distance between the 
relaxation and dynamic curves at that Vab (From Aliverti et al. [ 9 ], modifi ed)       
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 Quite the opposite situation is true during exercise. The decrease in Pab during 
inspiration parallels the decrease in Ppl. If ΔPab equals ΔPpl, then the diaphragm 
would contract isotonically. It would have to develop a Pdi that equaled Pab-Ppl, 
either actively or passively, but then merely maintain that Pdi constant during inspi-
ration. The elastic loads disappear. 

 During exercise the conditions for no rib cage distortion are the same as in 
Eq.  1.2 , except that Pabm is both active and passive. Expressing Eq.  1.2  in terms of 
changes,

   
Δ Δ ΔPrcm = +1 Pdi Pabmx y( ) −    ( 1.3 )    

  Prcm now includes both inspiratory and expiratory rib cage muscles. Probably 
the most important expiratory rib cage muscle is the triangularis sterni, which origi-
nates from the lateral border of the sternum and runs axially and laterally in a cepha-
lad direction to insert into the lower border of the ribs of the pulmonary rib cage. 
The condition for both lack of rib cage distortion and isotonic diaphragm contrac-
tion is obtained by setting ΔPdi = 0 in Eq.  1.3 :

   Prcm Pabm= y−    ( 1.4 )    

  Equation  1.4  states    that a simple control system by which the central drive to the 
combined inspiratory and expiratory rib cage muscles is exactly 180° out of phase 
with the drive to the abdominal muscles, with a constant of proportionality equal to 
y, accomplishes two remarkable phenomena: it prevents costly rib cage distortions 
and removes the elastic load from the diaphragm [ 9 ]. Removing the elastic load 
allows more of the diaphragmatic activation to be converted into fl ow and less into 
pressure; that is, during exercise the diaphragm acts as a fl ow generator, whereas at 
rest it acts as a pressure generator [ 9 ]. The plot of Prcm versus Pabm during exercise 
is shown in Fig.  1.2  and confi rms that the pressures developed by these two muscle 
groups are, in fact, nearly 180° out of phase.

   This explains a puzzling feature of the diaphragm’s role in exercise. From breath-
ing at rest to zero load exercise, Pdi actually falls, and at maximal exercise workload 
Pdi is only about double what it is during breathing at rest, while the pressures 
developed by the rib cage and abdominal muscles increase, much more than Pdi 
does [ 9 ]. What has happened to the diaphragm’s vaunted role as the most important 
respiratory muscle? It is acting as a fl ow generator of course. Because it is unloaded, 
most of its power is expressed as fl ow and little is expressed as pressure. The 
increase in diaphragmatic power with exercise workload is just as great as the 
increase in power of the rib cage and abdominal muscles [ 9 ]. Looking at pressures 
alone gives a very misleading picture. 

 In addition to preventing rib cage distortions and allowing the diaphragm to act 
as a fl ow generator, the abdominal muscles play another important role: end- 
expiratory lung volume progressively decreases as exercise workload increases. 
This allows elastic energy to be stored in the system below functional residual 
capacity, which can be released to perform useful external work during inspiration. 
Furthermore, the reduction in end-expiratory lung volume is entirely accomplished 
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by a reduction in the volume of the abdominal compartment; there is no decrease in 
the volume of the rib cage at end-expiration [ 9 ]. As the volume of the abdomen is 
the main determinant of diaphragmatic fi ber length, its inward displacement length-
ens the diaphragm fi bers, allowing it to generate more power for a given degree of 
central activation. 

 To summarize, there are three sets of respiratory muscles, namely, the diaphragm, 
the abdominal muscles, and the rib cage muscles. Each has a unique action on the 
three compartments comprising the chest wall, namely, the pulmonary or lung- 
apposed rib cage, the abdominal or diaphragm-apposed rib cage, and the abdomen. 
Although it is possible to breathe with only one or other of these three, isolated 
contraction of each has unwanted effects on at least one of the compartments. To 
prevent these effects, coordinated recruitment of two or three sets of muscles is 
required. During breathing at rest, this is accomplished by the coordinated activity 
of the diaphragm and inspiratory rib cage muscles. Normally no expiratory muscles 
are used. During exercise, the abdominal muscles, and to a lesser extent the expira-
tory rib cage muscles, are immediately recruited. The abdominal muscles in concert 
with the rib cage muscles play a double role of preventing costly rib cage distortions 
and unloading the diaphragm, so that it acts as a fl ow generator while the rib cage 
and abdominal muscles take on the task of developing the pressures required to 
move the rib cage and abdomen, respectively. The abdominal muscles play a third 
role in decreasing end-expiratory lung volume by decreasing the volume of the 
abdomen. This stores elastic energy in the respiratory system that can be released 
during inspiration to perform useful external work. It also lengthens diaphragmatic 
fi bers so that they develop more power for a given level of activation.     
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2.1  Introduction

This chapter describes the mechanical and metabolic costs of meeting the  ventilatory 
requirements of exercise in healthy humans. We also deal with whether the respira-
tory muscles fatigue during exercise, what factors contribute to any such respiratory 
muscle fatigue, what the implications of these factors are for blood flow distribution 
and endurance exercise performance, and whether it is possible to overcome these 
potential respiratory limitations.

2.2  What Are the Ventilatory Costs of Exercise?

During whole-body exercise the respiratory control system functions to increase 
alveolar ventilation to a level sufficient to regulate arterial blood-gas tensions and 
acid–base balance at or near resting levels while minimizing the mechanical work 
performed by the respiratory muscles. These ventilatory demands are met by 
increases in tidal volume and airflow, requiring increases in negative intrapleural 
pressure. The peak dynamic pressure generated by the inspiratory muscles expressed 
relative to the subjects’ ability to generate pressure at the lung volumes and flow 
rates adopted during maximal exercise is only 40–60 % in moderately fit 
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individuals [1]. In contrast, endurance-trained subjects elevate peak dynamic 
 inspiratory  muscle pressure to 90 % of capacity or greater [1].

The O2 consumption of the respiratory muscles ( rmOV 2 )  during exercise 
increases progressively relative to minute ventilation ( VE ). However, the relation-
ship is concave upward, i.e., a greater increment in VrmO2  is required to establish a 
given increase in VE  as work rate increases [2]. The VrmO2  during near-maximal 
exercise requires approximately 10 % of VO2 max  for moderately fit subjects, whereas 
in highly fit subjects at higher peak work rates and VE , the VrmO2  approaches 15 % 
of VO2 max  [3]. Respiratory muscle perfusion naturally plays an important role in 
determining VrmO .2  By measuring the reduction in cardiac output achieved via 
mechanical ventilation, Harms et al. [4] estimated that the respiratory muscle work 
under normal physiological conditions at maximal exercise in fit subjects requires 
approximately 16 % of the cardiac output to be directed to the respiratory muscles to 
support their metabolic requirements (Fig. 2.1). These indirect estimates in humans 
are in agreement with microsphere studies in the exercising pony, which show large 
increases in blood flow to both inspiratory and expiratory muscles amounting to 
approximately 16 % of total cardiac output during maximal exercise [5].

Nevertheless, the quantitation of respiratory muscle blood flow during exercise 
in the human remains controversial. Recent estimates of “trunk and head” blood 
flow based on the difference between cardiac output and flow to the arms plus legs 
(measured with dye dilution via catheterization of the subclavian and femoral veins) 
suggest that the lumped structure of the head, neck, heart, abdomen viscera, kidney, 
respiratory muscles, and gluteal muscles receives about 20 % of the cardiac output 
and 15 % of the VO2  during maximal upright cycling exercise [6]. These data 
would attribute a substantially less than 15 % share of the cardiac output to the 
respiratory muscles. One problem not yet addressed in any study is the identifica-
tion of all muscles – in the chest wall, abdomen, upper back, and shoulders – which 
are actually engaged (both dynamically and as fixators) in producing the hyperpnea 
accompanying heavy exercise.

2.3  Do the Respiratory Muscles Fatigue with Exercise?

Muscle fatigue has been defined as “a condition in which there is a loss in the capac-
ity for developing force and/or velocity of a muscle, resulting from muscle activity 
under load and which is reversible by rest” [7]. Respiratory muscle fatigue thus 
defined and its significance to whole-body exercise performance were poorly docu-
mented and had generated little interest before the late 1970s. The seminal paper of 
Roussos and Macklem [8], however, illustrated that the diaphragm under resistive 
load exhibits task failure in a fashion similar to that expected of any other skeletal 
muscle.

More recently, nerve stimulation techniques have been used to provide objective 
evidence of exercise-induced respiratory muscle fatigue. In subjects with a wide 
range of fitness performing sustained exercise for more than 8–10 min at intensities 
greater than 80–85 % of VO2 max ,  reductions of 15–30 % in the transdiaphragmatic 

L.M. Romer and J.A. Dempsey



13

pressure response to supramaximal stimulation of the phrenic nerves were consis-
tently obtained across a wide range of lung volumes and stimulation frequencies 
(1–100 Hz), and persisted for 1–2 h after exercise [9, 10]. These findings of dia-
phragmatic fatigue obtained at end-exercise have been confirmed using phrenic 
nerve stimulation “during” exercise, showing that significant fatigue occurs early 
during sustained, heavy exercise [11]. Like the diaphragm, the abdominal muscles 
are also susceptible to peripheral fatigue after sustained, heavy exercise 
(>90 % VO2 max),  as demonstrated by 15–25 % reductions in the gastric pressure 
response to stimulation of the thoracic nerves [12].
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Fig. 2.1 Distribution of cardiac output at VO2 max . Left panel: distribution of total cardiac output 
among legs, respiratory muscles, and other metabolically active tissues (skin, heart, brain, kidneys, 
and liver) at VO2 max . Respiratory muscle blood flow at VO2 max  was assumed to be equal to the 
fall in cardiac output obtained with respiratory muscle unloading at VO2 max  and extrapolated to 
zero work of breathing. Right panel: total cardiac output and leg blood flow were measured under 
control conditions (normal work of breathing), with respiratory muscle unloading (low work of 
breathing) and with respiratory muscle loading (high work of breathing). Total blood flow was 
significantly lower with unloading and unchanged with loading, whereas leg blood flow and vas-
cular conductance were significantly increased with unloading and decreased with loading (Data 
from Harms et al. [4, 26])
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2.4  What Are the Factors Contributing to Respiratory 
Muscle Fatigue?

There appear to be two general causes of exercise-induced diaphragmatic fatigue, 
namely, one cause attributable to the force production by the diaphragm itself and a 
second due to the effects of whole-body exercise, per se. Babcock et al. [13] exam-
ined the role that diaphragmatic pressure generation played in the fatigue process 
independent of the whole-body “exercise effect.” Subjects who demonstrated 
exercise- induced diaphragmatic fatigue were required to mimic at rest the essential 
mechanical components of breathing during exercise as well as the diaphragmatic 
pressure production for an identical time period as produced during exercise at 
95 % of VO2 max.  This mimicking protocol caused a less than 10 % decline in evoked 
diaphragmatic pressure. Furthermore, sustained force outputs of the diaphragm that 
were 1.5–2 times those normally experienced during exhaustive exercise were 
required to cause diaphragmatic fatigue when the subject was in the resting state 
and increased ventilation voluntarily. These data show that the influence of whole- 
body exercise on diaphragmatic fatigue is substantial. We believe that this whole- 
body exercise effect is likely due to less blood flow availability to the diaphragm 
during exercise (vs. hyperpnea during the resting state) in the face of high blood 
flow demands by the locomotor muscles.

A second study showed that greatly reducing the force output of the diaphragm 
during exhaustive prolonged exercise prevented exercise-induced diaphragmatic 
fatigue [14]. Thus, while the force output of the diaphragm experienced during 
exercise was insufficient to cause fatigue in the absence of locomotor muscle force 
output, it was critical to the development of diaphragmatic fatigue in the presence 
of whole-body exercise. These findings were consistent with the additional observa-
tion that the effect of exhaustive high-intensity whole-body exercise, per se, did not 
elicit fatigue in non-exercising muscles of the hand [13].

Based on the evidence summarized above, we postulate that the development of 
diaphragmatic fatigue during exercise is a function of the relationship between the 
magnitude of diaphragmatic work and the adequacy of its blood supply: the less 
blood flow is available, the less diaphragmatic work is required to produce fatigue. 
In healthy subjects of varying fitness levels [15], an imbalance of muscle force out-
put versus blood flow and/or O2 transport availability to the diaphragm which favors 
fatigue appears to occur during exhaustive endurance exercise only when either the 
relative intensity of the exercise exceeds 85 % of VO2 max  [9] or arterial hypoxemia 
is present [16].

2.5  What Are the Consequences of Respiratory Muscle 
Fatigue?

2.5.1  Effects on Exercise Performance

Experiments that have deliberately fatigued the respiratory muscles prior to exercise 
using either voluntary hyperpnea [17, 18] or resistive loading [19, 20] have noted a 
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decrease [17, 18, 20] or no change [19] in time-to-exhaustion during subsequent 
short-term, heavy exercise; the influence of fatigue upon more prolonged exercise 
remains untested. On balance, these findings suggest that there is potential for respi-
ratory muscle fatigue to impair short-duration, high-intensity exercise performance. 
A potential limitation of pre-fatigue studies, however, is that the number and type of 
motor units recruited during loaded breathing may be substantially different than 
during subsequent exercise. There may also be an effect of prior fatigue on the 
breathing pattern during subsequent exercise, such that any changes in exercise per-
formance could be due to changes in exertional dyspnea. Furthermore, it is difficult 
to determine the contribution of subject expectation because it is impossible to pla-
cebo the pre-fatigue condition.

Several studies have noted increases in exercise capacity with partial unloading 
of the respiratory muscles using either low-density gas mixtures [21] or propor-
tional assist mechanical ventilation [22]. For example, mechanical unloading of the 
respiratory muscles by over 50 % of their total inspiratory and expiratory work dur-
ing heavy exercise (>90 % of VO2 max)  prevented diaphragmatic fatigue [14] and 
resulted in a statistically significant 14 % increase in exercise time-to-exhaustion in 
trained male cyclists, with reductions in oxygen uptake and the rate of rise in per-
ceptions of respiratory and limb discomfort [22] (Fig. 2.2). Other studies have not 
found a significant effect of respiratory muscle unloading on exercise capacity in 
less fit subjects [23–25], although these studies were conducted at lower relative 
exercise intensities, and the respiratory muscle unloading did not affect oxygen 
uptake. Collectively, these findings suggest that the work of breathing normally 
encountered during heavy sustained exercise has a significant influence on exercise 
performance.

2.5.2  Cardiorespiratory Interactions

2.5.2.1  Respiratory Muscle Metaboreflex
Perhaps the most likely aspect of respiratory muscle work limiting exercise per-
formance is a reflex effect from fatiguing respiratory muscles which increases 
sympathetic vasoconstrictor outflow and compromises perfusion of limb muscle 
during prolonged exercise, thereby limiting its ability to perform work. Harms 
et al. [26] used a proportional assist ventilator to decrease the work of breathing 
in endurance- trained cyclists exercising at greater than 80 % of VO2 max.  An 
increase in limb blood flow was observed commensurate with a 50–60 % decrease 
in the work of breathing. Conversely, when the work of breathing was increased 
by a comparable amount, limb blood flow and vascular conductance fell (Fig. 2.1). 
It seems likely that the local reductions in vascular conductance were sympatheti-
cally mediated because these changes correlated inversely with changes in norepi-
nephrine spillover across the limb. When the study was repeated at an exercise 
intensity of only 50–75 % of VO2 max,  changes in limb blood flow, vascular con-
ductance, and norepinephrine spillover did not occur, even though changes in 
respiratory muscle work were still sufficient to alter oxygen uptake and cardiac 
output [27].
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What caused these sympathetically mediated changes in limb vascular conduc-
tance when respiratory muscle work was altered during maximal exercise? We pos-
tulate that reflex mechanisms of sympathoexcitation are triggered by metaboreceptors 
in the diaphragm and expiratory muscles that begin to accumulate metabolic end 
products during heavy exercise when cardiac output is insufficient to adequately 
meet the high metabolic requirements of both respiratory and limb musculature. 
Evidence in support of this postulate is fourfold. First, diaphragmatic fatigue caused 
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a time-dependent increase in multiunit activity in small diameter phrenic afferents 
in anesthetized cats [28, 29] and in single-unit activity in group IV afferents in anes-
thetized rats [30]. Second, electrical or pharmacological stimulation of thin-fiber 
phrenic afferents in anesthetized animals using capsaicin, bradykinin or lactic acid 
injections, or diaphragm muscle ischemia elicited increases in efferent sympathetic 
nerve activity and/or vascular resistance in several vascular beds, including the limb 
musculature and renal and coronary vasculature [31–33]. Third, in the resting or 
mildly exercising canine, infusing lactic acid into the phrenic artery and diaphragm 
caused vasoconstriction and reduced blood flow in the contracting limb muscle, and 
this vasoconstrictive effect was prevented via adrenergic blockade [34]. Finally, in 
a series of studies in humans, high-intensity contractions of the diaphragm [35] or 
expiratory muscles [36] against airway resistance to the point of task failure and/or 
fatigue caused a time-dependent increase in muscle sympathetic nerve activity 
(MSNA) in the resting leg, despite a corresponding increase in systemic blood pres-
sure. This time-dependent increase in MSNA was accompanied by a significant 
decrease in limb vascular conductance and limb blood flow along with an increase 
in mean arterial pressure and heart rate [37] (Fig. 2.3). A similar time-dependent 
increase in ulnar nerve MSNA elicited via voluntary increases in inspiratory muscle 
work has recently been shown during cycling exercise [38].

To determine the precise mechanisms responsible for these time-dependent 
increases in MSNA and vascular responses, additional experiments were conducted 
to differentiate the potential effect of diaphragmatic fatigue from associated changes 
in lung volume, intrathoracic pressure, mechanical deformation of muscle, and cen-
tral respiratory motor output, all of which accompanied the fatiguing voluntary 
respiratory efforts carried out to task failure. These potential excitatory effects on 
MSNA were ruled out by showing no effect of non-fatiguing voluntary increases in 
central respiratory motor output per se and a vasodilatory effect of increasing tidal 
volume by itself [35, 36]. Furthermore, the increase in MSNA was gradual and time 
dependent and was not evident at the initiation of the fatiguing trial despite marked 
increases in effort, diaphragmatic force production, and negativity of intrathoracic 
pressure. A more recent study using multiple trials of gradually increasing inspira-
tory effort showed that limb vasoconstriction only occurred when the rhythmic con-
tractions of the diaphragm were of sufficient force and frequency to cause fatigue 
[39]. Thus, the apparent threshold for activation of MSNA from rhythmic respira-
tory muscle contractions was surpassed, not at a specific intensity of muscle force 
output, but only by respiratory muscle fatigue or at least a regimen of rhythmic 
muscular contractions that was likely sufficient to cause significant accumulation of 
muscle metabolites.

Collectively, the MSNA and blood flow data in humans and animals studied at 
rest and during exercise suggest that significant respiratory muscle metabolite accu-
mulation will evoke a metaboreflex effect, which increases sympathetic vasocon-
strictor outflow to limb locomotor muscle (Fig. 2.4), and perhaps explain the 
observed effects of changes in respiratory muscle work on limb vascular conduc-
tance, blood flow, and fatigue during maximal exercise [26, 40].
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Fig. 2.3 Upper panel (a): effects of fatiguing the diaphragm on muscle sympathetic nerve activity 
(MSNA) in the resting leg in one representative subject during eupnea and diaphragmatic breathing 
at 60 % of maximum inspiratory mouth pressure (MIP) with a TITTOT = 0.7 and fb = 15 breaths/min. 
Note that the frequency and amplitude of MSNA were unchanged at the onset of increased dia-
phragmatic force output but increased thereafter in a time-dependent manner. Lower panel (b): 
beat-by-beat velocity of femoral artery blood flow (VTI velocity time integral) in the resting leg in 
one representative subject during eupnea and fatiguing diaphragmatic work at 60 % MIP with a 
TITTOT = 0.7 and fb = 15 breaths/min and during recovery. Femoral artery diameter was unchanged 
during the experiment; therefore, any changes in measured blood velocity reflected those in blood 
flow. Note that leg blood flow decreased and leg vascular resistance increased during fatiguing dia-
phragmatic work, despite an increase in MAP (Data from St. Croix et al. [35] and Sheel et al. [37])
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2.5.2.2  Intrathoracic Pressures and Cardiac Output
In exercising humans and dogs, reducing the negativity of inspiratory intrapleural 
pressure reduces right ventricular preload and stroke volume in health [4]. On the 
other hand, increasing expiratory threshold pressure reduces stroke volume – pre-
sumably because left ventricular afterload is increased – thereby reducing transven-
tricular pressure differences which would slow the rate of ventricular filling during 
diastole [41, 42]. Further, increasing abdominal versus intrathoracic pressure with 
predominantly diaphragm versus ribcage inspirations, respectively, has marked 
cyclical effects on femoral venous return from the limbs at rest and even during mild-
intensity leg exercise [43]. Understanding how the cardiovascular effects of isolated 
alterations in pressures during various phases of the respiratory cycle translate into 
the complex effects of breathing during whole-body exercise will be a formidable 
task – especially in the elite athlete ventilating in excess of 150 l/min who experi-
ences expiratory flow limitation, positive expiratory pressures which often exceed 
the critical closing pressure of the airways, and hyperinflation with inspiratory pres-
sures that are approaching the limits of the dynamic capacity of the inspiratory mus-
cles [1]. Equally intriguing and clinically relevant is why reducing the magnitude of 
negative pressure on inspiration increases stroke volume and cardiac output in a 
dose-dependent manner in heart failure animals [44] and humans [45] during exer-
cise – effects which are in the opposite direction to those in the healthy subject.

Respiratory muscle metaboreflex

Sympathetic efferent discharge
Limb Vasoconstriction in heavy
exercise
Limb Fatigue

Performance

Reflex activating metabolites
Group III/IV phrenic afferent discharge

Fig. 2.4 Schematic representation of the proposed respiratory muscle metaboreflex from the dia-
phragm and expiratory muscles activated by fatiguing contractions of these muscles and eliciting 
increased sympathetic discharge and limb vasoconstriction during heavy exercise with conse-
quences of enhanced rate of development of limb fatigue and reduced exercise performance (see 
text) (From Dempsey et al. [63])
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2.6  Can These Respiratory Limitations Be Overcome?

Evidence from studies that have specifically trained the respiratory muscles of 
healthy subjects using strength (resistive/threshold) or endurance (hyperpnea) train-
ing suggests it might be possible to overcome the aforementioned respiratory limi-
tations on exercise. Early studies produced contradictory findings, primarily due to 
poor research designs and inappropriate outcome measures [46]. More recent evi-
dence from adequately controlled studies suggests that there might be small but 
significant effects on exercise performance during constant load tests, time trials, 
and intermittent tests [47–50].

The mechanisms by which respiratory muscle training might improve exercise 
performance are not entirely clear. Increases in respiratory muscle strength, velocity 
of shortening, and endurance have been consistently observed with respiratory mus-
cle training in healthy subjects [51]. The functional significance of such improve-
ments in respiratory muscle function would presumably be to prevent or delay the 
respiratory muscle fatigue that is known to occur during heavy sustained exercise 
(see above). Changes in respiratory muscle fiber size, subtype ratio, and myofiber 
contractile properties induced by respiratory muscle training may reduce the force 
contribution from each active myofiber or the number of myofibers at a given sub-
maximal level of ventilation. In conjunction, a stronger type I fiber may allow indi-
viduals to delay the recruitment of less efficient type II fibers. Fatigue-resistant 
respiratory muscles may cause reductions in the rate of carbohydrate breakdown, 
lactate accumulation, and intracellular pH in these muscles, contributing to an over-
all improvement in cellular homeostasis. Fewer metabolic stimuli in the respiratory 
muscles would be expected to attenuate reflex activity from type III/IV receptors of 
these muscles and thereby reduce sympathetic vasoconstrictor activity in the limbs. 
The concomitant increase in limb blood flow would increase oxygen delivery to the 
limbs and potentially reduce both limb muscle fatigue and peripheral effort sensa-
tions. There is evidence that respiratory muscle training reduces exercise-induced 
respiratory muscle fatigue [52], increases the oxidative and/or lactate transport 
capacity of the inspiratory muscles [53], alleviates calf muscle fatigue during plan-
tar flexion exercise [54], and increases the threshold for activation of the respiratory 
muscle metaboreflex [55]. However, direct evidence for a benefit of respiratory 
muscle training on blood flow redistribution during dynamic whole-body exercise is 
not yet available. In addition to the potential effects of respiratory muscle training 
on exercise-induced respiratory muscle fatigue and its associated vasoconstrictive 
effects on the locomotor muscle vasculature, there might also be perceptual bene-
fits. Attenuation of sensory input to the central nervous system may be expected to 
occur in line with a decrease in inhibitory feedback from fatiguing respiratory mus-
cles, an alteration in breathing pattern (e.g., reduce operating lung volumes), a delay 
in the recruitment of accessory respiratory muscles, an alteration in the motor 
recruitment within a given respiratory muscle, or a reduction in the fraction of maxi-
mum tension generated with each breath [56, 57].

To what extent should exercise performance be affected by respiratory muscle 
training? Several studies have noted increases in time-to-exhaustion with partial 
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unloading of the respiratory muscles of healthy subjects [21, 22]. For example, 
mechanical unloading of the respiratory muscles by over 50 % of their total inspira-
tory and expiratory work during heavy exercise prevented diaphragmatic fatigue 
[14] and resulted in at most a 14 % improvement in endurance capacity in trained 
cyclists (Fig. 2.2) with no change in circulating lactate, a reduction in oxygen uptake 
and cardiac output, a decrease in the rate of rise of both respiratory and limb dis-
comfort, and variable effects on ventilation [22]. Although some respiratory muscle 
training studies have reported huge improvements (25–50 %) in exercise capacity 
[47, 48], it seems inconceivable that the effects could surpass those seen with sub-
stantial mechanical unloading – unless respiratory muscle training imparts some 
additional influences on locomotor muscles that are not realized via substantial 
respiratory muscle unloading and the prevention of diaphragmatic fatigue. A poten-
tial reason why previous studies have found greater improvements in exercise 
capacity with respiratory muscle training may be due to a large intraindividual vari-
ance in exercise performance coupled with a failure to use carefully matched and 
designed placebo groups.

If respiratory muscle training were to attenuate exercise-induced respiratory 
muscle fatigue, it is likely that the benefit would only occur in near-maximal exer-
cise conditions. Increases in time-to-exhaustion with respiratory muscle unloading 
have been noted in healthy, fit subjects only at exercise intensities greater than 85 % 
of VO2 max  [21, 22]. Interestingly, exercise-induced diaphragmatic fatigue also only 
occurred consistently at exercise intensities greater than 85 % of VO2 max  [9], and 
the effects of respiratory muscle unloading on limb vascular resistance during exer-
cise only occurred when the intensity exceeded 80 % of maximum [26, 27]. On the 
other hand, there are several examples where respiratory muscle work exerts signifi-
cant cardiovascular effects, even during submaximal exercise. In patients with con-
gestive heart failure [58] or those with chronic obstructive pulmonary disease [59], 
sustained exercise at only 50–60 % of maximum caused fatigue of limb locomotor 
muscles [60]. In rodent models of heart failure (vs. healthy controls), microsphere 
distribution studies showed a reduced limb blood flow and enhanced diaphragm 
blood flow during exercise [61]. In human chronic heart failure patients, respiratory 
muscle unloading [45] was shown to increase limb vascular conductance and limb 
blood flow and enhance exercise performance. These effects reflect the combination 
of increased respiratory muscle work with limited cardiac output in chronic heart 
failure. Finally, even the healthy person exercising submaximally in hypoxic envi-
ronments undergoes hyperventilation and increased work of breathing; under these 
conditions, unloading the respiratory muscles significantly reduces the rate of 
development of limb fatigue and improves endurance performance [62].
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3.1           Introduction 

    Although there is no doubt that the major site of increased resistance in COPD 
locates in the peripheral airways, the central airways are involved in the disease as 
well [ 1 – 5 ]. Conversely, in asthma, though the majority of studies focused on the 
pathophysiology of central airways, there is an increasing appreciation of a critical 
involvement of the peripheral airways [ 6 ]. Distinctive patterns of airway infl amma-
tion and structural remodelling are constitutive parts of the pathological picture of 
the two diseases [ 7 ,  8 ]. These include both cellular and structural changes that may 
contribute to the clinical manifestations and functional impairment characteristic of 
each condition.  
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3.2     Conducting Airways 

3.2.1     Asthma 

 Much of the current knowledge on the mechanisms of asthma came from studies per-
formed on allergic asthma, where antigen exposure could activate antigen presenting 
cells and, in turn, T-lymphocytes, thus inducing an immune response characterised by a 
shift towards a Th2 phenotype, with production (among other cytokines) of IL-4, that 
sustains increased IgE levels, and of IL-5, that promotes eosinophilia. Accordingly, the 
characteristic airway infl ammatory response involves activated T-lymphocytes, eosino-
phils and mast cells [ 7 ,  9 – 11 ]. In particular, mast cells infi ltrating the airway muscle 
layer are believed to have important implications in asthma by affecting the degree of 
airway reactivity and airway remodelling [ 11 ]. Indeed, mast cells can release a variety 
of mediators, including those that induce airway smooth muscle contraction, resulting 
in bronchoconstriction, but also those that promote the development of structural 
changes in the airways, thus airway remodelling. The characteristic components of air-
way remodelling in asthma are: increased smooth muscle mass, thickening of the retic-
ular basement membrane (RBM), angiogenesis and bronchial epithelial damage [ 7 ,  12 ]. 

 Traditionally, remodelling has been considered the unavoidable consequence of 
long-term infl ammation, but the exact relationship between airway infl ammation 
and remodelling is still poorly understood. Of interest, the fi rst studies that evalu-
ated the pathology of asthma in children showed that both airway eosinophilia and 
all the structural changes characteristic of asthma were already present even in 
young children, at the fi rst stages of the disease [ 13 – 15 ]. These observations indi-
cate that the processes leading to remodelling of the airway wall begin early in the 
course of the disease and most probably occur in parallel with the establishment of 
chronic infl ammation rather than being a consequence of it. Furthermore, recent 
evidence suggests that the presence of eosinophils and eosinophilic mediators is not 
required for the development of airway remodelling [ 16 ,  17 ]. Indeed, although 
eosinophil levels are on average increased in asthmatic patients, up to 50 % of asth-
matic subjects do not show evidence of airway eosinophilia despite having all the 
clinical and functional features of the disease. Of interest, we have demonstrated 
that the typical aspects of airway remodelling (epithelial damage, basement mem-
brane thickening and angiogenesis) develop in asthmatic children even in the 
absence of eosinophils or the eosinophil-related cytokines IL-4 and IL-5 [ 16 ]. In 
line with our observations, a recent study provided evidence that bronchoconstric-
tion, independently of infl ammation, may induce epithelial stress and initiate a tis-
sue response that leads to structural changes in the airways [ 17 ]. These results do 
not throw into question the importance of eosinophils as effector cells in asthma, but 
rather suggest that other pathways may be involved in remodelling, thus highlight-
ing the complexity of the disease. Finally, although eosinophils, T-lymphocytes and 
mast cells are the predominant cell types in asthma, evidence is now emerging that 
neutrophils may play a key role, at least in a subset of patients. Neutrophils have 
been traditionally associated with severe asthma [ 18 – 20 ], but subsequent studies 
showed that this phenotype is rather common even among patients with milder 
forms of the disease [ 21 ,  22 ]. Several factors can contribute to airway neutrophilia, 
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including respiratory infections, smoking and corticosteroid therapy, which reduces 
eosinophils but increases neutrophils inhibiting their apoptosis [ 22 ,  23 ]. 

 As highlighted above, most of the studies on the pathogenesis of asthma performed 
so far traditionally concentrated on environmental stimuli, mainly aeroallergens, and 
the consequent adaptive immune response with priming of Th2 T-lymphocytes and 
recruitment of eosinophils. However, this is probably not the only pathway, since air-
way eosinophilia and remodelling are present not only in children with atopic asthma 
but even in those with non-atopic asthma, indicating that the airway pathology char-
acteristic of asthma may develop even in the absence of atopy [ 24 ]. Of interest, it is 
becoming increasingly evident that disturbance of innate immune responses could 
play a key role in the pathogenesis of asthma which has been underappreciated so far. 
In this context viral infections, and particularly rhinoviruses, probably play a crucial 
role. Viral upper respiratory tract infections are, directly or indirectly, responsible for 
vast health-care use worldwide. Viral infections are particularly important in asth-
matic patients, in whom rhinovirus is the most frequent cause of exacerbations both in 
adults and children [ 25 ]. Moreover, data from longitudinal studies suggest that wheez-
ing episodes associated with viral infections early in life are a major risk factor for the 
development of asthma later in life [ 26 ,  27 ].   Impaired immune response to viral infec-
tions, with decreased IFN production, has been proposed as a mechanism for increased 
susceptibility to infections in asthmatic patients. Indeed, previous studies suggested 
that the immune response to viral infections is defi cient in adult atopic asthmatics and 
that this defi ciency correlates with the severity of virus-induced asthma exacerbations 
and asthma symptoms [ 28 – 30 ]. Whether this abnormal immune response is already 
present in the airways of young children or whether it develops later on as a conse-
quence of long-term immune deregulation or sustained corticosteroid therapy was not 
known. To address this issue we have recently studied the epithelial production of 
IFN-β and IFN-λ in response to rhinovirus and reported a defi cient IFN response in 
children with asthma, not only in those with atopy but also in non-atopic ones [ 31 ]. 
This altered innate response was associated to increased viral replication ex vivo and 
was correlated with the degree of airway eosinophilia and epithelial damage. These 
results suggest that disturbance of the airway immunopathological profi le early in life, 
by affecting innate immune responses, could explain the greater susceptibility to viral 
infections observed in asthmatic patients and, possibly, the persistence of symptoms. 

 The role of the peripheral airways in asthma is increasingly being recognised as 
a relevant target for asthma knowledge and adequate control [ 32 ]. Evidence accu-
mulating in recent decades indicates that infl ammatory changes characteristic of the 
proximal airways of asthmatics also occur in the distal airways [ 33 ]. Of interest, the 
distribution of the infl ammatory cell infi ltration within the airway wall varies sig-
nifi cantly moving from the central to the peripheral airways [ 34 ]. In central airways 
the preponderance of infl ammatory cells has been observed in the airway submu-
cosa (i.e. the inner area which lies between the epithelial basement membrane and 
the smooth muscle), whereas in peripheral airways the greatest density of eosino-
phils is in the adventitia (i.e. the external area which lies between the smooth muscle 
and the alveolar attachments). These regional differences in infl ammatory cell den-
sity could have important physiologic implications in the relative mechanisms con-
tributing to airfl ow limitation at these two anatomic sites. In large airways the 
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increased eosinophil density in the “inner” region would promote airway constric-
tion by amplifying the effect of bronchial smooth muscle shortening on the airway 
calibre. Conversely, in peripheral airways the increased eosinophil density in the 
“outer” region would promote airway constriction by decreasing the tethering 
effects of the parenchyma on the airway wall [ 35 ].  

3.2.2     COPD 

 The pathological mechanisms leading to airfl ow limitation in chronic obstructive 
pulmonary disease have been the focus of several studies that highlighted the con-
cept, now well accepted, that COPD is also characterised by an important airway 
infl ammatory process involving the central and the peripheral airways [ 4 ,  5 ,  36 ]. 
Cigarette smoking is the most important risk factor for the development of COPD, 
and it has long been recognised that smokers show evidence of infl ammatory changes 
in their airways, consisting predominantly of macrophages infi ltration in the airway 
wall and neutrophil accumulation in the airway lumen [ 2 ]. This early infl ammatory 
infi ltrate probably represents the non-specifi c response of the innate immunity to 
the insult of cigarette smoking. In smokers who develop chronic airfl ow limitation, 
this infl ammatory process is further amplifi ed, due to the activation of an adaptive 
immune response [ 37 ]. Indeed, in smokers who develop COPD, there is an increase in 
the number of lymphocytes (particularly CD8 +  T-lymphocytes and B-lymphocytes) 
and macrophages [ 4 ,  5 ,  36 – 39 ]. High numbers of CD8 +  T-lymphocytes are present 
not only in the peripheral airways of smokers with COPD but also in central airways 
in the lung parenchyma and in the adventitia of the pulmonary arterioles, suggesting 
that it is a consistent trait in this disease [ 4 ,  5 ,  40 ]. The fi ndings of increased numbers 
of lymphocytes, and especially CD8+ T-cells, only in smokers who develop COPD 
is intriguing and supports the notion that a T-cell infl ammation may be essential for 
the development of the disease. Traditionally the major activity of CD8 cytotoxic 
T-lymphocytes has been considered the rapid resolution of acute viral infections, and 
viral infections are a frequent occurrence in patients with COPD. The observation 
that people with frequent respiratory infections in childhood are more prone to 
develop COPD supports the role of viral infections in this disease [ 41 ]. It is conceiv-
able that, in response to repeated viral infections, an excessive recruitment of CD8 
cytotoxic T-lymphocytes may occur and damage the lung in susceptible smokers, 
possibly through the release of perforins and TNF-α [ 42 ]. On the other hand, it is also 
possible that CD8 T-lymphocytes are able to damage the lung even in the absence of 
a stimulus such as a viral infection, as shown by Enelow and coworkers [ 43 ] who 
demonstrated that recognition of a lung “autoantigen” by cytotoxic T-cells may 
directly produce a marked lung injury. Along with the infl ammatory response, sev-
eral structural changes have been described in the conducting airways of smokers 
with established COPD that would result in narrowing of the airway lumen and in 
loss of the tethering function of the lung parenchyma, thus promoting a reduction of 
expiratory fl ow. These pathological lesions include thickening of the airway wall, 
with increased smooth muscle mass and fi brosis, hypertrophy of mucous glands and 
hyperplasia of goblet cells [ 36 ,  44 ,  45 ]. 
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 A signifi cantly increased number of mucus-secreting goblet cells are seen in 
the peripheral airway epithelium of smokers with COPD. The increased number 
of goblet cells correlates with the degree of lung function impairment, as assessed 
by FEV 1 /FVC [ 45 ]. This goblet cell metaplasia can have important functional 
consequences, potentially contributing to the development of smoking-induced 
airfl ow obstruction in at least two ways: fi rst, by producing an excess of mucus 
which could alter the surface tension of the airway lining fl uid, rendering the 
peripheral airways unstable and facilitating their closure and second, by inducing 
luminal occlusion through the formation of mucous plugs in peripheral airways. 
Indeed, luminal occlusion by mucous and infl ammatory exudates is frequently 
observed in smokers with COPD [ 46 ,  47 ]. In addition neutrophils, which are not 
usually found within the airway wall, are increased in the peripheral airway epi-
thelium and in bronchial glands of smokers with COPD [ 45 ,  48 ]. As neutrophil 
elastase is a remarkably potent secretagogue, it has been proposed that the loca-
tion of neutrophils in close contact with the mucus-secreting structures of the 
glands and of the epithelium is crucial for the activation of their secretory func-
tion. While the excessive mucus production from goblet cells in peripheral air-
ways may indeed contribute to airway obstruction, whether chronic bronchitis 
(due to mucus hypersecretion from bronchial glands in the central airways) could 
promote the development of functional abnormalities has been the matter of an 
extensive debate, with no defi nite answer yet. Nevertheless, it is now increasingly 
being recognised that, when present in patients with COPD, chronic bronchitis 
has numerous clinical consequences including an increased exacerbation rate, 
accelerated decline in lung function, worse quality of life and, possibly, increased 
mortality [ 49 ,  50 ]. 

 Besides their role on mucus hypersecretion, neutrophils may have important 
effector functions even on airway smooth muscle. Indeed, an enlarged smooth mus-
cle area is an important component of airway wall thickening, which is increased in 
smokers with COPD compared with those with normal lung function and augments 
progressively with worsening of airfl ow limitation [ 36 ]. This increase in smooth 
muscle can be due to several mechanisms, including hypertrophy and hyperplasia of 
smooth muscle cells and matrix deposition within smooth muscle bundles. Of inter-
est, we reported an increased number of neutrophils infi ltrating the smooth muscle 
of patients with COPD; these cells through the release of infl ammatory mediators, 
cytokines and growth factors, could modulate smooth muscle proliferation and con-
tractility [ 51 ]. Indeed, it is well known that the airways of smokers can react to 
non- specifi c stimuli by constricting, and this constriction results in airway hyper-
reactivity. Whether hyperresponsiveness is a primary event that might contribute to 
the natural history of COPD or is a consequence of the already decreased airway 
dimensions is still an open question. In any case, the abnormalities found in the 
airways of smokers, particularly chronic infl ammation, could contribute to the con-
striction even of a normal airway smooth muscle. 

 Another important component of remodelling is fi brosis of the airway wall. It has 
been previously reported that cigarette smoke induces oxidative stress in human 
lung fi broblasts, which may then initiate a process of repair and collagen deposition 
[ 52 ]. Furthermore, the interaction between fi broblasts and infl ammatory cells may 

3 Pathology of COPD and Asthma



30

also play a role in fi brotic remodelling. On this line is the observation that mast 
cells, which have important profi brotic and prorepair properties, are increased in the 
airways of smokers with COPD, particularly in those with centrilobular emphysema 
[ 53 ]. Fibrosis, along with an increased airway smooth muscle and other infl amma-
tory components, ought to increase the airway wall thickness and change the 
mechanical characteristics of the airway to decrease the luminal diameter. Indeed, 
the same degree of smooth muscle shortening may cause considerably greater lumi-
nal narrowing in airways with a thickened airway wall than in normal airways [ 54 ]. 
In the context of a chronic disease such as COPD, it is well conceivable that the 
pathological changes observed in small airways are associated to various attempts 
to repair, which may result in fi brosis, and thickening of the airway wall. On this 
line it should be noted that thickening of the airway wall is the parameter found to 
correlate best with airfl ow limitation in smokers across the different stages of dis-
ease severity [ 46 ,  55 ].   

3.3     Lung Parenchyma 

3.3.1     Asthma 

 Only a few studies have examined the infl ammation of the lung parenchyma in 
asthma, focusing their analysis on transbronchial biopsies [ 20 ,  56 ,  57 ]. Patients with 
nocturnal asthma, when examined at night, have an increase in the number of alveo-
lar tissue eosinophils and CD4 T-lymphocytes as compared with those with non- 
nocturnal asthma, and these cells correlate with the overnight decrement in lung 
function [ 56 ]. Furthermore, patients with uncontrolled asthma had increased num-
ber of mast cells in the alveolar walls, with increased expression of FcεRI and 
surface- bound IgE, compared to healthy controls [ 57 ]. Finally, in the alveolar walls 
of patients with severe steroid-dependent asthma, the infl ammatory response is 
characterised by a prominent neutrophilia [ 22 ] which could represent a marker of 
severity, but could also be a consequence of corticosteroid therapy. 

 Taken together, these results point towards the presence of an excessive alveolar 
infl ammation particularly in asthma phenotypes diffi cult to control. Moreover, they 
go along with the observation that infl ammation in small airways predominates in 
the outer region of the airway wall that is in the adventitial layer and may spread out 
to the surrounding alveolar walls that is the site of alveolar attachments. Indeed, it 
is known that the elastic load provided by the lung parenchyma is transmitted to the 
airways through the alveolar attachments, resulting in mechanical interdependence 
between airways and parenchyma [ 54 ]. Of note, it has been shown that patients who 
died of fatal asthma have an increased number of damaged alveolar attachments and 
decreased elastic fi bre content in the adventitial layer of small airways and peribron-
chial alveoli [ 58 ]. These alterations can contribute to the pathogenesis of some of 
the functional abnormalities observed in patients with the most severe forms of 
asthma, such as the loss of deep breath bronchodilator effect and enhanced airway 
closure [ 59 ].  
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3.3.2     COPD 

 Investigation of the infl ammatory changes in the alveolar region of COPD patients 
is of particular interest, as a localisation of infl ammatory cells within the alveolar 
walls might contribute to the smoking-induced parenchymal destruction that char-
acterises the disease. Emphysema, which is one of the major contributors to airfl ow 
limitation in COPD, is defi ned anatomically as a permanent “destructive” enlarge-
ment of airspaces distal to the terminal bronchiole without obvious fi brosis [ 60 ]. 
However, this last statement has been debated since some studies have shown that, 
in emphysema, the destructive process is accompanied by a net increase in the mass 
of collagen, suggesting that, contrary to the defi nition of the disease, there is indeed 
an active alveolar wall fi brosis in emphysematous lungs [ 61 ,  62 ]. 

 Smokers can develop two main morphological forms of emphysema that can be 
distinguished according to the region of the acinus which is destroyed. Centriacinar 
(or centrilobular) emphysema is characterised by focal destruction restricted to 
respiratory bronchioles and the central portions of the acinus surrounded by areas of 
grossly normal lung parenchyma. This form of emphysema is usually most severe 
in the upper lobes of the lung. Panacinar (or panlobular) emphysema is character-
ised by destruction of the alveolar walls in a fairly uniform manner, i.e. all the air 
spaces beyond the terminal bronchiole are involved. The panacinar form is charac-
teristic of patients who develop emphysema early in life, usually associated with 
defi ciency of alpha1-antitrypsin, and in contrast to the centriacinar form has a ten-
dency to involve the lower lobes more than the upper ones. Nonetheless, heavy 
smokers with normal alpha1-antitrypsin levels can develop both the centrilobular 
and panlobular phenotype [ 63 ]. 

 The two forms of emphysema have distinct mechanical properties and distinct 
peripheral airway involvement [ 63 ,  64 ]. In particular, the lung compliance is greater 
in panlobular than in centrilobular emphysema, whereas the extent of peripheral air-
way infl ammation is greater in the centrilobular than in the panlobular form. Thus, in 
panlobular emphysema, airfl ow limitation seems to be primarily a function of loss of 
elastic recoil as suggested by the correlation between reduced expiratory fl ow and 
increased compliance observed in this form of emphysema [ 64 ]. By contrast, in cen-
trilobular emphysema airfl ow limitation seems primarily a function of peripheral 
airway infl ammation, as supported by the correlation between reduced expiratory 
fl ow and increased airway infl ammation. In support of a central role of infl ammation 
in this form of emphysema, we recently reported that patients with centrilobular 
emphysema show a more severe infl ammatory infi ltrate in both the lung parenchyma 
and peripheral airways. Mast-cell infi ltration was a prominent component of this 
response and was related to the degree of airway reactivity, suggesting that centri-
lobular emphysema shares some pathogenetic traits with asthma [ 53 ]. 

 Infl ammation has been identifi ed as a key component of COPD, and it has been 
shown that infl ammatory cell infi ltration in the lung can persist for years after ces-
sation of smoking [ 65 ]. The implication of an infl ammatory response to the patho-
genesis of emphysema is not new, but our knowledge of the mechanisms regulating 
the activation and persistence of this response in the lung is continuously evolving. 
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Starting from the hypothesis of elastase-antielastase imbalance, proposed more than 
40 years ago, studies fi rst focused on the role of neutrophils and macrophages and 
their ability to induce lung destruction through the release of proteolytic enzymes. 
However, the activation of neutrophils and macrophages by itself is not suffi cient to 
explain all the pathogenetic traits of COPD, and more recent evidences suggest a 
crucial role for acquired immunity, with involvement of dendritic cells and lympho-
cytes [ 37 ]. This hypothesis was based on the observation that B- and T-lymphocytes, 
especially of the CD8 +  subset, were the predominant cells infi ltrating lung tissue of 
patients with COPD, and their numbers were strongly related to the apoptosis of 
structural cells and lung function impairment [ 36 – 40 ]. Adding to this, it has been 
recently proposed that this adaptive immune response, at least in some patients, 
could have an autoimmune component due to the recognition of pulmonary self- 
antigens modifi ed by cigarette smoking and to the failure of mechanisms regulating 
immunological tolerance. In support of this hypothesis is the observation that, in 
non-smoking subjects who develop COPD, the disease seems to be associated with 
organ-specifi c autoimmunity [ 66 ].   

3.4     Overlap between Asthma and COPD 

 As we have seen, asthma and COPD are two distinct obstructive lung diseases 
with distinctive clinical presentations and different patterns of airway infl amma-
tion and remodelling of lung structure. Indeed, the two conditions usually differ 
in the pattern of infl ammatory cells most frequently encountered and the typical 
structural changes. Asthma is characterised by an increase of eosinophils, CD4 +  
T-lymphocytes and mast cells; whereas, in COPD, CD8 + T-lymphocytes, macro-
phages and neutrophils predominate. Furthermore, a typical increase in basement 
membrane thickness is frequently observed in patients with asthma that is not 
present in those with COPD. 

 Nevertheless, despite the distinctive features of the two conditions, some asth-
matic patients may experience a fi xed airfl ow obstruction that persists despite opti-
mal pharmacologic treatment [ 67 ]. Indeed, up to 30 % of subjects with airfl ow 
obstruction have a history of asthma rather than COPD, and these are patients usu-
ally excluded from clinical trials as they cannot be labelled as having either asthma 
or COPD. Instead, they would deserve clinical and research attention because their 
disease is usually misjudged, their prognosis is unknown, and treatment has never 
been properly explored. Even the pathological traits at bases of asthma with fi xed 
airfl ow obstruction were not completely understood. In particular, it was unknown 
whether these patients will maintain the pathological changes typical of asthma or 
whether, with the development of irreversible airfl ow obstruction, they will show 
the features typical of COPD. Of interest, we have shown that, within a group of 
patients with fi xed airfl ow obstruction, those with a history of asthma have a distinct 
airway pathology compared with those with a history of smoking-induced COPD. 
Indeed, patients with a history of asthma and fi xed airfl ow obstruction have the 
same pathological changes that are present in patients with asthma with variable 
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airfl ow obstruction in terms of both eosinophilia and increased basement membrane 
thickness [ 68 ]. These fi ndings suggest that the asthmatic airway pathology does not 
change with the development of fi xed airfl ow obstruction and, thus, does not become 
similar to the one characteristic of COPD. Furthermore, in a longitudinal follow-up 
of that study, we have shown that patients with fi xed airfl ow obstruction due to 
asthma, just as patients with COPD, have accelerated lung function decline and 
increased frequency of exacerbations compared with asthmatic patients fully revers-
ible to bronchodilators [ 69 ]. Yet, the lung function decline in patients with fi xed 
airfl ow obstruction is associated with the pathogenetic substrates specifi c for the 
underlying disease, i.e. asthma vs. COPD. In particular, the fall in FEV 1  correlates 
with exhaled nitric oxide levels and sputum eosinophils in asthmatic patients, while 
it correlates with neutrophil counts and emphysema score in patients with COPD 
[ 69 ]. In conclusion, while fi xed airfl ow obstruction is associated with accelerated 
lung function decline both in asthma and in COPD, the rate of functional decline 
depends on the distinctive pathological and clinical features of the underlying dis-
eases. These observations have important clinical implications since therapeutic 
strategies should be addressed to the different pathogenetic traits in the two dis-
eases, and patients with fi xed airfl ow obstruction due to asthma should not be 
grouped under the general heading of COPD.     
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4.1  Introduction

Airflow obstruction is a hallmark of asthma and chronic obstructive pulmonary 
 disease (COPD), though it may be present in other, less frequent, pulmonary disor-
ders. After the pioneering work of Tiffeneau and Pinelli in 1947 [1], airflow obstruc-
tion has been usually defined as a reduced ratio of forced expiratory volume in the 
first second (FEV1) to vital capacity (VC) or forced vital capacity (FVC). However, 
several studies have suggested that this ratio may remain within the range of nor-
mality in the early stages of disease [2] and may be reduced in healthy subjects 
having a lung volume that is disproportionately large compared with the airway 
cross- sectional area, a condition that has been called “dysanaptic growth” [3]. 
Therefore, the diagnosis of airflow obstruction in clinical settings is not always 
straightforward. The functional complexity of intrathoracic airways in vivo origi-
nates from the interaction of several factors, including geometry of tracheobron-
chial tree, fluid dynamics, and mechanical interdependence between airways and 
lung parenchyma. In this chapter, the factors governing fluid dynamics in the air-
ways will be first summarized, then the changes in lung mechanics responsible for 
airflow obstruction in asthma and COPD will be reviewed.

V. Brusasco
Department of Internal Medicine, University of Genoa,  
Viale Benedetto XV, 6, Genoa, 16132, Italy
e-mail: vito.brusasco@unige.it

4Pathophysiology of Airflow 
Obstruction

Vito Brusasco

mailto:vito.brusasco@unige.it


38

4.2  Fluid Dynamics in the Airways

4.2.1  Pressure-Flow Relationships

Airflow through the bronchial tree is dependent on the pressure difference between 
alveoli and airway opening. At a given lung volume, the alveolar pressure is the sum 
of the lung recoil pressure and the pressure generated by respiratory muscles. The 
pressure-flow relationship of the lung during tidal breathing can be analyzed by 
applying the general equation of motion

 
P P Vtp FRC= + +EV R   

where Ptp is transpulmonary pressure, i.e., the difference between pleural and air-
way opening pressures, PFRC is pressure at functional residual capacity, E is elas-
tance, V is volume relative to functional residual capacity, R is resistance, and V  is 
flow. Thus, the terms EV and R V  represent the pressures required to expand the 
lung and overcome flow resistance, respectively. In this simple model, the P-V rela-
tionship is assumed to be linear and independent of V amplitude and breathing fre-
quency. However, even in healthy subjects, EV is volume dependent, because of the 
exponential relationship between pressure and volume [4], and RV  is frequency 
dependent, because of the viscoelastic behavior of lung tissue [5, 6]. Moreover, in 
severely obstructed subjects, the estimates of pulmonary E and R are affected by 
expiratory flow limitation, which causes varying nonlinear pressure-flow 
 relationships [7].

During expiration, pressure differences along the airways are caused by fric-
tional pressure losses and convective acceleration. Frictional losses are due to lami-
nar flow in small airways and turbulent flow in large airways, the former being 
directly proportional to V  and gas viscosity, the latter to V 2  and gas density ρ. 
Pressure losses due to convective acceleration represent the energy dissipated in 
order to increase fluid velocity, according to the Bernoulli equation

 
P = ( )½ r ⋅ V A/

2

 

where P is elastic pressure and A is the local cross-sectional area. Because the 
denominator is A2, the convective pressure drop is inversely proportional to the 4th 

power of airway radius. During forced expiration, convective acceleration is the 
major determinant of pressure loss because the velocity of gas molecules is greatly 
increased as flow moves from the large (peripheral) to a small (central) cross- 
sectional area of bronchial tree [8].

4.2.2  Maximal Expiratory Flow

Even in healthy subjects, the lungs exhibit the phenomenon of expiratory flow limi-
tation. That is, once a threshold value of Ptp is achieved, V  does not increase with 
further increases of effort. In rigid tubes, the relationship between V  and P can be 
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simply described by the Bernoulli equation. In collapsible tubes like the airways, 
the maximum flow ( Vmax ) is limited at the point of intersection between Bernoulli 
equation plots and the P-V relationship of each given airway (Fig. 4.1), as described 
by the following equation:

 
V A A P Amax

/
/ / /= ⋅( )r D D 1 2

 

where ΔP/ΔA is airway E. This equation is also called “wave-speed equation” 
because V Amax /  corresponds to the velocity at which a pressure disturbance can be 
transmitted in a tube the compliance of which exceeds the compliance of gas [9]. 
The point at which Vmax  is achieved along the bronchial tree is called “choke point,” 
and its location is determined by the pressure-area relationship of the entire bron-
chial tree at a given recoil pressure. Because the latter is a function of lung volume, 
the choke point moves from central to peripheral airways as the lung empties during 
expiration. From the above analysis it follows that if P is reduced because of fric-
tional losses upstream from the limiting segment are increased or alveolar pressure 
is decreased due to loss of elastic recoil, then the plots of Bernoulli equations are 
displaced to the left and Vmax  is reduced (Fig. 4.2). This unique relationship between 
V , V, and P [10] makes it impossible to separate the determinants of expiratory flow 

limitation by simple spirometry.
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Fig. 4.1 Diagrammatic relationships between cross-sectional area, pressure, and flow ( V ). 
Continuous lines are plots of the Bernoulli equation for V  of 1, 2, and 3 L/s; interrupted lines are 
transmural pressure (Ptm) area curves of two hypothetical airways from total lung capacity (TLC) 
to residual volume (RV). For a given V , the pressure drop due to convective acceleration is the 
distance between the alveolar pressure (PAlv) and the corresponding plot of the Bernoulli equation. 
To pass through a given airway, V  must meet simultaneously the pressure-area and the Ptm-area 
relationships of that airway. Note that Vmax is less in a more compliant (thin interrupted line) than 
a less compliant (thick interrupted line) airway (Modified from Ref. [91]. With permission from 
Comprehensive Physiology)
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4.3  Physiologic Determinants of Airway Caliber

4.3.1  Airway Smooth Muscle (ASM)

Unquestionably, the ASM tone is a major determinant of airway caliber even in 
healthy subjects. The mechanical behavior of ASM has been described by length- 
tension and force-velocity relationships [11]. In vitro, the ASM exhibits length- 
tension characteristics that are not very dissimilar from those of skeletal muscle, but 
there are quantitative differences that may have an impact on airway narrowing in 
vivo. First, unloaded ASM can shorten to ~10 % of initial length, as compared to 
~65 % of striated muscle [11]. Second, the ASM exhibits a length-adaptation phe-
nomenon [12], i.e., a leftward shift of the length-tension curve (Fig. 4.3), that can 
occur within minutes after length changes [13], as compared to weeks in the dia-
phragm [14, 15] or other skeletal muscles [16]. Third, although ASM is much 
slower than striated muscle in achieving maximum shortening, 90 % of such a 
shortening occurs within 3 s [17].

4.3.2  Effect of Lung Volume

The intrapulmonary airways are coupled to lung parenchyma by a connective tissue 
network. Therefore, for purely geometric reasons, the airways are expected to 
change their diameter proportionally to the cube root of changes in lung volume. 
A primary consequence of this interdependence between airways and lung paren-
chyma is that, being the resistance of a given airway inversely proportional to the 
fourth power of its radius, a hyperbolic inverse relationship exists between airway 
resistance and lung volume. In healthy subjects of different body size, the products 
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Fig. 4.2 Effect of frictional pressure (Pfr) losses and reduced elastic pressure on maximal V . Left 
panel: V  cannot exceed 3 L/s, because the Bernoulli plot for greater V  would not meet the airway 
Ptm-area curve. Middle panel: the Bernoulli plots are displaced to the left, because of increased Pfr 
losses in peripheral airways, then the point of tangency with the Ptm-area curve is at lower V , and 
maximal V  will be less. Right panel: A reduction of PAlv due to loss of lung elastic recoil would 
have the same effect of displacing the Bernoulli plots to the left, thus also reducing maximal V  
(Modified from Ref. [91]. With permission from Comprehensive Physiology)
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of airway resistance and lung volume (specific airway resistance) and its inverse 
(specific airway conductance) are relatively constant. But this relationship may be 
altered if the transmission of the lung elastic force to airway walls is impeded or 
ASM tone is increased. Indeed, agreement between measured and predicted changes 
of airway resistance with lung volume was observed when ASM tone was abolished 
by atropine [18]. The effects of changes in lung volume on airway caliber also 
depend on the airway wall compliance; this, in turn, depends on ASM tone, airway 
wall stiffness, and the structural support of a given airway.

4.3.3  Mechanical Factors Limiting Airway Narrowing

When ASM shortens, all incompressible tissues internal to its perimeter must be 
accommodated within a reduced space. For geometric reasons, it can be calculated 
that maximal linear shortening of ASM in vivo would result in complete closure of 
airways, even if their wall thickness is normal [19]. In healthy subjects, however, the 
response to maximal doses of different bronchoconstrictor agents given alone or in 
combination is limited to a degree that is much less than expected from the ASM 
shortening capacity [20–22]. Modeling studies [23–25] based on morphometric 
observations have led to the concept that the extent to which airways can narrow 
depends on the balance between the force developed by ASM and the load it works 
against (Fig. 4.4). Sources of mechanical load on ASM are both internal and exter-
nal to the airway walls.

4.3.3.1  Internal Load
The airway wall is provided with noncontractile elastic elements in parallel to ASM 
and also within the ASM itself. Altogether, these represent the so-called internal 
load, which the ASM must overcome before it can shorten. It has also been  proposed 
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Fig. 4.3 Length adaptation 
of airway smooth muscle. 
The force-length curve of 
airway smooth muscle is 
displaced to the left after 
shortening. Thus, the 
force-generation capacity is 
reduced immediately after 
shortening (from point A to 
point B) but then is recovered 
(from point B to point C) 
(From Ref. [92] by 
permission)
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that mucosal folding could provide an additional load on ASM [26–28]. Theoretical 
analyses by Lambert and coworkers showed that the greater the number of folds, the 
greater the pressure difference across the folding membrane [29], and the number of 
folds increases with the degree of airway narrowing [26]. Furthermore, the pressure 
required to produce a given number of folds is shown to depend on the rigidity of 
the folding membrane and its thickness [30].

Compared with those of other species, human bronchi are stiffer and also develop 
less active force [31], features that seem to be due to relatively larger content of 
connective tissue and less ASM. In large airways, an important preload on airway 
smooth muscle is also provided by cartilage rings.

4.3.3.2  External Load
In a seminal study, Ding and coworkers showed that maximal bronchoconstriction in 
healthy subjects was increased by breathing at reduced lung volume and decreased at 
increased volume [32]. This observation led to the concept that the elastic elements of 
lung parenchyma surrounding the airways represent a major source of load on ASM. 
Because airways and lung parenchyma are interdependent systems [33], when the 
ASM contracts the surrounding parenchyma is stretched, thus generating a tethering 

Fig. 4.4 Schematic representation of factors favoring (within ovals) and factors opposing (within rect-
angles) airway narrowing. Continuous and interrupted arrows denote positive and negative effects, 
respectively. The effect of airway smooth muscle (ASM) shortening is amplified by mucosal thicken-
ing and presence of bronchial secretions. Airway wall stiffness, mucosal folding, and lung elastic 
recoil provide the load limiting ASM shortening, thus opposing airway narrowing (From Ref. [93]. 
With permission from Comprehensive Physiology)
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force on ASM. The external load on the contracting ASM approximates lung elastic 
recoil plus the pressure necessary to overcome the tension generated when the outer 
wall perimeter decreases [26]. Therefore, the magnitude of external load on ASM is 
expected to depend on lung volume, lung elastic recoil, and the anatomical integrity 
of bronchial adventitia, where the force of interdependence is applied.

4.3.4  Relationships Between ASM Force, Velocity, and Load

When ASM shortens, the overall load increases with the decrease of airway caliber. 
This is due to the stretching of the surrounding lung parenchyma and mucosal fold-
ing, despite a decrease in the load represented by transmural pressure (Fig. 4.5, 
upper panel). For years it was believed that ASM force-generation capacity 
decreases during length changes either above or below the so-called optimal length. 
Thus, airway narrowing would be limited at the point where ASM force is balanced 
by the increase in load (Fig. 4.5, lower panel). However, recent studies have shown 
that ASM can rapidly adapt to length changes [12, 13], so it can recover its maximal 
force-generation capacity soon after shortening. Thus, repeated or sustained stimu-
lation may lead to excessive airway narrowing.

Under normal conditions, ASM stretching during inspiration causes a transient 
reduction in ASM tone [34]. The repeated cyclic stretching of tidal breathing may 
be sufficient to maintain the ASM in a relaxed state if the time required to recover 
contractile force is longer than expiratory time. Because ASM shortening is near 
maximal in 3 s, which approximately corresponds to a tidal expiratory time, it has 
been suggested that even small increments of shortening may decrease or abolish 
the relaxant effect of tidal stretching, thus possibly resulting in a progressive 
increase of ASM tone and excessive airway narrowing [35, 36].

4.4  Pathological Changes

4.4.1  Asthma

Morphological studies on postmortem and surgical specimens have shown impor-
tant structural changes in the asthmatic airways [37, 38]. The precise consequences 
of these changes are difficult to establish, as they depend on where they occur within 
the airway wall, the nature and the mechanical characteristics of the material depos-
ited, and the degree of interdependence between airways and lung parenchyma.

A characteristic feature of asthma is an increased thickness of ASM, resulting 
more likely from hyperplasia than hypertrophy [39]. An increased ASM mass can 
result in an enhanced force-generation capacity, thus possibly accounting for the 
increased airway narrowing in response to bronchoconstrictor stimuli [24], even if 
this concept is based on the unproven assumption that hyper-proliferating myocytes 
have the same contractile properties as the normal ones. A key question that is still 
unanswered is whether asthmatic ASM has abnormal contractile properties. Studies 
comparing the force-generation capacity of ASM from asthmatic and non-asthmatic 
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subjects gave inconsistent results [40–48]. But other studies have consistently reported 
an increase of shortening velocity in ASM cells from asthmatic subjects [49], human 
bronchial ASM passively sensitized with IgE-containing serum [50], and ASM from 
animal models of allergic [51–53] or innate airway hyperresponsiveness [54–56]. 
Consistent with these findings, in vivo studies have shown that airway renarrowing 
after a deep inspiration is faster in asthmatic than healthy subjects [57–59].
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Fig. 4.5 Consequences of length adaptation of airway smooth muscle on airway caliber. (a) When 
airway radius decreases the load due to Ptm (α) decreases according to the LaPlace law, while the 
load represented by parenchymal tethering and mucosal folding (β) increases more, thus total load 
(α + β) increases. (b) When the muscle is stimulated, the airway radius decreases from point a to 
point b, where the load equals the force, and force-generation capacity decreases. If the muscle is 
allowed to adapt at the shortened length, then its force-generation capacity can increase and may 
fully recover (point c). If the muscle is stimulated again, it will shorten and airway radius may be 
further reduced to point d, where a new balance between force and load is achieved (Reprinted 
with permission of the American Thoracic Society. Copyright © 2013 American Thoracic Society. 
Bossé et al. [12])
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Another morphological feature of asthmatic airways is an increased thickness of 
the adventitial layer. It has been proposed that peribronchial inflammation or edema 
may enhance airway responsiveness, independent of ASM contractility, by uncou-
pling the airways from lung parenchyma [25]. However, fluid loading in healthy 
subjects enhanced the bronchoconstrictor response to methacholine without reduc-
ing the bronchodilator effect of deep breaths [60], suggesting that airway wall 
edema may not be sufficient to effectively uncouple airways and lung parenchyma.

The airways of asthmatic subjects have been shown to be less distensible than the 
normal ones [61–63]. One of the most consistent pathological findings in asthma is 
an increased thickness of the subepithelial layer, resulting from deposition of type 
IV and type V collagen, proteoglycans, and fibronectin below the normal basement 
membrane made of type III collagen [64–66]. The overall thickness of subepithelial 
layer observed in asthmatic airways was 10–15 μm, compared to 5–8 μm in non- 
asthmatic airways, which makes it unlikely that it directly contributes to reduce 
airway caliber. Rather, there are reasons to predict that an increased stiffness of 
airways in asthma may be protective against bronchoconstriction. First, a reduced 
airway wall compliance at choke point tends to increase Vmax , thus partially coun-
teracting the effect of reduced airway caliber [8, 9]. Second, deposition of collagen 
fibers running parallel to the ASM would increase elastic afterload, thus attenuating 
ASM shortening and airway responsiveness [67]. Third, part of the increase in ASM 
layer is represented by an increase in the amount of connective tissue surrounding 
individual myocytes due to increased deposition of extracellular matrix [68]. This 
may provide an additional constraint to shortening by limiting radial expansion, in 
order to maintain the same volume [69]. In vitro, treatment with collagenase 
increased ASM cell shortening [70]. In vivo, an inverse relationship between sub-
epithelial fibrosis and response to methacholine was observed in subjects with 
asthma [71].

For geometric reasons, an increased thickness of the airway wall layer internal to 
ASM would be expected to result in a greater reduction of caliber for a given ASM 
shortening [19]. However, pathological observations have suggested that the air-
ways do not narrow concentrically but the mucosal layer is folded. This distortion 
process absorbs part of ASM energy, thus representing an additional elastic load 
opposing its shortening [27–30]. The bending stiffness of a layer increases with its 
thickness cubed, thus thickening of the whole airway wall could represent an effi-
cient protective mechanism independent of tissue properties.

Studies using computed tomography have consistently shown that airway wall 
thickening is associated with a decrease in airway function [72, 73]. Two studies 
[74, 75] found a direct relationship between airway wall thickening and hyperre-
sponsiveness to methacholine. However, in a study in which the two components of 
airway responsiveness, i.e., airway sensitivity and airway reactivity, were separately 
evaluated, the latter resulted to be inversely correlated with airway wall thickness 
[76]. Notwithstanding, a decreased airway distensibility may be also responsible for 
a reduced response to bronchodilators, thus possibly leading to fixed obstruction in 
asthmatic subjects [62].
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4.4.2  COPD

In subjects with COPD, airway wall remodeling due to inflammation is variably 
associated with parenchymal destruction due to emphysema. Therefore, excessive 
airflow limitation may result from airway narrowing, loss of lung elastic recoil, or 
both.

Thickening of airway wall has been consistently reported in COPD, and model-
ing studies have suggested that it may represent a major mechanism for increased 
airflow resistance in COPD [19, 23]. Morphological observations in surgical sam-
ples have shown that thickening of the wall layer internal to ASM in COPD corre-
lated with bronchoconstrictor and bronchodilator responses [77, 78]. Changes in the 
adventitial layer have been hypothesized to contribute to airway narrowing in COPD 
by uncoupling airways and lung parenchyma but no relationships were observed 
between airway hyperresponsiveness and thickness of adventitial layer either in 
penlobular or centrilobular emphysema [78]. Therefore, adventitial thickening by 
itself may not be sufficient to effectively impede force transmission from lung 
parenchyma to the airways.

Parenchymal destruction and reduction of lung elastic recoil, which are charac-
teristic features of emphysema, may contribute to airflow obstruction in different 
ways. First, a reduction in number and integrity of alveolar attachments to small 
airways together with a reduction of Ptp may decrease the distending force on air-
way walls [79]. Second, a reduction in alveolar pressure shifts the Bernoulli equa-
tion plots to the left, thus limiting Vmax  at a level lower than normal (Fig. 4.2). 
During forced expiration, airways downstream from the choke point are dynami-
cally compressed because the intraluminal pressure is reduced below the pleural 
pressure at the same lung volume. This phenomenon is enhanced in COPD because 
airway distending pressure and driving pressure are decreased due to loss of lung 
recoil pressure [80], increased frictional losses in peripheral airways, or reduced 
tethering force on airway walls [81]. An increased collapsibility of central airways 
was initially reported in patients with chronic airflow obstruction [82, 83] but not 
confirmed in a larger and more recent study [84].

The ASM layer has also been found to be thicker than normal in COPD due to 
hyperplasia [85], though not as much as in asthma. Modeling studies based on mor-
phometric data have suggested that the amount of ASM is unlikely to play a major 
role in COPD airway narrowing [24]. Studies comparing preoperative lung function 
with morphometric observations on surgical samples found that airflow obstruction 
[77] and response to constrictor stimuli [79, 86] were related to total airway wall 
thickness whereas a relationship with ASM mass was not consistently reported [24, 
87–89]. In one study, a weak correlation was found between the isometric force 
developed in vitro by ASM and airflow obstruction determined preoperatively [90], 
suggesting a possible role for an increased ASM contractility in COPD. Indeed, 
several studies have reported significant bronchodilator responses in COPD patients, 
which would suggest that ASM does contribute to airflow obstruction in this dis-
ease. This, however, does not prove that ASM is abnormal in COPD because, even 
in the presence of a normal ASM tone, the response to bronchodilators may appear 

V. Brusasco



47

greater than in normal subjects because of the amplifying effect of airway wall 
thickening.

 Conclusions

Airway caliber in vivo is regulated by a complex interaction between morpho-
logical and mechanical factors. In asthma, airflow obstruction seems to be mainly 
dependent on airway wall remodeling, with ASM playing a key role, though 
some morphological changes may be even protective against excessive airway 
narrowing. In COPD, airflow obstruction may result from changes in airway wall 
geometry, lung parenchymal properties, or both.
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5.1            Introduction 

 The mechanical properties of airway smooth muscle play an important role in regu-
lating the caliber of the airways during breathing. During breathing, the smooth 
muscle in the airway wall is subjected to stretch and contraction as the lung expands 
and contracts during changes in lung volume. These cycles of stretch and retraction 
of the muscle are important in maintaining a normal low level of airway tone and in 
reducing airway responsiveness to bronchoconstrictor stimuli. The effects of stretch 
on airway smooth muscle also account for the well-known dilatory effects of deep 
inspiration on the airways. Deep inspiration following bronchoconstriction causes a 
reduction in airway resistance in normal human subjects, whereas many asthmatic 
subjects demonstrate either no change or a slight decrease in airway resistance after 
deep inspiration [ 1 – 5 ]. Conversely, the prevention of deep inspiration during metha-
choline challenge of normal subjects results in an increase in airway reactivity that 
can reach levels comparable to those observed in asthmatics [ 6 – 8 ]. The fundamental 
mechanical properties of the airway smooth muscle cells play an important role in 
regulating the effects of lung volume changes on airway tone and responsiveness.  

5.2     Mechanical Plasticity of Airway Smooth Muscle 

 Airway smooth muscle exhibits the property of “mechanical plasticity,” which 
refers to the ability of the muscle to modulate its properties in response to changes 
in its external mechanical environment. The mechanical plasticity of airway 
smooth muscle appears to underlie many of the effects of changes in lung volume 
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on airway caliber and airway responsiveness that are observed in vivo. An exam-
ple of the property of mechanical plasticity of tracheal smooth muscle is illus-
trated in Fig.  5.1  [ 9 ]. In Fig.  5.1a , a trachealis muscle strip is stimulated with 
acetylcholine (ACh) to contract isometrically at a length of 70 % of its “optimal” 
length, Lo. Lo is the length of the muscle at which isometric force is maximal. 
Muscle length is held constant until a stable isometric force is achieved. The con-
tracted muscle is then subjected to repeated cycles of length oscillation between 
lengths of 70 % Lo and a shorter length of 50 % Lo. As the muscle strip is retracted 
to a shorter length, its force declines dramatically. When the muscle strip is 
stretched back to 70 % Lo, force increases to the original level of isometric force. 
The muscle force over most of the length range during the oscillation cycle is 
much lower than that sustained by the muscle when it is contracted under static 
isometric conditions at any length within the oscillation cycle, and it remains 
reproducible and stable with each successive length cycle. In Fig.  5.1b , the same 
muscle strip is stimulated to contract isometrically at the shortest length within 
the oscillation cycle, 50 % Lo, and then again subjected to repeated cycles of 
length oscillation between 50 and 70 % Lo. This time a very different behavior is 
observed. The muscle is initially very stiff when it is stretched, and it exhibits a 
high level of tension during the fi rst full cycle of stretch and retraction. The force 
gradually declines with each successive cycle of length oscillation, and until after 
5–6 cycles, it stabilizes and exhibits the same length-force loop that it maintained 
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  Fig. 5.1     Mechanical plasticity of airway smooth muscle . Changes in force during cyclical length 
oscillations of canine tracheal smooth muscle strip after isometric contraction with acetylcholine 
( ACh ) in vitro. ( a ) After isometric contraction at a long muscle length (70 % Lo), successive 
length-force loops obtained during repeated oscillations to a short length (50 % Lo) are immedi-
ately reproducible. ( b ) After isometric contraction at a short length (50 %) Lo, the muscle is ini-
tially very stiff as it is stretched from 50 to 70 % Lo. The length-force loop changes during six 
successive oscillations to a long length (70 %) Lo until a stable loop is fi nally achieved. This 
demonstrates plastic adaptation of the muscle caused by stretch beyond its initial length of contrac-
tion. ( c ) The fi nal loop obtained after isometric contraction at either length followed by repeated 
oscillations between 50 and 70 % Lo is the same (Adapted from Gunst [ 9 ])       

 

S.J. Gunst



55

when it was oscillated after isometric contraction at the longer length of 70 % Lo 
(Fig.  5.1b, c ). Clearly, after contraction at the shorter length (50 % Lo), the muscle 
must undergo a transitional process in order to reach the same mechanical state 
that is obtained when the contraction is initiated at the longer length (70 % Lo). 
This transition in mechanical behavior characterizes the property of “mechanical 
plasticity.” It represents an adaptive response of the muscle to accommodate to the 
mechanical forces that are imposed on it.

   Evidence suggests that mechanical plasticity results from an ability of the smooth 
muscle cell to modulate the organization of its contractile/cytoskeletal apparatus in 
order to accommodate to changes in cell shape imposed by the mechanical forces 
imposed on it by its external environment [ 10 – 13 ]. Activation of the muscle at a short 
length results in the contractile apparatus organizing into a shorter, thicker fi lament 
array that conforms to the shorter, thicker morphology of the muscle cell; whereas 
activation of the muscle at a long length results in a longer thinner array of contractile 
fi laments that is adapted to the longer, narrower shape of the elongated muscle cell 
[ 12 ] (Fig.  5.2a ). Thus, the muscle is stiffer and less extensible after contractile activa-
tion at a short length than after it is activated at a long length (Fig.  5.2b ). Stretch of 
the muscle after activation at a short length causes reorganization of the cytoskeleton 
and contractile apparatus to accommodate to the change in shape of the muscle cell 
caused by the stretch (Fig.  5.1b ). The stiffness of the muscle thus decreases when the 
contracted muscle is stretched from a short length to a long length [ 10 ,  12 ].

   The effect of muscle length on the stiffness of isolated tracheal smooth muscle 
strips after contractile activation was evaluated by stimulating each tissue strip to con-
tract isometrically at three different muscle lengths (Fig.  5.3a ): Lo, 0.75 Lo, and 
0.50 Lo [ 12 ]. After 5 min of isometric contraction, the muscle was rapidly shortened 
to a minimal length and then stretched slowly back to the length at which it was origi-
nally contracted isometrically. The force during each stretch maneuver was plotted 
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  Fig. 5.2     Mechanism for mechanical plasticity of airway smooth muscle.  ( a ) Contractile activation 
at a short muscle length results in organization of the contractile apparatus into a short thick fi la-
ment array, whereas contraction at a long length results in the organization of the contractile appa-
ratus into a long thin fi lament array. ( b ) As a result of structural differences, the muscle is predicted 
to be stiffer after contraction at a short length than after contraction at a long length (Adapted from 
Gunst et al. [ 10 ])       
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against muscle length during stretch to evaluate muscle stiffness (Fig,  5.3b ). After 
isometric contraction at a short muscle length (0.5 Lo), the muscle was stiffer and 
generated more force during stretch than after it was contracted at the medium or long 
muscle lengths, as indicated by the steeper slope of the force-length plot during stretch 
(Fig.  5.3b ). Thus, as would be predicted from our model of mechanically induced 
contractile fi lament reorganization (Fig.  5.2b ), the stiffness of the airway muscle tis-
sue was inversely related to the length at which the muscle was stimulated to contract: 
the muscle was stiffer after contraction at a short length than after contraction at a long 
length with the same stimulus. Experiments also demonstrated that stretching the 
muscle beyond the length to which it adapts during static isometric contraction results 
in a sustained reduction in stiffness, similar to that shown in Fig.  5.1b  [ 12 ]. These 
observations support the hypothesis that the structural arrangement of the contractile 
apparatus of airway smooth muscle cells is modifi ed during contractile stimulation at 
different muscle lengths, and that stretch of a contracted muscle beyond the length to 
which it is adapted triggers a realignment of the cytoskeletal system and contractile 
apparatus [ 10 ]. Mechanical properties such as these are diffi cult to account for solely 
on the basis of traditional sliding fi lament models that predict a unique arrangement 
of contractile fi laments based on muscle length [ 14 ].

5.3        Role of Mechanical Plasticity in the Regulation 
of Airway Tone 

 There is substantial evidence that the “plastic” or length-adaptive properties of airway 
smooth muscle are important in the normal regulation of airway tone [ 11 ,  15 – 19 ]. 
Bronchial segments subjected to physiologic conditions of volume oscillation after 
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contraction with acetylcholine exhibit plastic properties that are analogous to those 
observed in trachealis smooth muscle strips [ 17 ]. Isolated canine intraparenchymal 
bronchi were subjected to volume oscillations at amplitudes chosen to approximate the 
size of volume oscillations that bronchi are subjected to in vivo during tidal breathing 
(Fig.  5.4 ) [ 17 ]. Under static isovolumetric conditions, bronchial transmural pressure 
reached a pressure of over 50 cmH 2 O during stimulation with acetylcholine. Even a 
very small magnitude, volume oscillation (5 %) caused a marked reduction in the trans-
mural pressure of the contracted bronchus below the static pressure. As the size of the 
volume oscillation was increased, the transmural pressure at any particular airway vol-
ume declined. The lowest transmural pressures were observed when the magnitude of 
the volume oscillation was the largest. These observations in isolated bronchi in vitro 
subjected to small oscillations in volume suggest that oscillation of the airways during 
tidal breathing would inhibit airway contraction and increase airway compliance.

   Tidal breathing has been shown to have a profound effect on airway tone and airway 
responsiveness in experimental animals. The increase in airway resistance that occurs in 
response to bronchial challenge is signifi cantly lower during tidal breathing than under 
static conditions in both dogs and rabbits [ 20 – 22 ]. In ventilated rabbits, tidal breathing 
inhibits the increase in airway resistance in response to methacholine: the degree of 
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  Fig. 5.4     Effect of cyclical volume oscillations on the transmural pressure of an isolated canine 
intraparenchymal bronchus contracted with acetylcholine in vitro.  Volume oscillation reduces the 
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inhibition of the airway response to methacholine increases as the volume of the tidal 
breath is increased [ 19 ] (Fig.  5.5a ). Increases in the frequency of tidal breathing at con-
stant volume also cause a reduction in airway resistance in response to methacholine 
(Fig.  5.5b ). The effects of volume oscillation on the airway responsiveness of experimen-
tal animals in vivo are analogous to the effects of volume oscillation on isolated bronchi, 
which suggests that the mechanisms that underlie the behavior of isolated bronchi may 
also account for many of the properties of the airways in vivo during breathing [ 17 ,  19 ].

   In healthy human subjects with induced bronchoconstriction, a single deep inspira-
tion attenuates the degree of airway narrowing [ 1 – 4 ]. The plastic properties of airway 
smooth muscle may also contribute to the effects of deep inspiration on airway 
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responsiveness. The tension and stiffness of a contracted tracheal muscle strip can be 
reduced by stretching the muscle beyond the length to which it adapted during its 
initial contraction [ 9 ,  10 ,  12 ]: these experimental observations in the trachealis muscle 
are extrapolated to account for the expected effect of deep inspiration on airway trans-
mural pressures during tidal breathing after bronchoconstriction (Fig.  5.5c ). During 
tidal breathing at functional residual capacity (FRC) before deep inspiration, airway 
smooth muscle is subjected to minimal stretch; therefore, the muscle stiffens, leading 
to a decrease in airway compliance and an increase in airway narrowing. Deep inspi-
ration stretches the airway smooth muscle, reducing the stiffness and contractile ten-
sion of the muscle. When tidal breathing is resumed following deep inspiration, 
airway compliance is increased and airway narrowing is reduced. 

 We measured the effect of deep inspiration (DI) on airway caliber in ventilated rab-
bits using forced oscillation at 6 Hz to assess changes in airway resistance (Raw) in 
response to methacholine (MCh) challenge [ 23 ]. A single deep inspiration performed 
immediately after MCh challenge reduced the magnitude of the increase in Raw in 
response to MCh, confi rming that even a single brief stretch of the airways early in the 
response to a bronchoconstrictor results in a signifi cant reduction in airway narrowing. 
A deep inspiration performed prior to MCh challenge also inhibited the increase in air-
ways resistance, but to a lesser degree than when it was performed after bronchocon-
striction. This observation is consistent with the results of in vitro studies of airway 
smooth muscle in which stretch of trachealis smooth muscle strips prior to contractile 
stimulation inhibited force development in response to cholinergic stimulation, suggest-
ing that unstimulated airway smooth muscle also manifests plastic properties [ 24 – 27 ].  

5.4     Molecular Mechanisms for the Mechanical Plasticity 
of Airway Smooth Muscle 

 The mechanical plasticity of airway smooth muscle cells has been proposed to 
result from the reorganization of the cytoskeletal system to adapt to changes in the 
shape of the smooth muscle cell that occur in response to changes in external 
mechanical conditions [ 10 – 13 ,  19 ,  27 ] (Fig.  5.6 ). This includes both the contractile 
and noncontractile cytoskeletal fi laments, which are closely interconnected. The 
contractile apparatus of smooth muscle consists of interdigitating actin and myosin 
fi laments that regulate shortening and tension development in smooth muscle by 
sliding across each other [ 14 ]. Although a majority of the actin fi laments associate 
with myosin fi laments to form the contractile apparatus, other actin fi laments do not 
have myosin fi laments associated with them and form a labile pool of actin at the 
cortex of the airway smooth muscle cell that undergoes polymerization and depoly-
merization during contraction and relaxation [ 28 ]. Actin fi laments anchor at 
α-actinin-rich complexes within the cytoplasm of the smooth muscle cell. Cortical 
and cytoplasmic actin fi laments also anchor to multiprotein integrin adhesion junc-
tion sites along the plasma membrane via a series of linker proteins (e.g., talin and 
α-actinin) that bind directly to both integrin proteins and fi lamentous actin, thus 
linking extracellular matrix proteins outside the cell to the cytoskeleton and thereby 
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enabling the transmission of force between the contractile apparatus and the extra-
cellular matrix (Fig.  5.6 ). Integrin proteins also function as mechanotransducers and 
transduce signals to the cytoskeleton and the nucleus via macromolecular protein 
complexes associated with integrin adhesion junctions (adhesomes). In addition to 
linker proteins, these complexes contain dozens of signaling and adaptor proteins 
that mediate cytoskeletal and nuclear signaling pathways that regulate the 
 organization and activation of cytoskeletal proteins as well as the phenotype and 
function of the smooth muscle cell [ 29 – 32 ]. Because actin fi laments provide a tem-
plate for myosin fi lament binding, the arrangement of actin fi laments within the cell 
determines the organization of the contractile apparatus. In airway smooth muscle, 
modulation of the length and attachment sites of actin fi laments in response to envi-
ronmental conditions would enable the cytoskeletal and contractile fi laments to 
adapt to changes in the shape of the smooth muscle cell (Fig.  5.6 ).

   A wealth of evidence has accumulated to demonstrate that actin polymerization and 
adhesion junction signaling proteins play critical roles in the regulation of airway 
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  Fig. 5.6    C ytoskeletal reorganization during contractile activation of the airway smooth muscle 
cell . Contractile stimulation of the airway smooth muscle cell triggers the recruitment of adhesome 
proteins to integrin-associated signaling complexes (adhesomes), cortical actin polymerization, 
and reorganization of the actin cytoskeleton. The reorganization of actin fi laments occurs with the 
polymerization and depolymerization of cortical actin fi laments that regulate the tethering of 
the cytoskeleton to membrane adhesomes. Because myosin binds to the actin fi lament lattice, this 
results in reorganization of the contractile apparatus (Modifi ed from Gunst and Zhang [ 28 ])       
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smooth muscle contraction, as well as in the regulation of other cellular functions. 
Agents and molecular interventions that inhibit actin polymerization inhibit force devel-
opment in tracheal smooth muscle tissues without affecting the activation of contractile 
proteins, indicating that actin polymerization per se is required for contraction [ 28 ,  33 ,  34 ]. 
Contractile stimulation triggers the recruitment of cytoskeletal proteins to integrin-asso-
ciated plasma membrane adhesion complexes and their assembly into signaling units 
[ 35 – 38 ]. Many of them, such as focal adhesion kinase (FAK), paxillin, and vinculin, 
undergo phosphorylation and conformational shifts in structure during the contractile 
activation of tracheal smooth muscle [ 29 ,  32 ,  36 – 39 ]. Thus, it is clear that proteins 
within adhesion complexes are activated by contractile stimuli to participate in regulat-
ing the functions of the airway smooth muscle cells. Both FAK and paxillin phosphory-
lation are mechanosensitive in tracheal smooth muscle, and both proteins exhibit higher 
levels of tyrosine phosphorylation when airway muscle is stimulated to contract at a 
higher level of mechanical strain or load [ 29 ]. Other adhesome proteins are also  sensitive 
to mechanical forces and regulate alterations in response to infl ammatory and contrac-
tile stimuli in response to changes in mechanical load [ 31 ]. The length sensitivity of the 
phosphorylation of both of these proteins is retained even when the muscle strips are 
stimulated in the absence of Ca 2+ , under which condition no myosin light chain phos-
phorylation or force development occurs [ 29 ,  40 ]. These proteins are clearly involved in 
the regulation of cytoskeletal organization in this tissue and are likely to be critical medi-
ators of the mechanotransduction process that modulates contractility in response to 
mechanical load (Figs.  5.6 ,  5.7 , and  5.8 ).
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  Fig. 5.7     Molecular organization of membrane adhesion junction (adhesome).  Transmembrane 
integrins link the extracellular matrix to the cytoskeleton by binding to adhesome linker proteins 
such as talin and α-actinin. Adhesome complex proteins also bind to actin fi laments and catalyze 
actin remodelling when activated by contractile stimulation. Adhesome proteins transduce 
mechanical signals to the cytoskeleton and to the nucleus to modulate protein synthesis       
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    In summary, the plastic properties of airway smooth muscle most likely underlie 
many of the physiologic effects of lung volume changes on airway caliber and air-
way responsiveness in vivo in normal humans and experimental animals. These 
properties have their basis in dynamic cytoskeletal processes that are being defi ned 
at the molecular level. The chronic mechanical and chemical stressors caused by 
airway infl ammation in asthma affect actin fi lament dynamics and cytoskeletal sig-
naling pathways that may contribute to cell stiffening and airway hyperreactivity as 
well as modulate the phenotypic properties of the muscle. Further defi nition of the 
molecular mechanisms that regulate airway smooth muscle plasticity and cytoskel-
etal dynamics may lead to new insights in the pathophysiology of asthma and 
 potential new avenues for therapeutic intervention.     
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6.1             Introduction 

 The title of this chapter is intentionally provocative, but an accurate characterization 
of what this chapter is about: a theory of the mechanism of the airway hyperrespon-
siveness (AHR) in asthma. In non-insulin-dependent diabetes mellitus (type II dia-
betes), there is compelling evidence that the fundamental cause of the glucose 
intolerance results from decreased sensitivity to insulin [ 1 ]. The theory presented in 
this chapter is that the fundamental cause of the AHR in asthma results from a 
decreased sensitivity to endogenous nitric oxide (NO).  

6.2     The Role of Deep Inspiration in the Pathogenesis 
of the AHR of Asthma 

 While comparing the differences between expiratory fl ow during forced expirations 
from total lung capacity (TLC) (full-forced expiration) with those from forced expi-
rations initiated from normal end-tidal volume (partial forced expiration), we 
became impressed with the increased responsiveness of healthy subjects to inhaled 
methacholine (MCh) when the partial forced expiration was used [ 2 ]. Indeed, with 
increasing concentrations of Mch in the absence of any deep inspirations (DIs), we 
found that healthy subjects showed nearly identical responses to mildly asthmatic 
patients when only partial forced expirations were used. What was exceedingly 
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surprising and provocative was the marked decrease in forced expiratory volume in 
1 s (FEV 1 ) and FVC that was present in the healthy subjects after the DIs that were 
required for the performance of conventional spirometry. Of the ten healthy sub-
jects, six had greater than a 20 % reduction in FEV 1  at doses of Mch less than 
8 mg/ml (in the asthmatic range of responsiveness), whereas there was less than a 
15 % reduction with 75 mg/ml during routine challenge. These studies indicated 
that healthy subjects could develop asthmatic responses to low doses of Mch if DIs 
were suppressed during the challenge. For the asthmatic subjects, there was no 
effect of suppression of DIs on the response to Mch. We subsequently showed that 
suppression of DIs for 20 min before challenge with a single dose of Mch markedly 
increased the response to that single dose as assessed by changes in FEV 1  and FVC 
[ 3 ,  4 ]. With only fi ve DIs following the 20-min suppression, the increased sensitiv-
ity to Mch in the healthy subjects was markedly attenuated. Neither the suppression 
of DIs nor the fi ve DIs before challenge had an effect on the response to the single 
dose of Mch in asthmatic patients. Thus, DIs prior to Mch challenge had a protec-
tive effect (bronchoprotection) on the response of the airways in healthy subjects, 
but this protective effect was markedly attenuated in the asthmatic patients. These 
studies suggest that a major cause of the AHR in asthma could be the loss of the 
normal protective effect of DIs. 

 There has been considerable speculation as to the mechanism of the protective 
effect of DI in healthy subjects and why such an effect is attenuated in asthma [ 5 ]. 
We initially thought that the protective effect of DI in healthy subjects results from 
the stretch of the airway smooth muscle (ASM) accompanying DI, with the stretch 
less in asthma because of a decrease in the effectiveness of the tethering forces of 
the lung parenchyma on the airways. If these tethering forces are decreased in 
asthma from uncoupling of the interdependence between airways and parenchyma 
from infl ammatory changes within the airways, the load against which the ASM 
contracts would be decreased, and the degree of shortening increased for the same 
degree of activation of the ASM [ 6 ]. The uncoupling of the forces between the lung 
parenchyma and airways could account for the increased response to spasmogens in 
asthma, but this mechanism could not explain why healthy subjects have an asth-
matic response to Mch merely because DIs are suppressed prior to the challenge, 
since the measurement of FEV 1  requires a DI to TLC. There must have been some 
change in the airways of the normal subjects that occurred during the time that the 
DIs were suppressed before the Mch challenge. 

 Fredberg [ 5 ] has suggested that if ASM is not cyclically stretched and relaxed, 
the mechanical properties are changed to a state where ASM becomes much more 
responsive to spasmogens. He characterized this state of increased responsiveness 
as a “frozen contractile state.” With prolonged suppression of DIs, the magnitude of 
the stretch during normal tidal breathing might be too small to prevent the frozen 
state from occurring. The increased responsiveness to spasmogens in asthma could 
be the result of the ineffectiveness even of DIs to produce the protective effect that 
occurs in healthy subjects. Fredberg’s concepts could account for the fi ndings that 
suppression of DIs before the spasmogen is given increases the response in healthy 
subjects if the frozen state is not prevented by tidal breathing alone, but is prevented 
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by a few DIs prior to the challenge in normal subjects. This explanation assumes 
that the frozen contractile state can develop in healthy subjects when DIs are sup-
pressed, but the frozen contractile state is present at all times in asthma, whether or 
not DIs are carried out, because the DIs are ineffective in preventing the frozen state 
in asthma. Fredberg’s concepts would apply if DIs are less effective in asthmatic 
patients because they produce less stretch of the ASM. Recent work, however, does 
not support this inference: the airways of both groups increase similarly, but in 
healthy subjects, the diameter remains increased after the DI, while in asthma, the 
diameter is less than it was prior to the DI [ 7 ].  

6.3     Hypothesis: DIs Provide Protection Against the 
Constrictive Effect of Spasmogens by the Release 
of a Protective Chemical; AHR Occurs When There 
Is a Decreased Effectiveness of the Putative 
Protective Chemical 

 We infer that a protective chemical is released during DIs from stretch of the air-
ways. If the challenge is performed after a prolonged absence of DIs, the protective 
chemical will not have been released in a quantity suffi cient to be effective, and 
there will be a much greater reduction in FEV 1  and FVC. As few as fi ve DIs can 
attenuate the constrictive effect of the spasmogen, but once constriction occurs in 
the absence of DIs, the constriction is not overcome with the DI that precedes the 
measurement of FEV 1  and FVC. Healthy subjects show asthmatic responses to 
spasmogens when the challenge occurs following a prolonged absence of DIs, 
because the protective chemical is not present in an amount that is effective. We 
believe that DIs are ineffective in asthma, not because of a decrease in the amount 
released, but rather a lack of effectiveness of the putative protective chemical. 

 The increased diameter in the normal subject following a DI [ 7 ] would be 
explained by some prolongation of the time of relaxation after a DI releases 
the chemical. The decreased airway diameter in mildly asthmatic patients follow-
ing the DI can be explained by a myogenic response from stretch, a characteristic of 
vascular smooth muscle, but whose role in ASM is less certain [ 8 ]. If the myogenic 
response to stretch (DI) is prevented by the protective chemical, it would only 
become manifest when the chemical is either not present or is ineffective. A myo-
genic response from DI that is suppressed only in healthy subjects could explain the 
frequent constrictive effect of DI in asthma.  

6.4     Hypothesis: The Relaxing Chemical That Provides 
Bronchoprotection Is NO 

 Exhaled NO is increased in asthma [ 9 ]. The NO diffusing capacity of the airways 
(Dno) is the quantity of NO diffusing per unit time from the airway walls into exhaled 
gas divided by the difference between the concentration of NO in the airway wall 
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(Cw) and the lumen [ 10 ]. An elevation in the exhaled concentration of NO at a given 
expiratory fl ow can be due either to an increase in Cw, largely determined by NO 
synthase (NOS) activity within the airway walls, or an increase in Dno, a function of 
the surface area of the airways where NO is being produced. We were surprised to 
fi nd that the increased concentration of NO that is often found in the exhaled gas of 
asthmatic patients is largely due to an increase in Dno, not an increase in Cw [ 10 ]. 
We inferred that the increased Dno in asthma is due to an extension of NOS activity 
toward smaller airways, thus increasing the surface area of the airways where NO is 
being produced, whereas the Dno of normal subjects is confi ned to the smaller sur-
face area of the larger airways. We suggested that the increased Dno measured in 
asthmatic patients may refl ect upregulation of non- adrenergic, non-cholinergic 
NO-producing nerves extending toward the smaller airways in compensation for 
decreased sensitivity of ASM to the relaxant effects of endogenous NO. 

 The quantity of diffusible NO was signifi cantly correlated with the degree of 
airway responsiveness, as determined by the concentration of inhaled Mch required 
to reduce the FEV 1  by 20 % (PC 20 ) and the baseline pulmonary function (FEV 1 ), but 
the correlation was such that the higher the Dno, the greater the PC 20  and FEV 1 . For 
the mean Dno to be elevated in asthma, with the highest levels in the patients closer 
to normal subjects than more severe asthmatic patients, makes Dno analogous to 
insulin in type II diabetes, being usually elevated, but highest in those patients who 
are the least severe [ 1 ]. The explanation for this in type II diabetes is that the funda-
mental cause of the disease is a decrease in effectiveness of insulin (insulin resis-
tance), and the higher the insulin level, the greater the fasting glucose level 
and intolerance to a glucose load in early diabetes. As the disease progresses, the 
high insulin levels cannot be maintained, and then glucose intolerance will increase 
as insulin levels fall. Thus, there is an inverted U-shaped curve of the relationship 
between blood glucose or glucose intolerance and insulin level [ 11 ]. 

 If the hypothesis is correct, there should be a positive correlation between Dno and 
PC 20  in the earliest stages of asthma, that is., an ascending limb of an inverted U-shaped 
curve. Indeed, we found that Dno was elevated in allergic rhinitis, whether or not 
AHR was present, and there was a highly signifi cant positive correlation between Dno 
and PC 20  within normal subjects, patients with rhinitis, and patients with mild asthma, 
in contrast to the negative correlation in severe asthmatics [ 10 ,  12 ]. Bronchoprotection 
from fi ve DIs prior to a single-dose Mch challenge was present in the normal subjects 
and patients with allergic rhinitis without AHR, but was essentially absent in the aller-
gic rhinitis patients with AHR and the mild asthmatic patients [ 4 ].  

6.5     Is There Evidence for Diminished Effectiveness 
of NO in Asthma? 

 There is good evidence that the modulation of airway tone by NO is less effective in 
animals with allergic infl ammation or genetic predisposition to AHR [ 10 ]. The 
decreased effectiveness in sensitized animals following antigenic challenge might 
be from decreased expression of type 1 NOS, the neural synthase (nNOS) [ 13 ]. 
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Samb et al. [ 13 ] found that nNOS was reduced in the lung 6 h following challenge, 
but not type 2 or type 3 NOS (the inducible and endothelial NOS, respectively). The 
decreased nNOS expression was accompanied by a decrease in the amount of 
exhaled NO and an increase in AHR to histamine. The role of the decrease in nNOS 
is possibly of great importance, because nNOS has now been demonstrated in 
human ASM cells and has been shown to inhibit ASM cell proliferation that is 
likely involved in the airway wall remodeling of asthma [ 14 ]. 

 Perhaps of greater importance than the association between allergic infl amma-
tion and the downregulation of nNOS activity is the effect of the proinfl ammatory 
cytokines, interleukin (IL)-1β and tumor necrosis factor (TNF)-α, and type 2 or 
iNOS, the inducible NOS, on the downregulation of soluble guanylate cyclase 
(sGC) [ 15 ]. The mechanism of the smooth muscle-relaxing effect of NO is through 
the combination of NO with a heme protein on the enzyme sGC that stimulates the 
conversion of GTP to cGMP, the intracellular second messenger that mediates 
smooth muscle relaxation and a number of other effects of NO, including the inhibi-
tion of smooth muscle cell proliferation. IL-1β and TNF-α are mediators of the 
innate immune system that are released from infl amed sites to organize the infl am-
matory response. They are elevated in asthma and acute severe asthma [ 16 ]. 
Exposure of smooth muscle cells to IL-1β and TNF-α led to NO production by 
iNOS that stimulated cGMP synthesis through sGS. Prolonged exposure decreased 
sGC mRNA and protein levels and decreased the ability of the smooth muscle cells 
to synthesize cGMP when stimulated by NO [ 15 ]. The downregulation of sGC was 
partly through a negative feedback on sGC from the production of NO and cGMP 
produced by the iNOS, but the cytokines also decreased sGC levels through an 
independent pathway, since the decrease occurred in iNOS-defi cient mice [ 15 ]. If a 
similar process occurs in the ASM of humans, we would expect that the elevated 
levels of proinfl ammatory cytokines and iNOS would lead to a decreased ability of 
NO to relax the ASM. The negative feedback from iNOS on sGC probably plays an 
important role in protecting the blood pressure in sepsis [ 17 ], allowing the antimi-
crobial effects of iNOS, which do not involve sGC, to occur with less  vasodilatation, 
but the negative feedback is detrimental to the control of ASM tone. Some of the 
decrease in AHR from corticosteroids might be due to an increase in sGC from 
the reduction in iNOS and proinfl ammatory cytokines.  

6.6     Is There Evidence That the Effectiveness 
of NO Is Related to the Degree of AHR in Asthma? 

 Inhaled NO at 100 ppm caused a signifi cant increase in the FEV 1  in asthmatic 
patients whose FEV 1  was reduced by 20 % or greater by Mch, but only in the asth-
matic patients with PC 20  > 1 mg/ml. In those patients whose PC 20  < 1 mg/ml, there 
was no improvement in FEV 1  [ 18 ]. The authors suggested that the lack of improve-
ment in those patients with a PC 20  between 0.1 and 1.0 mg/ml might have been due 
to greater obstruction of small airways, with the ASM-relaxing effect of NO being 
principally in large airways. There is evidence that NO production in the airways of 
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normal subjects is principally from large airways [ 10 ]. There is no support, how-
ever, for the constriction in the patients who responded being more confi ned to 
larger airway on the basis of the changes in vital capacity (VC). Indeed, there was a 
greater fall in VC in the responders for the same change in FEV 1 . A fall in VC 
requires virtual closure of airways at residual volume; thus, changes in VC are not 
signifi cantly affected by changes in the large airways. The lack of responsiveness to 
the inhaled NO in the more severe reactive asthmatic patients could be explained, 
however, by less sGC from a greater level of proinfl ammatory cytokines and a 
higher level of iNOS.  

6.7     Is There Evidence That ASM Sees an Increased 
Concentration of NO from DIs? 

 There is considerable evidence that an increase in lung volume causes a refl ex 
decrease in ASM tone through activation of sensory nerves that respond to stretch 
[ 19 ]. It is reasonable to consider how the decreased tone is partitioned between a 
decrease in cholinergic output and an increase in the output of the inhibitory NANC 
system (iNANC). There is evidence that baseline tone is a function of the opposing 
effects of acetylcholine and NO [ 20 ], but there is no convincing evidence that 
refl exes mediated by lung stretch cause an increase in output of NO from the iNANC 
system. In the guinea pig, an increase in exhaled NO was produced by lung infl a-
tion, and at least part of this increased output could have been caused by activity of 
the vagus nerve, since there was a considerable decrease in output following vagot-
omy [ 21 ]. Later studies from the same laboratory did not support a refl ex increase 
in exhaled NO, because there was no effect of a potent ganglionic blocker 
(trimetaphan), but the increased NO from lung infl ation was essentially abolished 
by gadolinium, a potent inhibitor of many mechanically sensitive ion channels [ 22 ]. 
The authors suggested that the increased NO from lung stretch could have been 
caused by “stretch-induced cellular calcium infl ux.” This is known to occur in endo-
thelial cells through activation of type 3 NOS [ 23 ] and in striated muscle through 
activation of nNOS [ 24 ]. This raises the possibility that the nNOS, known to be 
present in human ASM [ 14 ], can be activated directly by stretch, so that an increase 
in NO in ASM need not come from an increased output of the iNANC system.  

    Conclusions 
 The theory we propose to account for the AHR of asthma is that the smooth 
muscle relaxant effects of NO are suppressed by a decrease in sGC and NOS 
activity within ASM of asthmatics. The decreased sGC and NOS activity within 
the ASH are the result of infl ammatory cytokines, such as IL-1β and TNF-α, 
which are elevated in asthma. These cytokines decrease the amount and activity 
of sGC, the enzyme that is required for the production of the second messenger, 
cGMP, necessary for the smooth muscle relaxant effects of NO. The cytokines 
also increase the activity of the inducible NO synthase, iNOS, which also 
decreases the amount and activity of sGC through negative feedback. Stretch of 
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the airways increases the production of NO in ASM through activation of consti-
tutive type 1 NOS, either through activation of the iNANC system or a direct 
effect of stretch of the ASM itself. The release of NO from the stretch that occurs 
with DI provides protection against the constrictive effects of spasmogens in 
normal subjects, but the release of NO is ineffective in asthma because of the 
downregulation of sGC. The AHR of asthma is, therefore, not due to any 
increased sensitivity of the ASM to spasmogens, but rather the lack of a protec-
tion against the normal constrictive response. The decreased sGC from the 
infl ammatory cytokines is compensated by an increase in constitutive NO pro-
duction, refl ected by an increase in Dno in allergic rhinitis and mild asthma, but 
this compensation cannot be maintained as the asthma progresses in severity, 
refl ected by a decreasing Dno. The decrease in both sGC and the constitutive 
NOS in severe asthma could be responsible, at least in part, for the airway remod-
eling, since a decrease in cGMP has been implicated in the hyperplasia and 
hypertrophy of ASM.     
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7.1  Introduction

Chronic obstructive pulmonary disease (COPD) is a common respiratory condition 
that is characterized by inflammation of both the large and small (<2 mm) peripheral 
airways, the alveoli and adjacent capillary networks [1–4]. Expiratory flow limita-
tion (EFL) is generally regarded as the pathophysiological hallmark of COPD. Lung 
hyperinflation is another important and related physiological manifestation of 
COPD that has major clinical consequences. In COPD populations, indices of lung 
hyperinflation have been shown to be predictive of respiratory and all-cause mortal-
ity [5–7] and morbidity [6–8]. The progressive decline in resting inspiratory capac-
ity (IC), which mirrors the rise in lung hyperinflation as the disease advances, has 
major implications for dyspnoea and activity restriction in COPD [9]. For these 
reasons, there is increasing interest in therapeutic manipulation of lung hyperinfla-
tion to improve clinical outcomes in COPD. In this chapter we will attempt to clarify 
definitions of lung hyperinflation, review causative mechanisms, consider the natu-
ral progression of hyperinflation from mild to very severe COPD, outline the 
negative consequences of lung hyperinflation as it relates to physical activity, and 
examine the physiological rationale for selective “lung deflating” interventions.
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7.2  Static and Dynamic Hyperinflation: Definitions  
and Determinants

The lack of precise definitions of lung hyperinflation and the confusion that abounds 
over terms such as “static” and “dynamic” hyperinflation have hampered knowl-
edge translation in this area of research. “Static” refers to the determination of lung 
volume components from the static pressure–volume relaxation curve of the respi-
ratory system. “Dynamic” refers to the influence of dynamic events, such as expira-
tory timing, during maximal forced or spontaneous tidal breathing, on lung volume 
measurements. In the absence of any consensus on the definition or severity of lung 
hyperinflation, it is recommended, when using this term, to specify the volume 
compartment and express it as percent of predicted normal [10]. Lung hyperinfla-
tion is said to be present if measurements of lung volumes such as functional resid-
ual capacity (FRC), residual volume (RV) or total lung capacity (TLC) are 
abnormally increased above the upper limits of natural variability [10]. For the pur-
pose of this chapter, increase in TLC (preferably measured by body plethysmogra-
phy) exceeding either the upper limit of normal (ULN) (i.e. the upper 95 % 
confidence limit of a normally distributed reference population) or an empiric 
120 % of predicted is consistent with the presence of lung overinflation. An increase 
in plethysmographic FRC above either ULN or 120 % of predicted is termed lung 
hyperinflation. An increase in plethysmographic RV exceeding either ULN or 
120 % of predicted is termed pulmonary gas trapping, also signified by an increased 
RV/TLC ratio. In practice, values of these volume components exceeding 120–
130 % predicted are deemed to be potentially clinically important, but these “cut- 
offs” remain arbitrary.

7.2.1  Functional Residual Capacity

FRC or the lung volume at the end of quiet expiration during tidal breathing [i.e. 
end-expiratory lung volume (EELV)] is increased in COPD subjects compared with 
healthy subjects [11]. EELV is used interchangeably with FRC in the current chap-
ter. FRC is not always synonymous with the relaxation volume (Vr), which is the 
static equilibrium volume of the relaxed respiratory system, i.e. the volume at which 
the elastic recoil pressures of lung and relaxed chest wall are equal and opposite in 
sign [12] (Fig. 7.1). Active or passive mechanisms often operate to make FRC dif-
ferent from Vr both in healthy and in COPD subjects. For example, in healthy 
younger subjects during exercise, activation of expiratory muscles commonly drives 
FRC below the Vr [13].

Increase in FRC has static and dynamic determinants in COPD. Traditionally, 
increase in FRC is termed “static” lung hyperinflation and is attributed to an increase 
in the static Vr due to loss of lung recoil [11]. Thus, a change in the elastic properties 
of the lungs due to emphysema (i.e. increased lung compliance) resets the balance 
of forces between the lung and chest wall so that the reduced lung recoil pressure 
requires a greater volume to balance the chest wall recoil [11] (Fig. 7.2). The net 
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consequence is that the static Vr is higher than that of predicted normal [11] and 
FRC (or EELV) is increased in COPD compared with health [11] (Fig. 7.2). In this 
circumstance, resetting of the balance of forces between lung and chest wall at the 
higher Vr means that the alveolar pressure at end expiration remains atmospheric, 
i.e. is still zero [11]. Of note, “static” does not necessarily mean “at rest”.

A major consequence of the increased compliance and resistance of heteroge-
neously distributed alveolar units in COPD is ineffective gas emptying on expira-
tion: the mechanical time constant (i.e. the product of compliance and resistance 
(τ)) for lung emptying is therefore prolonged. The net result is that inhalation begins 
before full exhalation has been completed because the respiratory system has not 
yet returned to its Vr. Under this condition, the alveolar pressure at end expiration 
becomes higher (i.e. positive) than the atmospheric pressure. Consequently, the 
inspiratory muscles have to offset a threshold load termed auto or intrinsic positive 
end-expiratory pressure (PEEPi) before inspiratory flow can begin [14]. Lung 
hyperinflation in this circumstance is “dynamically” determined: EELV no longer 
occurs at the passive point of equilibrium between chest wall and lung recoil but is 
abnormally increased above the Vr of the respiratory system due to the presence of 
inescapable PEEPi [11, 14].
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Fig. 7.1 Quasistatic V–P curves of lung (PL), chest wall (Pcw) and total respiratory system (Prs) 
during relaxation in a sitting position. The static forces of lung and chest wall are indicated by the 
arrows in the drawings. Please note that the PL increases its curvature with increasing lung volume, 
whereas the opposite is true for the Pcw. The fall in the compliance of the respiratory system at high 
lung volumes is therefore mainly due to the decrease in compliance of the lung, whereas at low 
lung volume it reflects the decreased compliance of the chest wall. In the tidal volume range, the 
V–P relationships of both the lung and chest wall are nearly linear, and compliance of the lung and 
chest wall are about the same. In the sitting posture, they amount to 4 % vital capacity per 1 cmH2O 
or 0.2 L/cmH2O. The volume corresponding to each drawing is indicated by the horizontal broken 
lines
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The extent of lung hyperinflation is influenced by the prevailing breathing pat-
tern for a given ventilation and the degree of time-constant abnormalities as 
expressed by the following equation [15]:
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where Te = expiratory time, τrs = time constant for emptying of the respiratory sys-
tem, VT = tidal volume and base e = 2.718282. In more severe COPD, these factors 
contribute to lung hyperinflation even at rest. Lung hyperinflation is also influenced 
by body position and by body mass, for example, EELV decreases when adopting a 
supine position [16] or with obesity [17]. Variable increases in EELV can also 
occur when minute ventilation (V′E) is abruptly increased (e.g. voluntarily, during 
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Fig. 7.2 Effect of reduced lung recoil pressure on functional residual capacity (FRC). FRC or 
end-expiratory lung volume (EELV) in normal lung represents the volume at which the elastic 
recoil pressures of lung and relaxed chest wall are equal and opposite in sign (meaning that the net 
elastic recoil pressure of the total respiratory system equals zero (long-dashed lines). Loss of lung 
elasticity due to emphysema in COPD reduces the lung recoil pressure. Consequently, FRC occurs 
at a higher lung volume, which defines static hyperinflation (short-dashed lines). Please note that 
under this circumstance, the elastic recoil pressures of lung and relaxed chest wall are equal and 
opposite in sign, meaning that the alveolar pressure is still atmospheric
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anxiety/panic attacks, hypoxaemia or physical activity) or when EFL is suddenly 
worsened (e.g. during exacerbation or increased bronchospasm).

7.2.2  Residual Volume

RV refers to the volume of gas remaining in the lungs after maximal exhalation, 
regardless of the lung volume at which exhalation is started [10]. In young healthy 
adults, RV is determined by the balance between expiratory muscle force and the 
outward elastic recoil of the chest wall [12]. It is the chest wall, and not the lung, 
that normally contributes the most to the elastic recoil forces of the respiratory sys-
tem at RV [12] (Fig. 7.1). At RV, these forces are equal and opposite in sign [12]. In 
older healthy adults, dynamic mechanisms are important in setting RV: the normal 
loss of lung elasticity with age and associated decreases in maximum expiratory 
flow rate (premature airway closure and flow limitation) are associated with 
increased RV, compared to youth [18]. Similarly, RV in COPD is determined by 
dynamic mechanisms [11]. When expiratory flow rates are very low near RV, the 
ability to expire maximally may be affected by limited breath-holding ability or 
subject discomfort before expiration is “complete” (i.e. while expiratory flow is still 
present) [11]. The consequence is that RV may be greater than the lung volume at 
which a static balance would have been achieved between expiratory muscle and 
elastic recoil forces [11].

7.2.3  Inspiratory Capacity

Inspiratory capacity (IC) is defined as the maximal volume of air that can be inspired 
after a quiet expiration to EELV [10]. The resting IC [9] (or IC/TLC ratio [5, 19]) is 
also used as indirect measure of lung hyperinflation. Resting IC progressively 
declines as airway obstruction worsens in COPD [9, 20]. Measurement of IC is 
motivation dependent and is influenced by static strength of the inspiratory muscles 
and EELV [21]. The IC represents the operating limits for tidal volume (VT) expan-
sion in patients with EFL and influences breathing pattern and peak ventilatory 
capacity during exercise [9, 22] (see below). The IC is diminished in the presence 
of inspiratory muscle weakness or lung hyperinflation.

7.2.4  Total Lung Capacity

TLC is the greatest volume of gas in the lungs achieved after maximal voluntary inspi-
ration [10]. It depends on the static balance between the outward forces generated by 
inspiratory muscles during a maximal inspiratory effort and the inward elastic forces 
of the chest wall and lung [12]. It is the lung that normally contributes the most to the 
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elastic recoil forces of the respiratory system at TLC [12] (Fig. 7.1). At TLC, these 
two sets of forces are equal and opposite in sign [12]. The increase in TLC in COPD 
usually reflects the increased lung compliance due to emphysema [12].

7.3  The Natural History of Lung Hyperinflation: From Mild 
to Advanced COPD

The natural history of the development of lung hyperinflation in COPD patients is 
unknown, but clinical experience indicates that this is an insidious process that 
occurs over decades. It is likely that the time course of change in the various volume 
compartments is highly variable among patients and, in this respect, genetic suscep-
tibility, burden of tobacco smoke and the impact of the frequency and severity of 
exacerbations may all be important. Until recently, no longitudinal studies have 
tracked the temporal progression of physiological derangements beyond the decline 
in forced expiratory volume in 1 s (FEV1) in a large population of patients with 
COPD [23]. The 4-year UPLIFT® trial documented a mean rate of decline in pre- 
bronchodilator IC of 34–50 mL/year in patients with moderate to very severe COPD 
[7]; patients with the lowest baseline IC were also those with the greatest rates of 
exacerbations and death [7]. A recent cross-sectional study in 2,265 patients found 
progressive increases in pulmonary gas trapping and lung hyperinflation (measured 
by RV and FRC) and corresponding decline of IC across the continuum of COPD 
severity [20]. Lung volume increases were shown to occur even in the earliest stages 
of COPD (i.e. GOLD grade I) and increased exponentially with severity of airway 
obstruction [9, 20] (Fig. 7.3). The magnitude of lung volume components derived 
from body plethysmography (i.e. expiratory reserve volume, RV and FRC) in both 
healthy and COPD subjects is strongly influenced by body mass: increased body 
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Fig. 7.3 Residual volume (RV) and functional residual capacity (FRC) versus forced expiratory 
volume in 1 s (FEV1) across GOLD stages (I, II, III/IV). The majority of patients (including many 
patients with GOLD stage I) were >120 % predicted suggesting evidence of static lung hyperinfla-
tion. There was an exponential relationship between static lung volumes and disease severity. 
GOLD, Global Initiative for Chronic Obstructive Lung Disease (Data from Ref. [20], with permis-
sion (pending))
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mass index is associated with lower static lung volume components, regardless of 
the severity of airway obstruction [24].

7.3.1  Mild Symptomatic COPD

It is well established that the presence of apparently minor airflow obstruction (as 
measured by spirometry) may obscure widespread inflammatory damage to the 
peripheral airways (<2 mm diameter), lung parenchyma and pulmonary vasculature 
[2, 25]. Previous studies have shown evidence of active airway inflammation and 
loss or obliteration of peripheral airways even in those with mild COPD [2, 3, 25]. 
Loss of peripheral airways may precede the development of centrilobular emphy-
sema. Mucus hypersecretion as a result of chronic bronchitis can result in extensive 
peripheral airway dysfunction in mild COPD [26, 27]. Alveolar inflammation with 
destruction of alveolar walls and attachments to airways are integral to the patho-
genesis of lung hyperinflation [28]. Previous studies in mild COPD have reported 
increased static lung compliance [29], and quantitative computed tomography (CT 
scans) show emphysema and gas trapping [30–32]. Gas trapping, as assessed by 
expiratory CT scans, can exist in the absence of structural emphysema and is 
believed to indirectly reflect small airway dysfunction in mild COPD [3]. The pres-
ence of lung hyperinflation assessed by quantitative CT scans was found to predict 
a rapid annual decline in FEV1 in smokers with a normal FEV1 [30]. Corbin and 
coworkers in a 4-year longitudinal study of smokers with chronic bronchitis reported 
a progressive increase in lung compliance [29]. Interestingly, these investigators 
reported that increases in TLC in milder COPD served to preserve SVC and IC in 
the setting of increased RV and FRC, respectively.

7.3.2  Moderate to Severe COPD

There is considerable heterogeneity in FRC and RV across GOLD grades, but many 
patients in each GOLD category have values that are above the predicted normal 
values [9, 20] (Fig. 7.3). From cross-sectional studies, it would appear that RV and 
FRC increase exponentially as airway obstruction worsens [9, 20].

7.4  Consequences of Resting Lung Hyperinflation  
in Moderate to Severe COPD

The impact of lung hyperinflation on respiratory mechanics and muscle function is 
highly variable in COPD and varies from minor diaphragmatic dysfunction to overt 
hypercapnic respiratory failure. Resting lung hyperinflation significantly dimin-
ishes ventilatory reserve which can become critically eroded during exacerbations 
[33–35] and the stress of exercise (see below). Increases in lung volumes in healthy 
individuals [36] or resting lung hyperinflation in moderate to severe COPD places 
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the inspiratory muscles, especially the diaphragm, at a significant mechanical disad-
vantage by shortening its fibres, thereby compromising its force-generating capac-
ity by 30–55 % [37, 38]. Lung hyperinflation undoubtedly affects the capacity of the 
parasternal intercostals and scalenes to shorten, but the extent to which the mechani-
cal effectiveness of intercostals and scalene is compromised is still debated 
(reviewed in [39]). Potential mechanisms of compromised diaphragmatic function 
include (1) worsening of the length–tension relationship, (2) decrease in the zone of 
apposition, (3) decrease in the curvature of the diaphragm, (4) change in the 
mechanical arrangement of costal and crural components of the diaphragm and (5) 
increase in the elastic recoil of the thoracic cage.

Lung hyperinflation decreases the resting length of the diaphragm [40, 41] and, 
less so, of the rib cage muscles [42], although this is controversial [43]. The shorten-
ing of the diaphragm is due to a decrease in the length of its zone of apposition, 
which causes a decrease in its pressure-generating capacity [41]. Lung hyperinfla-
tion has traditionally been thought to cause flattening of the diaphragm and to 
increase its radius of curvature which, in turn, would increase its passive tension and 
decrease its efficiency in generating transdiaphragmatic pressure, according to 
Laplace’s law. However, this does not seem to be the case because it has been clearly 
shown that, at resting EELV, the curvature of the diaphragm is only 3.5 % smaller in 
severe COPD patients than in healthy subjects [44]. The radius of curvature also 
changes little over the range of IC in both severe COPD patients [44] and healthy 
subjects [45]. It follows that a change in the curvature of the diaphragm is likely to 
be less important than a change in length of diaphragmatic fibres in determining 
contractile force at either EELV or over the range of IC. Lung hyperinflation changes 
the orientation of the costal and crural fibres of the diaphragm from parallel to series 
arrangement, as demonstrated in dogs by Zocchi and collaborators [46]. The change 
in fibre orientation decreases the ability of the diaphragm to generate force, and the 
diaphragm has an expiratory rather than inspiratory action on the rib cage [46].

When EELV becomes positioned above 70 % of predicted TLC, thoracic elastic 
recoil is directed inward (i.e. increased) [12] so that the inspiratory muscles have to 
work, not only against PEEPi and the elastic recoil of the lungs but also against the 
elastic recoil of the thoracic cage [47] (Fig. 7.1). The net effect is that lung hyperin-
flation contributes to an increased work and oxygen (O2) cost of breathing at rest in 
patients with severe COPD (recently reviewed in [48]).

7.4.1  Lung Hyperinflation and the Heart

Barr et al. [49] reported that in a large population-based sample made up of both 
smokers and non-smokers, a 10 % increase in the percentage of emphysema (mea-
sured by CT) correlated inversely with reductions in left ventricular (LV) diastolic 
volume, stroke volume and cardiac output, as estimated by magnetic resonance 
imaging (MRI). Lung hyperinflation has the potential to impair cardiac function by 
increasing pulmonary vascular resistance [50]. The increased intrathoracic pressure 
swings linked to increased resistive and increased elastic loading of hyperinflation 
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may result in increased LV afterload as a result of the increased LV transmural pres-
sure gradient. Reduced venous return and reduced right and left ventricular volumes 
and LV stroke volume are additional consequences of the altered intrathoracic pres-
sure gradients. Severe hyperinflation, as defined as an IC/TLC ratio <25 %, has been 
shown to be associated with increased all-cause (including cardiovascular) mortal-
ity [5], impaired LV filling determined by echocardiography [51] and reduced exer-
cise tolerance [5, 19, 52]. Severe lung hyperinflation has recently been linked to 
reduced intrathoracic blood volume and reduced LV end-diastolic volume as 
assessed by MRI [53].

7.4.2  Physiological Adaptations to Chronic Lung Hyperinflation

In the presence of lung hyperinflation, functional muscle weakness (outlined above) 
is mitigated, to some extent, by long-term adaptations such as shortening of dia-
phragmatic sarcomeres [54] and a decrease in sarcomere number [55] which causes 
a leftward shift of the length–tension relationship, thus improving the ability of the 
muscles to generate force at higher lung volumes. In patients with chronic lung 
hyperinflation, adaptive alterations in muscle fibre composition (an increase in the 
relative proportion of slow-twitch, fatigue resistant, type I fibres) [56, 57] and oxi-
dative capacity (an increase in mitochondrial concentration and efficiency of the 
electron transport chain) [54] are believed to preserve the functional strength of the 
overburdened diaphragm [37] and make it more resistant to fatigue [54, 56, 58]. In 
this regard, Similowski and colleagues demonstrated that the reduction in the 
pressure- generating capacity of the inspiratory muscles of stable COPD patients 
was related to lung hyperinflation, but that diaphragmatic function in such patients 
was comparable to normal subjects when measurements were compared at the same 
lung volume [37]. Despite these impressive temporal adaptations, the presence of 
severe lung hyperinflation means that ventilatory reserve in COPD is diminished, 
and the ability to increase V′E when the demand arises is greatly limited [9].

7.5  Lung Hyperinflation and Exercise

Dynamic lung hyperinflation (DH) has been defined as the temporary and variable 
increase of EELV above the resting value. Changes in EELV during exercise can be 
estimated from serial IC measurements [59–61] on the assumption that TLC remains 
constant [62–64]. When measurements of IC are coupled with those of dynamic 
inspiratory reserve volume (IRV, calculated as IC − VT) and breathing pattern, fur-
ther valuable information is provided about the prevailing mechanical constraints 
on V′E during exercise [9, 22, 65, 66]. In addition, comparing changes in IC and IRV 
within and between patients at a standardized V′E (iso − V′E) during exercise gives us 
important information on the mechanical constraints on VT expansion that are inde-
pendent of the level of ventilatory demand. Small physiological studies and multi-
centre clinical trials have confirmed high reproducibility and responsiveness of 
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serial IC measurements in moderate to severe COPD [59, 60]. It should be noted 
that the IC measurement gives only indirect information about changes in absolute 
lung volumes but, nevertheless, provides important mechanical information, irre-
spective of possible minor shifts in absolute TLC that may occur [59, 60].

In symptomatic patients with even mild COPD, significant dynamic increases in 
EELV (or reciprocal decreases in IC) by ~0.5 L have been measured during incre-
mental cycle exercise as a result of the combined effects of increased ventilatory 
demand (reflecting ventilation–perfusion mismatch) and worsening EFL [9, 67, 68]. 
Similar changes in EELV (i.e. average decreases in IC of ~0.3–0.5 L) have been 
reported during exercise in the majority (85 %) of patients with moderate to severe 
COPD [9, 22, 59–61, 65]. It is unclear why a minority of patients with COPD do not 
dynamically hyperinflate during exercise, but it may be related, at least in part, to 
having a smaller resting IC with greater mechanical constraints [22, 61]. Smaller 
studies using optoelectronic plethysmography have identified more varied behav-
iours of end-expiratory chest wall motion during exercise and have designated sub-
groups of COPD as non-hyperinflators (“euvolumics”) [69] and “early” and “late” 
hyperinflators [64]. Differences in IC measured by pneumotachograph and opto-
electronic plethysmography during exercise reflect the fact that the latter, measure-
ment of chest wall motion, is influenced by gas compression effects and intrathoracic 
blood shifts, particularly in the presence of vigorous expiratory muscle recruitment 
[70].

7.5.1  Benefits of Dynamic Lung Hyperinflation During Exercise

Increases in EELV at low exercise intensities help attenuate expiratory flow limita-
tion and possibly improve ventilation–perfusion relations and pulmonary gas 
exchange by reducing airway resistance, thus improving gas distribution during 
inspiration [65, 66]. We have argued that DH, early in exercise, helps to preserve the 
normally harmonious relationship between central neural drive and the mechanical/
muscular response of the respiratory system (i.e. neuromechanical coupling), thus 
attenuating the rise in dyspnoea [65, 66]. However, when end-inspiratory lung vol-
ume (EILV) approaches its maximum value (at approximately 95 % TLC), the ben-
efits of DH are negated by the effects of increased elastic/threshold loading of the 
respiratory muscles [65, 66, 71].

7.5.2  Negative Effects of Dynamic Lung Hyperinflation

Important consequences of dynamic hyperinflation include (1) VT constraints result-
ing in early mechanical ventilatory limitation [9, 22, 61, 65, 66, 72], (2) increased 
elastic and threshold loading on the inspiratory muscles resulting in an increased 
work and O2 cost of breathing [66, 71, 73], (3) functional inspiratory muscle weak-
ness and possible fatigue [66, 71], (4) carbon dioxide (CO2) retention [74] and (5) 
adverse effects on cardiac function [51, 52, 75–79].
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7.5.3  Lung Hyperinflation and Tidal Volume Constraints

As airway obstruction increases in severity, there is a progressive decline in the rest-
ing IC such that the respiratory system prematurely reaches its physiological limits 
at a progressively lower peak V′E during exercise [9]. Resting IC dictates the limits 
of VT expansion during exercise in patients with COPD who have EFL [9, 22, 60, 
61, 65, 66, 72]. The lower the resting IC, because of lung hyperinflation, the lower 
peak VT and peak V′E achieved during exercise [9, 22, 60, 61, 65, 66, 72] (Fig. 7.4). 
When VT reaches approximately 75 % of the prevailing IC (or IRV is 5–10 % of the 
TLC), there is an inflection or plateau in the VT/V′E relation [9, 22, 65, 66] (Fig. 7.4). 
The V′E during exercise at which the VT plateau is discernable depends on the mag-
nitude of the resting IC: in those with a smaller IC, the VT plateau occurs earlier in 
exercise at a relatively lower V′E [9, 22]. This critical volume restriction represents 
a mechanical limit, and further sustainable increases in V′E are impossible [9, 22, 
65, 66]. Associated tachypnoea further compromises inspiratory muscle function by 
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7 Static and Dynamic Hyperinflation in Chronic Obstructive Pulmonary Disease



84

the increase in the velocity of shortening of the inspiratory muscles and a reduction 
in dynamic lung compliance [65, 66, 71, 80]. The rapid shallow breathing pattern in 
the setting of high physiological dead space that fails to decline as normal can fur-
ther compromise the efficiency of CO2 elimination [74]. The VT plateau marks the 
onset of the rising disparity between increasing central neural drive and the mechan-
ical/muscular response of the respiratory system [65, 66]. Across the continuum of 
COPD, from mild to severe disease, the conditions for this neuromechanical disso-
ciation become evident at progressively lower work rates [9, 22, 60, 61, 65, 68, 81].

7.5.4  Mechanical and Muscular Consequences of Dynamic Lung 
Hyperinflation

The previously mentioned effects of resting lung hyperinflation on respiratory 
mechanics and muscle function are further aggravated by dynamic increases in 
EELV during exercise in patients with moderate to severe COPD. As tidal breathing 
encroaches on the upper alinear extreme of the respiratory system’s sigmoidal static 
pressure–volume relation, there is increased elastic/threshold loading [65, 66, 71, 
82–84], and the work and O2 cost of breathing become very high [40 % of peak 
oxygen consumption (V′O2)] (Fig. 7.5) [73, 85].
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Fig. 7.5 Campbell diagrams are shown at a standardized time during constant work rate cycle 
exercise testing for a patient with severe COPD. Abbreviations: CLdyn dynamic lung compliance, 
Ccw chest wall compliance, EELV end-expiratory lung volume, ITL the inspiratory threshold load, 
TLC total lung capacity. The shaded areas represent the elastic work of breathing, while the resis-
tive work of breathing are the areas within the volume–pressure loops. Please note that after 
inhaled bronchodilator (BD, solid black line) compared with placebo (PL, solid grey line), the ITL, 
elastic and resistive work of breathing are all decreased (Personal data)
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The combination of excessive mechanical loading and increased velocity of 
shortening of the inspiratory muscles means that V′E can no longer be sustained. 
The increased O2 cost of breathing in the setting of compromised O2 delivery 
because of compromised cardiac output or increased respiratory–locomotor muscle 
competition could precipitate respiratory muscle fatigue or overt mechanical failure 
in severe COPD. However, the evidence that inspiratory muscle fatigue actually 
occurs in COPD patients is inconclusive [86, 87], even at the limits of tolerance dur-
ing both cycle and treadmill exercise [58, 88]. In fact, there is increasing evidence to 
the contrary and a suggestion that structural adaptations in the inspiratory muscles, 
particularly the diaphragm, render some degree of resistance to fatigue [54, 56, 58].

7.5.5  Lung Hyperinflation and Cardiac Function During Exercise

The effect of acute-on-chronic lung hyperinflation on dynamic cardiac function dur-
ing exercise remains unknown. Increases in EELV during exercise could potentially 
worsen pulmonary hypertension, reduce right ventricular preload (reduced venous 
return) and, in some cases, increase left ventricular afterload [50, 51, 53, 89, 90]. 
Patients with severe resting lung hyperinflation (IC/TLC ratio <25 %) have been 
shown to have a decreased peak exercise O2 pulse (a crude estimate of stroke vol-
ume) [52]. However, in the absence of cardiac disease, other investigators have 
found that cardiac output increased normally as a function of V′O2 during submaxi-
mal exercise in COPD suggesting long-term physiological adaptations: stroke vol-
ume is generally smaller, and heart rate correspondingly higher than in health but 
cardiac output is often preserved [89, 91]. Of note, peak cardiac output reaches a 
lower maximal value during exercise in COPD, which may be due, in part, to the 
abnormal ventilatory mechanics [89, 91, 92].

Interventions that reduce lung hyperinflation, such as lung volume reduction sur-
gery, have shown a number of physiological improvements of cardiac function such 
as increased LV dimensions and filling (assessed by MRI) [93] and improved end- 
expiratory pulmonary artery wedge pressure [94]. However, the clinical significance 
of these small improvements is unclear [94]. Similarly, lung deflation following 
bronchodilator therapy and heliox was associated with modest but consistent 
improvement in heart rate and O2 kinetics in the rest-to-exercise transition, but the 
implications for exercise performance remain unknown [75, 76, 95, 96].

7.5.6  Does Expiratory Muscle Activity Alter Dynamic Lung 
Hyperinflation During Exercise?

The influence of excessive expiratory muscle activity on the behaviour of dynamic 
operating lung volumes and on the evolution of the intensity and quality of dys-
pnoea during exercise remains unknown and has recently been debated [97]. 
Expiratory muscle activity in more advanced COPD has been shown to be variable 
(but not dichotomous), and in the majority of small mechanical studies, peak tidal 
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expiratory pressure rose smoothly to ~20–25 % of maximal expiratory pressure at 
end exercise [98–100]. It has been speculated that increased expiratory muscle pres-
sure generation during exercise may attenuate DH early in the course of COPD and 
that adaptive expiratory muscle “de-recruitment” characterizes the later phase of the 
disease [69, 97]. Moreover, it has been postulated that the negative cardiovascular 
consequences (e.g. reduced venous return and cardiac output) of vigorous expira-
tory muscle activity in milder COPD may directly impair exercise performance [69, 
97]. It is also possible, although still conjectural, that increased expiratory muscle 
pressure generation, which does not increase expired flow rates in flow-limited 
patients, aggravates dynamic airway compression and that this, in turn, may directly 
influence the intensity or quality of exertional dyspnoea [101–103]. In a recent pre-
liminary study, we determined the variability of expiratory muscle activity during 
symptom-limited incremental cycle exercise in COPD, its relationship with changes 
in dynamic operating lung volumes, and its influence on the time course of change 
in the intensity and quality of dyspnoea [104]. We found no evidence that smooth 
and progressive expiratory muscle recruitment affected the dyspnoea or the dynamic 
lung volume responses to exercise in moderate to severe COPD [104]. The conten-
tion that excessive expiratory muscle activity is not a dominant contributor to dys-
pnoea is also based on the observation that perceived expiratory difficulty and 
unsatisfied expiratory effort were rarely selected as representative descriptors by 
COPD patients who vigorously recruited expiratory muscles and that dyspnoea 
intensity was more closely correlated with indices of inspiratory effort, neurome-
chanical uncoupling and mechanical events during exercise (such as critical VT con-
straints) that mainly burdened the inspiratory muscles [104].

7.6  Respiratory Mechanical Abnormalities and Dyspnoea

7.6.1  Physiological Correlates of Dyspnoea Intensity in COPD

It is a long-held belief that demand/capacity imbalance fundamentally underscores 
the intensity and quality of dyspnoea in COPD [105]. The demand/capacity imbal-
ance hypothesis of dyspnoea has been supported by several studies which have 
shown that dyspnoea intensity ratings correlate well with a number of physiological 
ratios: (1) the ratio of V′E to maximal ventilatory capacity (V′E/MVC), the original 
“dyspnoea index” [106]; (2) the ratio of tidal oesophageal pressure to maximum 
pressure (Pes/PImax), an indicator of relative respiratory muscular effort [107]; and 
(3) the ratio of Poes/PImax to the VT response (VT/IC or VT/VC), the effort/displace-
ment ratio [65, 66, 71]. Dyspnoea intensity ratings also correlate well with indices 
of DH or its restrictive effects (e.g. VT/IC ratio) [9, 61, 65, 66, 71]. EILV or IRV, 
which reflects proximity of VT to TLC and the “stiffer” portion of the respiratory 
system’s pressure–volume relation, correlates more strongly with dyspnoea inten-
sity ratings than EELV or IC per se [9, 22, 65, 66]. The extent to which increases in 
EELV during exercise contribute to dyspnoea intensity in COPD will depend on the 
resting IC and thus the extent of mechanical constraints on VT expansion [22].
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7.6.2  Unsatisfied Inspiration and Lung Hyperinflation

Unsatisfied inspiration (“can’t get enough air in”) is a dominant qualitative descrip-
tor of dyspnoea during physical exertion in COPD and is not reported in health 
[71]. This qualitative descriptor is perceived as unpleasant, is recognized as a threat 
to life and evokes powerful emotive responses (fear, anxiety, panic). It alerts the 
patient that further increases in V′E cannot be sustained and demands abrupt behav-
ioural action, e.g. stopping the task. We have postulated that unsatisfied inspiration 
has its neurophysiological origins in neuromechanical dissociation or uncoupling 
of the respiratory system [65, 66, 71]. The development of unsatisfied inspiration 
during exercise coincides with the point where VT expansion becomes mechani-
cally limited in the setting of increasing central respiratory drive (Fig. 7.6) [65]. 
This VT inflection/plateau is an important mechanical event during exercise where 
dyspnoea intensity rises abruptly to intolerable levels (Fig. 7.6) and the dominant 
qualitative descriptor changes from increased work/effort to unsatisfied inspiration 
(Fig. 7.7) [65].

The neurobiology of unsatisfied inspiration remains conjectural. Multiple studies 
in healthy volunteers have shown that when the VT response is mechanically con-
strained in the face of increased chemostimulation of the respiratory centres, 
unpleasant respiratory discomfort, qualitatively akin to unsatisfied inspiration or air 
hunger, is the result [108–113]. Perceived unpleasantness associated with the act of 
breathing is thought to involve affective processing [114]. At the point where unsat-
isfied inspiration and associated unpleasantness arises during exercise, the central 
neural drive (and central corollary discharge) has reached near maximal levels while 
the mechanical/muscular response of the respiratory system has approached or 
reached physiological limits [115].

7.7  Effects of Interventions on Lung Hyperinflation  
and Dyspnoea

Indirect evidence of the importance of lung hyperinflation in dyspnoea causation 
and exercise intolerance in COPD comes from multiple studies which have exam-
ined therapeutic interventions [bronchodilators, continuous positive airway pres-
sure (CPAP) oxygen supplementation, exercise training, lung volume reduction 
surgery] that reduce or counterbalance the effect of lung hyperinflation.

Bronchodilators reduce airway smooth muscle tone, improve airway conduc-
tance and accelerate the time constants for lung emptying of heterogeneously dis-
tributed alveolar units. Bronchodilators of all classes have consistently been shown 
to increase the resting IC in patients with COPD by an average of ~0.3 L (or 15 %) 
(for review, see [116]) which is associated with improvements in dyspnoea and 
exercise endurance time [59, 117–120]. The magnitude of DH either remains the 
same or may worsen slightly reflecting the higher levels of V′E that can be achieved 
during exercise as a result of the bronchodilation [119–121]. In other words, bron-
chodilator treatment simply causes a parallel downward shift in the EELV over the 
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Fig. 7.6 Mechanical threshold of dyspnoea is indicated by the abrupt rise in dyspnoea after a criti-
cal “minimal” inspiratory reserve volume (IRV) is reached that prevents further expansion of tidal 
volume (VT) during exercise. Beyond this dyspnoea–IRV inflection point during exercise, dys-
pnoea intensity, breathing frequency (F), respiratory effort (Pes/PImax, where Pes is oesophageal 
pressure and PImax is maximum values for Pes) and the effort–displacement ratio all continue to 
rise. Dashed lines indicate the threshold where mechanical limitation to VT expansion is reached. 
Arrows indicate the dyspnoea–IRV inflection point. Values are plotted after placebo and expressed 
as means ± SE. TLC total lung capacity, VC vital capacity (Data from Ref. [66], with permission 
(pending))
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course of the exercise test reflecting the reduction in resting IC. This increase in 
resting IC is beneficial because it delays the onset of critical ventilatory constraints 
to V′E. Improvements in dyspnoea and exercise tolerance are closely related with 
release of VT restriction [59, 66, 117–120], reduced respiratory effort [66, 122] and 
enhanced neuromechanical coupling of the respiratory system [66, 122]. In selected 
individuals non-invasive ventilation using CPAP, carefully titrated to a level below 
the patients PEEPi, has been shown to improve dyspnoea and exercise endurance 
presumably by counterbalancing the negative effects of the inspiratory threshold 
load on the inspiratory muscles [103, 123, 124].

Bullectomy and lung volume reduction surgery by removing redundant bullae or 
portions of destroyed emphysematous lungs appear to improve lung elastic recoil 
pressure of the remaining lung tissue [125–129]. The net effect is to reduce the 
static Vr of the respiratory system. This contributes to reductions in the work and O2 
cost of breathing and enhanced neuromechanical coupling and dyspnoea improve-
ment [128, 130, 131]. As with pharmacological lung volume reduction, the resultant 
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improvement of resting IC delays critical mechanic limits and improves exercise 
tolerance as already described.

Both hyperoxia and exercise training can reduce V′E by reducing breathing fre-
quency and potentially the rate of DH in COPD [121, 132–136]. While both these 
interventions have been associated with reduced DH and dyspnoea relief, via delay 
in reaching mechanical limits, the dominant effect on dyspnoea amelioration seems 
to be reduced central neural drive. In other words, reduced DH is not necessarily a 
prerequisite for subjective relief of dyspnoea with supplemental O2 or exercise 
training in COPD but may contribute in some instances.

7.8  Summary

Progressive EFL in COPD and alteration in the elastic properties of the lung are 
associated with the development of progressive lung hyperinflation and decline in the 
resting IC. A number of physiological adaptations partially preserve diaphragmatic 
function in the face of chronic hyperinflation, but the restrictive mechanical effects 
of a low IC limit the ability to increase V′E when metabolic demand increases dur-
ing activity. The situation is further compounded by the deleterious effects of acute 
dynamic increases in EELV above resting values which forces the respiratory system 
to approach or reach its physiological limits. During exercise, further reduction of 
the already diminished IC due to DH critically restricts VT expansion, mechanically 
loads and weakens the inspiratory muscles and forces early respiratory mechani-
cal limitation. Additionally, the growing disparity between increased central neural 
drive and the blunted respiratory muscular/mechanical response (neuromechanical 
uncoupling) after the VT inflection likely contributes to perceptions of respiratory 
discomfort across its intensity, quality and affective distress domains. The corollary 
is that pharmacological and surgical lung volume reduction increase the resting IC, 
release VT restriction, unload the inspiratory muscles and improve neuromechanical 
coupling of the respiratory system, dyspnoea and exercise intolerance in COPD.
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8.1            Introduction 

 When we are born, the lungs are completely collapsed or atelectatic and not yet 
opened up or recruited. The fetus is oxygenated by placental gas exchange, but after 
birth the newborn has to take over the oxygenation of blood and removal of carbon 
dioxide within a few minutes. The fi rst inspirations will slowly open up the lungs 
breath by breath, obviously a necessity for the lungs to take over the gas exchange. 
These breaths are demanding and respiratory work is heavy but a prerequisite to 
survive the transition from intra- to extrauterine life that sometimes needs ventila-
tory support [ 1 ]. Under normal conditions, a healthy lung is fully aerated, and no 
part will be airless or collapsed (or de-recruited). This is essential for optimum gas 
exchange, i.e., oxygenation of blood and removal of carbon dioxide (CO 2 ) from the 
blood. Blood fl ow through an airless lung causes shunt, i.e., fl ow of blood that is not 
oxygenated and cannot eliminate CO 2 , resulting in hypoxemia and CO 2  retention [ 2 ]. 
De-recruitment or atelectasis can be seen in 9 of 10 patients during anesthesia [ 3 ], 
more or less all patients in the intensive care setting under ventilator treatment [ 4 ], 
and in lung infl ammatory diseases such as pneumonia [ 5 ]. It can also be seen in 
chronic obstructive lung disease (COPD) [ 6 ]. The lung may also be de-recruited 
when exposed to strong external forces, e.g., high gravitational forces [ 7 ,  8 ]. This 
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chapter will describe mechanisms that keep the lung open and aerated under normal 
conditions, as well as different causes of de-recruitment, techniques to recruit the 
lung, and techniques to study de-recruitment and recruitment.  

8.2     The Open Lung 

 The lung consists of elastic tissue that, if not prevented by the surrounding chest 
wall, will contract the lung until complete airlessness (in an elderly subject airways 
may close before alveoli have become completely empty). The lungs are kept 
expanded by the connection to the chest wall via a subatmospheric pressure in the 
pleural space. This is a small liquid-fi lled space [ 9 ]. When the chest is expanded and 
the diaphragm contracted, the lungs become further infl ated. However, the lung is 
not uniformly expanded. There is a lower pressure (“negative” compared to atmo-
spheric pressure) in the pleural space ( P  pl ) surrounding upper lung regions than in 
the pleural space surrounding lower lung regions, i.e., in the gravitational direction 
[ 10 ]. This is mainly an effect of the lung weight itself.  P  pl  increases down the pleural 
space by approximately 0.3 cmH 2 O/cm in the healthy lung and more in a sick edem-
atous or fi brotic lung. In a 20 cm high lung, the pleural pressure may be −8 cmH 2 O 
at the uppermost lung regions and 0 cmH 2 O in the bottom of a healthy lung. Since 
static airway pressure ( P  aw ) is the same all over the lung, the transpulmonary pres-
sure that keeps the lung expanded ( P  aw  −  P  pl ) is higher in upper than lower lung 
regions. The alveoli are larger and airways wider in the upper lung than further 
down. This is illustrated in Fig.  8.1 . Thus, apical regions are more expanded in the 
upright subject, ventral regions in the supine subject, and the upper lung when sub-
ject is in the lateral position. This regional difference in volume applies to moderate 
lung infl ation, but since the pressure–volume curve fl attens off at high inspiratory 
pressures, the difference between dependent and nondependent regions will decrease 
the more the lung is expanded. At maximum inspiration the alveoli are of equal size 
all over the lung.

         During expiration the alveoli and airways decrease in size more in the lower lung 
regions than higher up. Airways may eventually close during ongoing expiration as 
will be discussed in a paragraph further down.  

8.3     Causes of Lung Collapse/De-recruitment 

8.3.1     Disconnection Lung–Chest Wall (e.g., Pneumothorax) 

 If there is a leak of air into the pleural space, the lung will collapse as understood 
from the discussion above, but the chest wall will also expand. This is because its 
resting position is at higher thoracic volume than that established with an intact 
pleural function and an inward force from the lung. Thus, the chest wall and the 
lung balance each other creating what is called the resting lung volume or functional 
residual capacity (Fig.  8.2 ).
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8.3.2        Airway Closure 

 The walls of the central airways are lined by cartilage and muscle cells that 
make them resist compression if extramural airway pressure, corresponding to 
 P  pl , is increased (although increased muscle tone can also cause bronchocon-
striction). The peripheral airway walls have no cartilage and little or no muscle 
lining and are kept open solely by a higher pressure inside than outside the air-
way ( P  aw  −  P  pl  must be positive). During expiration  P  pl  increases and may become 
positive, beginning in the dependent lung.  P  aw  can be approximated to 0 cmH 2 O 
during quiet breathing, so when  P  pl  is positive, compression of the airway will 
occur. This is called airway closure [ 11 ]. 

 The resting lung volume, FRC, is decreased in the supine compared to upright 
position, an effect of the cranial displacement of the diaphragm by the abdominal 
organs. Airway closure is thus more common or likely in the supine position. The lung 
volume at which airways close during expiration, called closing capacity, CC, also 
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 Fig. 8.1    Pressure–volume 
( P–V ) curve of the lung with 
positioning of a lower 
(dependent) and an upper 
(nondependent) region on the 
 P – V  curve. Note the lower 
(more negative vs. atmosphere) 
pleural pressure surrounding 
upper lung regions. This results 
in a higher transpulmonary 
pressure ( P  tp ) in this region, 
with more expanded alveoli 
than in dependent regions. 
Since the  P – V  curve fl attens off 
with increasing  P  tp , ventilation 
goes preferentially to dependent 
regions as indicated by the 
length of the arrows in the  P – V  
curve. With a  P  tp  of 0 cmH 2 O, 
airways may close and alveoli 
become non-ventilated with 
eventual collapse 
(de-recruitment)  
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increases with age of the subject [ 11 ]. This is because of the loss of elastic tissue in the 
lung (as elsewhere in the body; the skin becomes more twinkled as becomes the lung). 
FRC is also increasing with age (provided that weight is constant, which is not always 
true) but less than the CC, and the net effect is more airway closure with age. This is 
illustrated in Fig.  8.3 . It can be seen from the fi gure that CC is lower than FRC up to 
an age of approx. 70 years in the upright position and 45 years in the supine posture. 
Thus, airway closure may occur in middle-aged subjects when supine, e.g., during 
sleep, but not until higher age in the upright position. If CC is larger than FRC but the 
breath is larger than CC − FRC, then airways open up during inspiration and close 
during expiration, causing cyclic airway closure. This may impede oxygenation of 
blood in the subtended lung unit because of reduced ventilation.

   If CC − FRC is larger than the tidal volume, airways will be continuously closed 
throughout the breath. With continuous airway closure, air will be absorbed from the 
closed off alveoli, and no replenishment can come from the upper airways. The alveoli 
decrease in volume and will eventually collapse, causing atelectasis. To go one step 
further, the alveoli may collapse even with certain inspired ventilation, provided it is 
minimal compared to the blood fl ow to the unit. The time it takes to cause atelectasis 
behind an occluded airway will depend on the gas composition in the closed off unit. 
Oxygen will be taken up rapidly by the passing capillary blood and nitrogen much 
slower since there is more or less equilibrium between alveolar nitrogen and nitrogen 
concentration in different tissues. Dantzker, Wagner, and West [ 12 ] calculated the 
infl uence of inspired alveolar ventilation/perfusion ratio ( V  AI / Q ) and inspired oxygen 
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  Fig. 8.2    Relationships between the chest and lung.  P  CW  transmural pressure of the chest wall 
(pleural pressure minus pressure on the body surface),  P  L  transmural pressure of the lung (intra- 
alveolar pressure minus pleural pressure),  P  RS  transmural pressure of the respiratory system or 
“relaxation pressure” (difference between alveolar pressure and pressure on the body surface). 
Note that at FRC the lung recoils by 6 cmH 2 O (in this example) and the chest wall is expanding by 
the same pressure, thus balancing the inward force of the lung. With loss of muscle tone (e.g., by 
anesthetics, muscle relaxants, and sedatives; c.f. anesthesia and intensive care), lung recoil force is 
unopposed and the lung volume is reduced and the lung collapses.  TLC  total lung capacity,  FRC  
functional residual capacity       
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concentration on alveolar stability. They found a critical  V  AI / Q  (when alveoli eventu-
ally collapse) approaching 0.001 during air breathing, and that was much higher, 
around 0.07 while breathing 100 % oxygen. They also calculated the minimum time 
to collapse for units with different  V  AI / Q  ratios at different concentrations of inspired 
oxygen. As said, the minimum time is much longer during air breathing than during 
ventilation with oxygen. At a  V  AI / Q  ratio of 0.001, it may take half an hour or more 
during air breathing but no more than 6 min with an F I O 2  of 1.0. It was assumed that 
blood fl ow through the unit that eventually collapsed was 2 mL/min/mL lung unit. For 
a homogeneous total lung volume of 2.5 L, this would correspond to a capillary blood 
fl ow of 5 L/min, which are reasonable values in the supine subject. 

 It might be worth mentioning that a breath hold need not cause a de-recruitment, 
provided that airways are open [ 13 ]. Oxygen will be taken up by the capillary blood 
from the alveoli, and the decrease in alveolar volume reduces alveolar pressure, and 
fresh gas is sucked down from the airway opening so that the alveolar volume is 
more or less maintained. The carbon dioxide that is being delivered from capillary 
blood into the alveolar space adds to the alveolar volume but will be dissolved into 
the lung tissue and has no lasting effect on the lung volume. Apneic oxygenation, 
i.e., extended breath hold with oxygen sucked into the lung, can maintain life for 
many minutes, and death follows not from hypoxemia but from CO 2  retention.  

8.3.3     Increased Lung Recoil/Surfactant Deficiency 

 Surfactant is produced by alveolar type 2 cells    and stabilizes the alveolus so that a 
small alveolus with a higher surface tension will not empty into a larger alveolus 
with a lower surface tension, which would eventually result in one single alveolus. 
Surfactant may be affected by anesthesia [ 14 ]. Furthermore, a lack of intermittent 
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  Fig. 8.3    Infl uence of age on FRC awake in different body positions (sitting and supine) and during 
anesthesia (supine). Closing capacity ( CC ), the lung volume at which airways begin to close dur-
ing expiration, is also shown. Note the increase in FRC with increasing age, provided that body 
height and weight are constant. Note also the decrease in FRC by approximately 0.7–0.8 L when 
lying down from upright and the further decrease by another 0.4–0.5 L during anesthesia. Closing 
capacity increases faster with age so that a certain amount of airway closure occurs above FRC in 
upright position at ages above 65 years and at around 50 years in the supine position. During anes-
thesia most patients, above 30 years, will suffer from airway closure       
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deep breaths, as is usually the case during mechanical ventilation, may result in a 
decreased content of active forms of alveolar surfactant [ 15 ]. Surfactant production 
may be decreased or its function impaired in ALI/ARDS and in prematurely born 
neonates. A decreased production or function of surfactant results in reduced alve-
olar stability and may contribute to liquid bridging in the airway lumen, promoting 
airway closure [ 16 ]. When the alveolus is reopened by increased airway pressure, 
e.g., by the application of a positive end-expiratory pressure, PEEP, of 10 cmH 2 O, 
the alveolus re-collapses as soon as the PEEP is discontinued [ 17 ]. It may then look 
surprising and even inconsistent when a vital capacity maneuver or the infl ation of 
the lung to +40 cmH 2 O causes a stable lung so that ventilation can then continue at 
low or normal airway pressures without the recurrence of atelectasis [ 18 ]. However, 
this can be attributed to the observation that a forceful infl ation of the lung releases 
new surfactant and spreads it out on the alveolar surface and the distal airways, and 
this makes the lung unit stable again. This may suggest that once PEEP shall be 
discontinued, it shall be preceded by a forceful infl ation of the lung, a vital capacity 
maneuver. This will again stabilize the lung and will prevent new atelectasis for-
mation, unless high inspired oxygen fraction is used, see below.  

8.3.4     External Forces/Lung Compression 

 Still another possibility for de-recruitment to occur is external forces that reduce the 
lung volume. Air pilots may develop atelectasis during exposure to high G forces 
that compress the lung, and this is made worse by oxygen breathing [ 7 ,  8 ]. A similar 
effect may be exerted by the increased amount of fl uid in the lung that increases the 
weight of the lung and that reduces the gas volume and more so in dependent lung 
regions, i.e., basal regions in the upright position and the dorsal part when supine 
[ 19 ]. Increased abdominal weight or edema pushes the diaphragm cranially, again 
promoting lung collapse. Also, laparoscopic surgery with infl ation of the abdominal 
space with gas (CO 2 ) to facilitate visual orientation by the surgeon causes or 
increases atelectasis [ 20 ], surprisingly without increasing shunt or worsening oxy-
genation of blood, a consequence of increased redistribution of lung blood fl ow 
away from the collapsed lung [ 21 ]. 

 It may thus be concluded that alveolar collapse may occur when the lung is dis-
connected from the chest wall (e.g., pneumothorax), by gas absorption from closed 
off or very poorly ventilated lung units, by reduced surfactant function or produc-
tion, or by compression of lung tissue (e.g., increased G or lung weight, increased 
abdominal push on the diaphragm).   

8.4     Lung De-recruitment: Location and Amount 
of Lung Collapse 

 Lung de-recruitment will occur primarily in the lower lung regions whether the trig-
gering mechanism is airway closure, increased lung recoil, or external lung com-
pression. Thus, de-recruitment or atelectasis can be seen along the dorsal part of the 
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lung in the supine position, in the regions near the diaphragm when upright, and in 
the lower lung when in the lateral position. 

8.4.1     De-recruitment and Recruitment During Anesthesia 

 Atelectasis occurs in most patients during anesthesia. The size of the atelectasis, 
measured as area on a CT, in the lung-healthy anesthetized subject may vary from 
nothing in a few subjects 5 % or so to 25 % or more, the mean being approximately 
4 % of the total lung volume [ 3 ]. This may not seem impressive or important, but 
the amount of lung tissue that is collapsed is higher. This is because most of the lung 
volume is gas and a smaller part is tissue. Around 15 % of the lung tissue is airless 
or atelectatic during anesthesia, on an average, but this tissue is still perfused and 
causes shunt, i.e., blood fl ow through the lung that is not oxygenated, and therefore 
may cause hypoxemia. 

 That atelectasis occurs during anesthesia is because the patient is in supine posi-
tion (lowers FRC), is anesthetized and paralyzed (causes further lowering of FRC to 
close to residual volume), has presumably received 100 % oxygen during the induc-
tion of anesthesia (promotes speed of gas absorption), and is ventilated with rather 
monotonous ventilation either manually by the anesthetist or with the respirator (no 
large tidal volume that could have pushed in gas to poorly aerated regions) [ 22 ]. 

 Inspired oxygen concentration is of fundamental importance for atelectasis for-
mation [ 22 ], a fact that is neglected among anesthetists and intensivists who may 
feel more comfortable the higher the arterial oxygen tension is [ 23 ] (Fig.  8.4 ). 
However, atelectasis increases the need of oxygen to compensate for the shunt atel-
ectasis causes, a vicious circle that is created by the anesthetist or intensivist! 
Subjects, whose anesthesia has been induced during ventilation with lower oxygen 
concentration, 30 %, do not develop atelectasis although their dependent lung vol-
ume is decreased down to residual volume [ 24 ]. Indeed, at the time of    the rapid eye 
movement, REM, phase during sleep, the dependent lung regions are decreased in 
volume to the extent seen during anesthesia, and if we were breathing oxygen dur-
ing sleep, we would cause de-recruitment of dependent lung regions that have to be 
reopened when we wake up, breathing air [ 25 ].

   The use of a sigh maneuver, or a double  V   t  , has been advocated to reopen any 
collapsed lung tissue. However, the atelectasis is not decreased by a double  V   t   or by 
a sigh up to an airway pressure of 20 cmH 2 O [ 26 ]. Not until an airway pressure of 
30 cmH 2 O is reached does the atelectasis decrease to approximately half the initial 
size. For complete reopening of all collapsed lung tissue, an infl ation pressure of 
40 cmH 2 O is required. Such a large infl ation corresponds to a maximum spontaneous 
inspiration, and it can thus be called a VC maneuver. In adults with healthy lungs, 
infl ation of the lungs to 40 cmH 2 O maintained for no more than 7–8 s may re-expand 
all previously collapsed lung tissue. Ventilation of the lungs with pure oxygen after a 
VC maneuver that had reopened previously collapsed lung tissue will however result 
in rapid reappearance of the atelectasis. If, on the other hand, a lower oxygen concen-
tration is used, e.g., 40 % O 2 , atelectasis reappears slowly, and the lung is kept open 
for about half an hour before any substantial de-recruitment has occurred [ 25 ].  
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8.4.2     De-recruitment and Recruitment in Intensive Care 

 In acute respiratory failure (ARF) and its most severe form, adult respiratory dis-
tress syndrome (ARDS), the lung collapse can range from 10 % or less of the lung 
tissue to 70–80 %. In the latter cases, hypoxemia will be severe and life threatening. 
It should be clear that some of the airlessness in the ARDS patient might not be 
 collapsed but fl uid-fi lled alveoli. Thus, there are different causes of the airlessness. 

 Lung collapse is of concern during critical care of patients with acute respiratory 
distress syndrome (ARDS). Experimental evidence identifi es the presence of air-
space collapse and cyclic recruitment as important elements in the development of 
ventilator-induced lung injury (VILI) [ 27 – 33 ]. When compared with injury caused 
by overdistension, cyclic alveolar recruitment and collapse due to insuffi cient 
recruitment and positive end-expiratory pressure (PEEP) seem to have similar or 
even higher impact on lung injury [ 29 ,  33 ]. Moreover, Otto and colleagues [ 34 ] have 
shown substantial spatial and temporal heterogeneity of indexes of infl ammation in 

Awake

FRC↓

Airway closure Atelectasis

Induction 3 min
F1O2: 0.3–1.0

Anesthesia 1 h
F1O2: 0.3

Anesthesia 5 min
F1O

2
: 1.0

  Fig. 8.4    Schematic drawing of the lung (subject in supine position) awake ( left ), after anesthesia 
induction with ventilation with an inspired oxygen fraction (F I O 2 ) of either 0.3 or 1.0 ( middle ) and 
after a period of anesthesia with an F I O 2  of 0.3–0.4 but with the previous induction on low or high 
F I O 2  ( right ). Note the cranial shift of the diaphragm on induction of anesthesia, causing fall in FRC 
and airway closure, and de-recruitment (atelectasis) because of gas adsorption behind the closed 
airway if oxygen concentration is high but not if its concentration is low (and nonabsorbable nitro-
gen concentration is high)       
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a surfactant depletion model of lung injury. In this model, cyclical recruitment was 
more damaging than stretch. However, other studies suggest that injury [ 35 ] occurs 
predominantly in nondependent regions. 

 The lung units are mutually interdependent, linked through a meshwork of shared 
alveolar, interstitial, and connective tissues. Each alveolus is tethered to others so that 
heightened distending forces are brought to bear on any individual lung unit tending 
to collapse. This elastic interdependence helps to stabilize the lung and indicates that 
more atelectrauma may potentiate stretch and more stretch may potentiate atelec-
trauma. To avoid this deadlock, we must fi nd a strategy able to minimize both mecha-
nisms, instead of selecting one. We must overcome the quest for one key VILI 
determinant. An alternative strategy is conceivable: perform a safe, individualized, 
and careful maximum recruitment strategy followed by an appropriate PEEP titra-
tion. The subsequent reversal of collapse might promote a more homogeneous distri-
bution of tidal ventilation, making use of the previously collapsed parenchyma to 
“share” the tidal volume, and possibly relieving nondependent lung hyperinfl ation. 

 Reinforcing the importance of minimizing tidal hyperinfl ation, Tschumperlin 
and colleagues showed that tidal stretch can be attenuated if the net deformation of 
the alveolar epithelial cell is minimal [ 33 ]. A recent study [ 28 ] showed that a key 
factor in alveolar epithelial type 2 cells death is amplitude exceeding 37 % of the 
membrane surface area rather than peak deformation. Although their results show 
that the alveolar epithelial cell injury is modest when the deformation amplitudes 
are less than a level associated with total lung capacity (37 % of the membrane sur-
face area), the severe deformation exceeding this level is likely to occur in certain 
areas of the lung during mechanical ventilation. In particular, it could easily occur 
for ARDS patients. As observed by CT imaging, closed and overinfl ated alveoli can 
occur simultaneously in different parts of the lung parenchyma during mechanical 
ventilation [ 36 ] (Figs.  8.5a  and  8.7a ). The overinfl ation may induce large alveolar 
epithelial deformations, resulting in alveolar epithelial cell death, and trigger the 
infl ammatory process related to VILI primarily in the baby lung.

a b

  Fig. 8.5    CT scans from a patient with acute respiratory distress syndrome are shown, before ( a ) 
and after ( b ) the maximal recruitment strategy       
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   Perlman and colleagues utilized real-time confocal microscopy to determine the 
micromechanics of alveolar perimeter distension in perfused rat lungs [ 37 ]. They 
were able to image a 2 μm thick optical section under the pleura. Five to eight seg-
ments were identifi ed within each alveolus. The average length of these segments 
was compared for normal and hyperinfl ated conditions. They found the segment 
distension to be heterogeneous within the single alveolus. Rausch et al. [ 27 ] recently 
showed, employing synchrotron-based x-ray tomographic microscopy on isolated 
rat lungs, that local strains developing in alveolar walls are much higher than the 
global extension. Their method allowed them, for the fi rst time, to determine local 
three-dimensional strain states in real highly resolved alveolar geometries. It turned 
out the local strains are up to four times higher than the global strains. Additionally, 
they found strain hot spots to occur within the thinnest parts. This seems feasible 
since there is less tissue to resist the deformation. This leads to an uneven strain 
distribution throughout the parenchymal tissue. Thin regions become overstretched, 
whereas regions with tissue accumulation remain unchallenged. These elegant data 
suggest that an overextension of the “healthy” parts (baby lung) of the heteroge-
neous aerated ARDS lungs can play a primary role on the activation of the infl am-
matory signaling cascade (biotrauma). Thus, in the ARDS lung the collapsed 
dependent and the statically hyperinfl ated nondependent regions may act as stress 
raisers toward open “healthy” regions that become exposed to tidal stretch. In other 
words, the local consequences of static stretch in nondependent regions and the 
local consequences of the mechanisms related to collapse in dependent ones are less 
important than the consequent stresses driven to the remaining aerated and venti-
lated but small “baby” lung in terms of regional infl ammation. An important mes-
sage of these fi ndings is that we cannot choose which mechanism of VILI is more 
critical to oppose, but rather they emphasize the importance of strategies capable of 
minimizing both end-inspiratory and end-expiratory stresses, unloading the baby 
lung. Three major studies investigated the lung-protective strategy as a whole [ 38 –
 40 ], including both low tidal volumes–pressures and optimum PEEP after recruit-
ment maneuvers. They all reported signifi cant clinical benefi ts. 

 A diffi culty in testing the open lung hypothesis is related to the effi cacy of 
recruitment maneuvers as conventionally proposed. Various studies have suggested 
that the success rate of such maneuvers is just modest and dependent on initial dis-
ease. In addition, the oxygenation/mechanical benefi ts have hardly been sustained 
over time [ 41 – 49 ]. Without a signifi cant reduction of alveolar collapse, and without 
sustained effects, it is always possible to allege that the negative results were related 
to suboptimal strategy. 

 Among the main reasons probably causing and promoting lung tissue de- 
recruitment in intensive care are (1) inadequate evaluation of potential of recruit-
ment; (2) application of partial and ineffi cacious recruitment maneuvers; (3) absence 
of any specifi c, independent, and coupled strategy to keep the lung open during and 
after the recruitment maneuver; (4) mechanical ventilation strategies based on 
incremental PEEP as a recruitment maneuver and/or a PEEP titration procedure, 
instead of titrate, and apply PEEP to keep the lung open after and adequate and 
specifi c recruitment strategy; (5) and or suboptimal PEEP titration. It is of 
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questionable benefi t to perform insuffi cient lung recruitments, and it is useless to 
perform maximum lung recruitment without adding an appropriate open lung PEEP 
strategy. 

 Studies proposing a maximum recruitment strategy [ 36 ,  50 ,  51 ] have found that 
it was possible to reverse lung collapse and to stabilize lung recruitment in the 
majority of patients with early ARDS, regardless of etiology (primary or secondary) 
(Fig.  8.5 ). The success rate and magnitude of lung recruitment reported in these 
studies were unusual when compared with previous investigations, especially con-
sidering the high proportion of patients with primary ARDS, including patients with 
 Pneumocystis  pneumonia [ 19 ,  52 ]. Among the reasons explaining this effi cacy, one 
must consider the anti-de-recruitment strategy [ 36 ] with PEEP levels kept at 
25 cmH 2 O during the whole recruiting phase. Such high PEEP levels were intended 
to work as a recruitment keeper, while the patient-specifi c closing pressures were 
undetermined. After recruitment, a careful decremental PEEP titration detected and 
individualized the optimum PEEP level. This optimum level was still above the 
average lower infl ection point found in previous studies [ 38 ] and also far exceeded 
PEEP levels used in previous studies of lung recruitment [ 43 – 48 ]. Of note, despite 
the prolonged use of hypercapnia and low tidal volumes, it was possible to maintain 
a stable open lung confi rmed by CT analysis (i.e., collapsed lung mass <5 %) at 
30 min after recruitment and confi rmed by maintenance of oxygenation during the 
fi rst few days of mechanical ventilation. Importantly, it was not needed to perform 
repetitive recruitment maneuvers [ 36 ,  51 ]. 

 The distribution of threshold-opening pressures provides insight into the reasons 
for previous negative recruitment studies [ 53 ]. The bimodal shape of the curve of 
the distribution of threshold-opening pressures suggests that there are two main 
populations of alveoli in terms of opening pressures. As observed visually during 
CT scanning, zones of sticky and completely degassed atelectasis, at the most 
dependent lung [ 54 ], frequently require airway opening pressures above 
35–40 cmH 2 O to recruit [ 55 ,  56 ] (Fig.  8.6 ). If one does not challenge the lung to 
airway pressures  of 60 cmH 2 O, you might conclude that less than 50 % of early 
ARDS can be recruited [ 57 ]. The combination of insuffi cient opening pressures and 
time of application, associated with suboptimal PEEP levels, results in signifi cant 
collapse on CT and moderate PaO 2 .

   Major side effects anticipated for an intense recruitment strategy are barotrauma, 
hemodynamic impairment, and hyperinfl ation. In fact, only a transient decrease in 
cardiac index during such recruitment maneuver has been found, not accompanied 
by deterioration in mixed-venous saturation, or by decrease in systemic arterial 
blood pressure. No direct clinical consequence of such perturbation was seen [ 36 , 
 51 ]. Three major precautions minimized potential side effects: (1) all patients were 
previously optimized in terms of vascular volume [ 58 – 62 ] and vasopressor infu-
sion; (2) pressure-controlled cyclic ventilation was used instead of vital capacity 
maneuvers (sustained pressures) during the high stress phases, theoretically mini-
mizing hemodynamic impairment [ 63 – 66 ]; and (3) a stepwise protocol was applied 
that was capable of individualizing the opening pressures applied, using the mini-
mum necessary for each individual. Despite recruitment with high pressures, or 
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  Fig. 8.6    Forceful, aggressive versus partial recruitment of the lung. Inspiratory and expiratory 
pressure–volume curves during a slow-fl ow infl ation and defl ation maneuver in a supine patient 
with acute respiratory distress syndrome are shown. Infl ation was stopped at an airway pressure 
enough to obtain a maximal recruitment. Partial pressures of oxygen (PaO 2 ) at corresponding situ-
ations, in the same patient, are shown. ( a ) CT scans are shown at the same airway pressure, before 
(infl ation limb) and after (defl ation limb) the maximal recruitment. PaO 2  and total lung volume are 
higher, and the amount of atelectasis is less after the maximal recruitment. ( b ) CT scans are shown 
at the same total lung volume, also before and after the maximal recruitment. PaO 2  is 25 % higher 
after the maximal recruitment. This could possibly be explained by lower lung infl ation pressure 
and less squeeze of blood fl ow downward in the lung, which still has collapsed lung tissue       
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thanks to it, no hyperinfl ation may be seen on CT. In fact, the opposite may be seen: 
decrease of hyperinfl ation in nondependent lung zones [ 36 ] (Fig.  8.7 ). Massive 
recruitment with an overall increase in pleural pressure, and thus decrease in trans-
pulmonary pressure in nondependent regions [ 67 ], may explain such fi ndings.

   In conclusion, the challenge is not to answer a simplistic question about whether 
to do or not to do recruitment, or simply to apply higher versus lower PEEP [ 68 ], 
but rather how to perform a physiology-based protective open lung strategy.   

8.5     Techniques to Study Recruitment and De-recruitment 

8.5.1     Conventional Chest X-ray 

 At the bedside, accurate evaluation of lung pathologic entities and pulmonary aera-
tion in critically ill patients ventilated for acute respiratory distress syndrome 
(ARDS) remain problematic. Technical limitations reduce the quality of bedside 
chest radiography, which, nevertheless, remains the daily reference for lung imag-
ing. These limitations include movements of the chest wall, patient rotation, supine 
position with the x-ray fi lm cassette placed posterior to the thorax, and an x-ray 
beam originating anteriorly at a shorter distance than recommended and not tangen-
tially to the apex of the hemidiaphragm. All of these various factors contribute to 
poor-quality x-ray fi lms and mistaken assessment of pleural effusion, alveolar con-
solidation, interstitial markings, mediastinum, and cardiac dimensions. Even with 
careful control of exposure factors, radiographic images remain suboptimal in more 
than one third of cases and are poorly correlated to lung computed tomographic 
images [ 69 ]. Lichtenstein and colleagues have shown that lung ultrasonography is 
better than bedside chest radiography for diagnosing pleural effusion, alveolar con-
solidation, and alveolar–interstitial syndrome and for assessing the extent of lung 

a b

  Fig. 8.7    CT analyses are shown of pulmonary voxels presenting hyperinfl ation (in  red ) before ( a ) 
and after ( b ) the maximal recruitment in a patient with acute respiratory distress syndrome. Both 
measurements were done during inspiratory pause at the same airway pressure. Note the decrease 
of hyperinfl ation in intermediate and nondependent lung zones after massive recruitment       
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injury [ 70 ]. It has been suggested that the routine use of lung ultrasonography for 
critically ill patients with ARDS could reduce the indications of bedside chest 
radiography.  

8.5.2     Computed Tomography, CT 

 Computed x-ray tomography, CT, has been frequently used for clinical and research 
purposes. Modern equipment has high temporal resolution enabling, for example, 
intra-tidal breath analysis and high spatial resolution and can cover the full lung 
from apex to base using spiral technique. Because of three-dimensional reconstruc-
tion, volumetric analysis of the lung can be done which is not possible or less reli-
able with conventional chest x-ray. The atelectasis that has been shown in the 
anesthetized subject with CT has not been possible to visualize on conventional 
chest x-ray – it has needed the 3D reconstruction made available with CT [ 17 ]. 

 The CT image shows the density of each volume element (voxel) of the image. In 
the lung, aeration, or rather the gas/tissue ratio, in each voxel is usually described as the 
Hounsfi eld number (HU), the number ranging from +1,000 (bone) to blood (+30/40 HU) 
water (±0 HU) to air (−1,000 HU). For practical purposes, the HU divided by −10 gives 
the percentage of air in a particular voxel. Thus, as an example, −700 HU corresponds 
to 70 % air (−700 HU ÷ −10 = 70 %). This is in general good enough. However, to be 
more exact, lung tissue has a specifi c density of 1,065 on an average, and the calcula-
tion of the gas/tissue ratio in a voxel will be HU × 1,065 ÷ −10 [ 71 ]. 

 The standard defi nition of atelectasis by CT is a lung region with a density of 
−100 > HU > +100 [ 72 ]. This implies that there will be voxels that contain small 
amount of air, up to 10 % of the total volume. Atelectasis will thus be slightly over-
estimated. On the other hand, the voxels with small amount of air up to 10 % indicate 
poor aeration and presumably poor ventilation. The upper limit, +100 HU, is not 
critical and, if it is changed to +50 or +200 HU, will not affect the calculation of 
atelectasis to any extent [ 73 ]. It is also common practice to calculate poorly aerated 
regions from HU −100 to HU −500, normally aerated lung regions from HU −500 to 
HU −900, and over-aerated regions from HU −900 to HU −1,000. These values are 
rather arbitrarily chosen and can be discussed. Thus, a normally aerated lung may 
rather be some −400 to −800 HU. For research purposes, it can also be of interest to 
partition the voxels into ten percentiles of 100 HU each from −1,000 to 0 (or +100). 

 When calculating the amount of atelectasis, one should subtract larger vessels that 
can be seen in the lower half of the lungs and that may sometimes be diffi cult to sepa-
rate from pure atelectasis. Manual delineation of vessels will be necessary since there 
is no software that can do that automatically. Also, the separation of de- recruited 
collapsed lung in the bottom of the lung from the chest wall can be diffi cult and 
requires manual delineation. The remaining lung borders against atmosphere and 
mediastinal organs are mostly obvious and can be done with computer software. 

 Most presentations of de-recruitment are done by    describing the area of the atel-
ectasis in the CT cut as percent of the lung area or, by covering the whole lung by 
continuous exposure while the subject is moving through the gantry of the CT 
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scanner (“spiral CT”), by volume of atelectasis in percent of total lung volume. This 
is again a simplifi cation, although frequently used, because the volume of the col-
lapsed lung will refl ect more or less pure tissue, whereas the aerated lung will contain 
both gas and tissue. The best estimation of de-recruited lung may thus be to relate its 
tissue amount to the total amount of lung tissue [ 36 ]. The result of such a calculation 
will be a larger share of the lung that is atelectatic, and the difference between an area 
measurement of atelectasis and its share of the total lung tissue can be large. Thus, an 
average area of atelectasis at a cut near the diaphragm during anesthesia is 4 % of the 
lung area, but the tissue is about 15 % of the lung tissue in that cut. 

 There are several computer programs that can be used for analyzing the lung CT. 
Some are freeware (Maluna), Osiris Medical Imaging Software program ® , and oth-
ers are very advanced and commercially available (e.g., G.G. IOWA program).  

8.5.3     Spirometry and Respiratory Mechanics 

 With de-recruitment the lung volume will be reduced. Thus, a spirometry measuring 
total gas volume might give information. However, the normal range of volumes 
even after taking age, body size, and height into account is too large to allow conclu-
sions regarding atelectasis unless one third or more of the lung has collapsed. If, on 
the other hand, an initial volume has been measured before any de-recruitment, a 
comparison may be more precise. Thus, the FRC or the expiratory reserve volume 
(the volume that can be expired from FRC to maximum expiration, ERV) will be 
reduced approximately in proportion to the amount of atelectasis. A vital capacity 
maneuver is the most reproducible volume measurement with spirometry; however, 
the maximum inspiration that is part of the VC recording will recruit lung tissue [ 26 , 
 36 ] and thus interfere with what is aimed at to study. In theory, the expiratory fl ow 
should be higher at a given lung volume when part of the lung has collapsed since 
the lung will behave as if it is stiffer (lower compliance), but in practice measure-
ments will be poorly reliable. 

 A “stress index” method has been developed to detect recruitment and de- 
recruitment. The rate of change of the airway pressure–time ( P  aw − t ) curve during con-
stant fl ow inspiration corresponds to the rate of change of compliance of the respiratory 
system during tidal infl ation [ 74 ]. A progressive increase in the slope of the  P  aw – t  curve 
indicates that compliance is progressively increasing, suggestive of recruitment, and a 
progressive decrease in slope of the  P  aw – t  curve indicates that compliance is decreasing 
with tidal infl ation, suggestive of overdistension. This could also be demonstrated by 
CT measurements in experimental lung injury [ 75 ]. One should however realize that 
the stress index might be affected by simultaneous recruitment and overdistension, 
making it less sensitive to regional events, as for all global measurements. 

 The forced oscillation technique (FOT) is a noninvasive technique that allows the 
measurement of pulmonary mechanical properties at a given lung volume, indepen-
dent of tidal volume and spontaneous breathing, with high temporal resolution [ 76 ]. 
Briefl y, it consists of evaluating the response of the respiratory system to small 
amplitude pressure oscillations in terms of impedance ( Z  rs ).  Z  rs  is made up of two 
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terms, resistance ( R  rs ) and reactance ( X  rs ), which is in turn related to the dynamic 
elastance (refl ecting tissue elasticity, size of the lung, amount of alveolar units con-
nected to the airways opening) and inertia (refl ecting the energy that has to be spent 
to accelerate gas and tissues) of the respiratory system.  X  rs  measured at the  oscillatory 
frequency of 5 Hz is strongly related to the fraction of recruited tissue irrespective 
of its spatial distribution [ 77 ] and is effective in guiding PEEP titration through the 
identifi cation of the optimal trade-off between recruitment and lung tissue disten-
tion in experimental acute lung injury [ 78 ].  

8.5.4     Gas Exchange 

 The de-recruited lung will still be perfused, but the blood will not be oxygenated. 
Thus, the PaO 2  will be reduced. If ventilation is provided with high oxygen concen-
tration, above 50 %, any oxygen impairment is primarily by shunt [ 2 ]. With decreas-
ing inspired oxygen concentration, ventilation/perfusion mismatch will play an 
increasing role in causing gas exchange impairment. Thus, increasing the oxygen 
concentration in the inspired gas enables a recording of PaO 2  that is mainly affected 
by shunt. However, high oxygen concentration will transfer regions with a low 
VA/Q ratio, as discussed above [ 12 ], to atelectasis and shunt. We may thus measure 
more shunt and assume a larger atelectasis by our effort to measure lung collapse. 
Another aspect is that most devices for measuring PaO 2  are less reliable at high 
oxygen tensions. Careful calibration with high oxygen tension gases will be needed, 
and they are not routine in the critical care setting. 

 The pulmonary shunt increases and decreases by cyclic alveolar recruitment and 
de-recruitment. This induces respiratory-dependent oscillations of the PaO 2  as 
described by means of ultrafast, invasive measurement of the PaO 2  [ 79 ,  80 ]. The oxy-
gen probe used for these studies is a fi ber-optic one, measuring PaO 2  based on oxygen-
sensitive fl uorescence quenching with a time resolution up to 10 Hz. The occurrence 
and amplitudes of PaO 2  oscillations could be elegantly used to quantify the extent of 
cyclic alveolar recruitment and de-recruitment. However, there are other potential 
causes of respiratory-dependent oscillation in PaO 2 , e.g., varying perfusion distribution 
and respiratory variations in alveolar PO 2 . The oscillation may be in or out of phase 
with the breath, and the amplitude of the PO 2  oscillation can vary. All these observa-
tions are of importance when identifying the mechanism behind the oscillation. 

 A standard tool in anesthesia and intensive care is pulse oximetry. It measures the 
arterial saturation with certain reliability. It is a simple and easy to use tool. The 
major problem with saturation is that shunt must be large before it affects saturation 
unless the patient or the subject is breathing air or a low oxygen concentration. A 
safety limit is often set at 94 % saturation of the hemoglobin (SaO 2  or SpO 2  = 94 %). 
However, an SpO 2  of 94 % when breathing air, and assuming “normal” values for the 
other variables in the shunt equation, will correspond to a shunt fraction of approxi-
mately 15 %. With higher inspired oxygen concentration, shunt can be much larger 
before a decrease in saturation will be seen. Thus, saturation measurements are not 
very helpful in quantifying shunt and atelectasis except for the most severe cases.  
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8.5.5     Electrical Impedance Tomography, EIT 

 Electrical impedance tomography (EIT) has emerged as a new functional imaging 
method potentially meeting many clinical needs [ 81 ]. Subjecting the chest to minute 
electrical currents, this radiation-free, noninvasive technique measures the electric 
potentials at the chest wall surface to produce two-dimensional images that refl ect the 
impedance distribution within the thorax. Cyclic variations in pulmonary air and blood 
content are the major determinants for the changes in thoracic impedance, the former 
usually of much larger magnitude. Because cyclic changes in local impedance mainly 
correspond to changes in lung aeration, recent studies have shown that EIT can reliably 
assess imbalances in the distribution of regional ventilation in critically ill patients [ 82 ]. 

 Collapsed and overdistended lung compartments commonly coexist, and a 
method capable of assessing both, simultaneously, would be invaluable as a tool to 
titrate PEEP. Regarding this, an EIT-based method was recently described for esti-
mating alveolar collapse at the bedside, pointing out its regional distribution [ 83 ]. A 
good correlation was found between EIT and CT estimates of lung collapse during 
decremental PEEP trials after a maximal lung recruitment maneuver. Combining 
data obtained from EIT and respiratory mechanics, it was also possible to estimate 
the amount of overdistension during a PEEP trial.  

8.5.6     Lung Ultrasound 

 In critically ill patients with ALI/ARDS, lung ultrasound appears to be an attractive 
alternative to bedside chest radiography; it is noninvasive, easily repeatable, and 
provides an accurate assessment of lung morphology, pneumothorax, lung 
 consolidation, alveolar–interstitial syndrome, and pleural effusion [ 84 ]. 

 A recent study has shown that transthoracic lung ultrasound can detect nonaerated 
lung area reduction during PEEP increases from 5 to 15 cmH 2 O in patients with 
ARDS [ 85 ]. Recent data also pointed out that lung ultrasound is equivalent to the pres-
sure–volume curve method for quantitative assessment of PEEP-induced lung recruit-
ment [ 86 ]. In this study, lung ultrasound allowed regional assessment of lung 
recruitment and close monitoring of treatments and maneuvers aimed at improv-
ing lung aeration. However, it did not allow an accurate assessment of PEEP-induced 
lung hyperinfl ation, and further studies are needed to evaluate the benefi t of ultra-
sound monitoring in patients with ARDS/ALI in terms of morbidity and mortality.      
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9.1            Background 

    Lung function covers several physiological measures of respiratory function and 
structure. Ventilation, distribution of ventilation, gas diffusion, and lung perfusion 
are the most common terms. 

 Measurement of lung function is used for diagnostics, monitoring, and 
research, but irrespective of the purpose, the methods, i.e., equipment and mea-
surement technique, must be standardized [ 1 ] and must be subjected to continu-
ous quality control.  

9.2     Spirometry 
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9.2.1     Equipment 

 The ATS/ERS standard from 2005 [ 2 ] describes the requirements regarding equip-
ment and measurement technique. New initiatives indicate that there is a demand 
for a more systematic quality control of both equipment and measurement tech-
niques [ 3 ] in primary care as well as in secondary care including research 
laboratories. 

    Spirometry is a physiological test with measurement of inspiration and expira-
tion of air, either as dynamic spirometry, with volume or fl ow measured as a func-
tion of time, or statically with only gas volume measured. Spirometry requires a 
good collaboration between the person tested and the person testing. The results, 
therefore, depend both on technical and biological factors, among other things the 
equipment, which must be standardized and calibrated.  

9.2.2     Procedure 

 There are three steps in an FVC test:
    1.    A complete inspiration   
   2.    A forceful expiration   
   3.    A continued and complete expiration with complete emptying of the lungs     

 These three steps must be demonstrated before the test. 
 The test person inhales fast and completely from the functional residual capacity 

(FRC), and the mouthpiece is taken into the mouth if not already done. Tube-formed 
mouthpieces must pass between the teeth into the mouth. It is assured that the lips 
closed tightly around the mouthpiece, and the FVC maneuver begins shortly after. 
A certain reduction in PEF is found if there is a short pause (>2 s) at TLC and in 
FEV 1  if the pause is 4–6 s, before the expiration is initiated [ 4 ]. It is therefore impor-
tant that the start of the test is with no hesitation, so that the pause before the expira-
tion is minimal, i.e., less than 1 s.  

9.2.3     Correct Spirometry 

 In order for a spirometry maneuver to be accepted, it is required that both start and 
end of test criteria are acceptable. 

9.2.3.1     Start Criteria 
 Even though the maximally forced expiration is performed correct, there is an inter-
val from the beginning of the expiration where the fl ow is 0 and until the fl ow 
becomes maximal. It has been decided to adjust the registration of 0-time for the 
forced expiration by back extrapolation of time. This is in practice performed by 
applying an extrapolation line to the steepest part of the forced expiratory curve, and 
where the line intersects with the time axis, the new 0-time is located and from this 
new 0-time, the expiratory volumes should be calculated, e.g., FEV 1.  If the interval 
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between the start of expiration and the new 0-time becomes too long, the volume 
expired during the interval becomes too large to be acceptable, and, therefore, it has 
been decided that maneuvers where the expired volume in this interval exceeds 
150 ml or 5 % of FVC, resulting from too slow a start of the maneuver (Fig.  9.1 ), 
are not acceptable. The software of the equipment should report this “back extrapo-
lated volume.”
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9.2.3.2        End of Test Criteria 
 The end of test is not instantaneous just as the start in the forced expiratory 
maneuver is not. Therefore, explicit criteria have been decided to determine the 
time for the end of test. When the fl ow for at least 1 s has been below 25 mL · s −1  
and the expiration has lasted at least 6 s, the end of test criteria has been ful-
fi lled, and, thus, the volume corresponding to this end time can be calculated, 
e.g., the FVC. 

 In practice most patients learn after a few training maneuvers to fulfi ll the start 
criteria, whereas many patients keep on having trouble fulfi lling the end of test cri-
teria. One problem is that some patients with normal ventilatory capacity empty 
their lungs before 6 s has passed. Another and bigger problem is that some patients 
cannot expire long time enough to get the fl ow below 25 mL · s −1  since they become 
uncomfortable during the maneuver of maximal expiration. Therefore, the test has 
to be repeated until at least eight maneuvers have been performed and not until then 
the testing can be stopped [ 2 ]. This is only a minor problem in studies where spi-
rometry is performed once or twice, i.e., aiming at a diagnosis, but in patient with, 
e.g., COPD and asthma, where the test is performed many times as part of the moni-
toring of a chronic condition, the demand for at least eight maneuvers might be too 
strenuous for some patients and impractical for the laboratory. 

 Therefore, the FEV 6  might constitute a good alternative to the FVC when spi-
rometry is used for the monitoring of patients since the patients experiencing diffi -
culties keeping on expiring until the fl ow is below 25 mL · s −1  can stop the expiration 
after only 6 s. The FEV 6  has been validated and is accepted in the international 
standards as an alternative to the FVC [ 5 – 7 ]. Except for end of test criteria, selection 
criteria’s for the FEV 6  and FVC maneuvers are identical [ 7 ]. 

 For the evaluation of a spirometry, it is necessary with a minimum of three cor-
rectly made measurements. The uniformity of the curves is acceptable if the differ-
ence between the largest FVC or FEV 6  and the second largest FVC or FEV 6  is 
smaller than 0.150 L and the difference between the largest FEV 1  and the next larg-
est FEV 1  <0.150 L. If FVC or FEV 6  <1.00 L, the differences for both FEV 1  and FVC 
or FEV 6  must be <0.100 L.   

9.2.4     Equipment 

 It is a prerequisite for a correctly performed spirometry that the volume is correctly 
measured, irrespective of measurement with a volume recording or a fl ow recording 
spirometer. Correct volume measurement are ensured by comparing the recording 
of the volume of the calibration syringe with the measured volume. The volume of 
the syringe is stable for several years with careful handling of the syringe [ 8 ]. But at 
least once a year, the volume of the syringes must be controlled in order to fulfi ll the 
ATS/ERS standard, and it must be assured that the syringes are calibrated by a 
method acceptable for volume determination [ 8 ,  9 ]. Security for optimal volume 
and time registration can be obtained by using fl ow calibration as a supplement to 
the volume calibration. There are commercially available fl ow calibrators which can 
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generate ATS test fl ow-volume curves [ 10 – 12 ], but there are more simple  calibrators 
using decompression [ 13 ]. 

 The software must immediately after the forced expiration be able to show the 
values necessary for evaluation of whether the maneuver fulfi lls the ATS/ERS crite-
ria for start, end of test, and reproducibility so that is it possible to judge whether 
additional maneuvers are necessary. 

9.2.4.1     The Most Common Errors, Problems, and Questions 
•     Insuffi cient maximal deep inspiration  
•   Lacking calibration of spirometer  
•   Inadequate reference material  
•   Use of bacterial fi lters? For political reasons, the answer is yes. Does it protect 

against infection? The answer is that the evidence is weak [ 1 ].  
•   Is it necessary to make corrections for temperature and barometric pressure? 

This depends on the spirometer.     

9.2.4.2     Peak Expiratory Flow (PEF) 
•     The patient takes a complete breath in.  
•   The patient inserts the mouthpiece between the teeth and closes the lips around it.  
•   The neck must be extended (not hyperextended). A bent neck may change the 

mechanical conditions in the upper airways and consequently decrease PEF. The 
measuring device must be held correctly so that the reading is not 
compromised.  

•   The expiration should start without hesitation, and the force must be maximal 
from the beginning and last for 1–2 s.    
 At least three correctly performed maneuvers are needed. When the patient per-

forms measurements on his/her own, it is important that he/she is correctly 
instructed. Regular control of the PEF technique and the PEF meter is an important 
part of the examination. 

 Ninety fi ve percent of untrained subjects can reproduce the two highest PEF with 
a difference of 40 L · min −1  or below [ 2 ].    

9.3     Diffusion Capacity 

9.3.1     The Pulmonary Diffusion Capacity for CO:D L CO 

 D L CO is measured by a gas dilution technique where the principle is that an inert 
gas, e.g., He or CH 4 , is used to determine the dilution volume and CO is used to 
measure the diffusion from air to blood. With the test, the CO uptake in the lungs is 
measured as the decrease of CO (from start to end) of a 10 s breath hold at TLC. The 
decrease is measured per L alveolar gas, per time unit, and per unit pressure differ-
ence across alveolar membrane ( K  CO ). When  K  CO  is multiplied by the alveolar vol-
ume  V  A , which is single-breath TLC minus dead space, we get D L CO, which is 
determined as mmol · min −1  · kPa −1  performed at TLC. 
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 Different conditions and diseases can infl uence D L CO (Table  9.1 ). They may infl u-
ence both  V  A  and  K  CO  as well as either  V  A  or  K  CO .  V  A  and  K  CO  are inversely correlated. 
In a less than optimally performed test with, e.g., insuffi cient inspiration to TLC, this 
may lead to a fall in  V  A  and an increase of  K  CO , but only a modest fall in D L CO. 

 The method has been subjected to considerable standardization and automation 
and can be executed in a short time. Despite the fact that several variations of the 
method have been introduced such as intrabreath, rebreathing, and steady-state 
techniques, the single-breath technique is still the most common method for clinical 
purposes [ 14 ].
    1.    After steady-state tidal breathing, the subject expires to RV.   
   2.    Inhalation as fast as possible and 85 % of VI should be inspired in maximally 4 s 

of a calibrated gas mixture (e.g., 0.3 % CO, 10–14 % He, 18–21 % O 2  in N 2 ).   
   3.    Hold the breath for 10(±2) s at TLC.   
   4.    Expiration as fast as possible and for max. 4 s. The fi rst part contaminated with 

anatomical dead space and gas from the dead space of the equipment is discarded 
( V  D ), typically 0.75–1 L. Then a sample of the alveolar gas is collected (sample 
volume ( V  S ) typically 0.5–1.0 L). If  V  C  is below 2 L,  V  D  and  V  S  may be reduced.   

   5.    After at least 4 min, the procedure is repeated. The D L CO values must differ less 
than 10 %, and 1 mmol min −1  kPa −1  or additional tests are performed. Finally, the 
mean value of the highest two values is reported.    
  The present brief description does not include children, where a number of spe-

cial conditions, like equipment dead space and sampling volume, must be taken into 
account. 

 Sources of error which the clinician should pay attention to (when the laboratory 
is behind the quality control) should be contained in the report indicating the techni-
cal quality of the test. 

 Other points that should be recorded:
•    Hb correction (because anemia reduces and polycythemia increases D L CO).  
•   Smoking increases CO hemoglobin and back pressure and thereby reduces 

D L CO.  
•   Oxygen supply increases F I O 2  and causes reduction of D L CO.

   Table 9.1    Frequent causes of typical changes in D L CO,  K  CO , and  V  A    

 Condition or disease  D L CO   K  CO    V  A  
  Diffuse alveolar destruction  
 Emphysema  Low  Very low  High 
 Pulmonary fi brosis, sarcoidosis  Low  Low  Low 
  Lung volume decrease  
 Poor cooperation (submaximal inspiration)  Low  High  Low 
 Extrapulmonary restriction/neuromuscular disease  Low  High/normal  Low 
 Lung resection  Low  High  Low 
 Severe obesity  Normal/high  High  Low 
  Change in perfusion  
 Primary pulmonary hypertension, pulmonary embolism  Low  Low  Normal 
 During exercise, left-right shunt  High  High  Normal 
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9.3.2           Determination of Diffusion Capacity from NO (D L NO) 

 D L NO expresses like D L CO the ability of the lungs to transport oxygen from the alveoli 
to the lung capillaries. D L  is the total contribution from two components and can be 
expressed as  D  L  =  D  M  + Θ V c, where  D  M  is the membrane component (the alveolar-capil-
lary component) and Θ V  c  is the blood component with the reaction velocity Θ with 
hemoglobin in the capillary volume ( V  c ). In the classical method from 1957, Roughton 
and Foster [ 15 ] separated  D  M  and  V  c  by using a low and a high oxygen concentration, a 
method that requires arterial puncture preceded by oxygen breathing. In 1987 Guernard 
introduced a single-breath method which simultaneously measured D L CO and D L NO 
[ 16 ]. This method makes it possible to measure  D  M  and  V  C  and is based on the physio-
logical assumption that the much higher reaction velocity of NO than of CO with hemo-
globin causes the blood component to be neglected so that D L NO becomes a measure of 
 D  M . This method is easy, fast, and relatively cheap. The inhaled gas consists of an inert 
gas and CO, O 2 , and N 2 , which is mixed with NO just before the measurement. The 
breath-hold time is between 4 and 8 s. But as breath-hold time is more critical for deter-
mination of D L NO than for D L CO, it is important to standardize the procedure and to 
record this time both for healthy and diseased subjects. Furthermore, it is important to 
defi ne the diffusion constants (alpha) based on molecular weight and solubility of CO 
and NO to 1.97 [ 16 ] or 2.42 [ 17 ]. D L NO is independent of the partial pressure of oxygen 
[ 18 ]. Regarding quality control, the same rules as for D L CO are required. 

 Application of  D  M  and  V  C  as markers of the severity of changes in the alveolar 
epithelium and/or the lung capillaries and ventilation/perfusion relationship has 
been more common after the introduction of D L NO. 

9.3.2.1     Selected Findings 
•      Idiopathic interstitial pneumonia  ( n  = 32).  D  M  And  V  c  contribute equally to the 

decrease of  D  L  [ 19 ].  
•    Cystic fi brosis  (CF) ( n  = 17) and  healthy controls  ( n  = 17). D L NO is signifi cantly 

lower in CF than in resting controls. This difference is increased during exercise. 
Peak SaO 2 , during exercise, is related to D L NO [ 20 ].  

•    Cystic fi brosis ( CF )  ( n  = 21). D L NO is signifi cantly lower than D L CO. Computed 
tomography Brody score correlates better with D L NO than with FEV 1 ,  S Raw, and 
RV/TLC [ 21 ].  

•    Fontan patients  ( n  = 87) and  healthy controls  ( n  = 9). The study assessed possible 
determinants in the etiology of the reduction in diffusing capacity and found a 
reduced  V  c  (53 %) and a normal Dm (97 %) [ 22 ].      

9.3.3     Calibration of Equipment for Measurement of D L CO 

 Traditionally, the quality of measurement of diffusion capacity has only been 
secured by repeatability of the measurements and by the use of biological controls. 
It is, however, evident that in this way, you cannot secure no systematic errors in the 
accuracy of the measurements. Only by the use of a method that can be traced to 
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international standards it is possible to evaluate the accuracy of the method. Hans 
Rudolph Inc. has developed equipment for calibration of diffusion capacity, based 
on traceable standards. 

 The method is based on the use of gas mixtures that simulate expired gas from a 
patient who has inspired a test gas similar to that applied in the measuring  equipment, 
typically a mixture of CO and CH 4  (or He), O 2  and CO 2  in N 2 . A calibrated 5.5 L 
syringe is used to simulate the D L CO maneuvers: tidal breathing, maximal expira-
tion, maximal inspiration, and breath hold.    After breath-hold expiration from a 2.5 L 
syringe simulates low, middle, or high D L CO depending on the calibration gas.  V  I  is 
known from the 5.5 L syringe; the expired gas concentration is known from 
the  content of the 2.5 L syringe. The measured gas concentrations are known from 
the analyzers and breath-hold time from the software. It is now possible to calculate 
 V  A  and D L CO and directly check the accuracy of the gas analyzers. 

 The calibration test gas is at ATPD, but results should be converted to BTPS, and 
breath-holding time must be well defi ned. There are different defi nitions of breath- 
holding time, and it is most common to defi ne the breath-hold time according to 
Meade and Jones [ 23 ]. The breath-hold time starts after 1/3 of the inspired volume 
has been completed. As in spirometry [ 2 ], the back-extrapolation technique should 
be used to establish time zero. 

 The time when 90 % of the VI has been inspired is a reasonable end point for 
defi ning inspiratory time according to the ATS/ERS standard [ 14 ]. Breath-hold time 
ends when half of the expired sample has been exhaled.   

9.4     Lung Volumes 

9.4.1     Lung Volumes: Total Lung Capacity (TLC), Residual 
Volume (RV), Functional Residual Capacity (FRC), 
and Vital Capacity (VC) 

 Lung volumes are most often determined by the use of a body plethysmograph, but 
can also be measured by gas dilution techniques and by X-ray. Measurements take 
less than 10 min, and only claustrophobia and lacking ability of the patient to per-
form the test are relative contraindications. Determination of lung volumes is often 
necessary for the interpretation of lung function. Determination of lung volumes is 
extensively described in the ATS/ERS document: “Standardization of the measure-
ment of lung volumes” [ 24 ] which should be consulted for further information.   

9.5     Indication and Interpretation 

 The interpretation of lung function test is often complex. The desire to make a 
simple defi nition of COPD (FEV 1 /FVC <0.7) is not based on scientifi c grounds, 
because FEV 1 /FVC is age dependent, and too many false positives will be included. 
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COPD should be defi ned if both FEV 1  and FEV 1 /FVC are less than the lower limit 
of normal (LLN), of the age and gender corrected reference material [ 25 ]. It is, 
however, our impression that sharp borders between normal and pathological condi-
tions do not exist from a biological point of view, but might be useful to work with 
in guidelines. In practice this means that a subject suffers from COPD if FEV 1 /FVC 
<0.4 (irreversibly decreased) and the subject does not suffer from COPD if FEV 1 /
FVC >0.8 [ 26 ].    In the interval between 0.4 and 0.8 one has to be careful. Values near 
LLN should cause suspicion and supplementary examination, or a visit to a special-
ist may be necessary. 

 The interpretation is further complicated, because spirometry alone in many 
cases is a suffi cient examination, but not in other situations. Attempts to simplify 
the interpretation of a complex problem will lead to problems (as in the case of 
COPD above). It is only the clinician and the patient who together can decide how 
large a risk can be allowed in the individual case. Fortunately the complex of prob-
lems is straightforward in most cases, but in case of doubt or with spirometric values 
near LLN, the patient should be referred to D L CO and lung volume measurements 
and/or repeat examination and consultation with a specialist in lung physiology 
(pulmonology or clinical physiology). 

9.5.1     Indications for Pulmonary Function Testing 

9.5.1.1     Symptoms 
•     Dyspnea at rest and during exercise  
•   Wheezing  
•   Cough  
•   Expectoration of phlegm and blood  
•   Thoracic pain that cannot be explained by other diseases     

9.5.1.2     Pulmonary Disease, Disease in the Airways, Diagnostics, 
Monitoring, Classification of Severity, and Prognosis 

•     Asthma  
•   COPD  
•   Neoplasms  
•   Neuromuscular diseases  
•   Obliterating bronchiolitis  
•   Interstitial lung disease (for instance, sarcoidosis and pulmonary fi brosis)  
•   Occupational disease (for instance, asthma, asbestosis, allergic alveolitis)  
•   Medically induced lung diseases (for instance, by the use of nitrofurantoin or 

bleomycin)  
•   Bronchiectasis  
•   Ciliary dyskinesia  
•   Intrapulmonary hemorrhage  
•   Intra- and/or extrathoracic fi xed or variable airway stenosis     
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9.5.1.3     Diseases with Lung Manifestations 
•     Tobacco dependence  
•   Infectious diseases (HIV and aspergillosis)  
•   Autoimmune diseases (for instance, arthritis and Sjôgren’s disease)  
•   Immunodefi ciency (for instance, serum-IgA defi ciency)  
•   Cystic fi brosis  
•   Serum alpha 1 -antitrypsin defi ciency  
•   Graft versus host reaction     

9.5.1.4     Legal Indications 
•     Insurance  
•   Occupational disease  
•   Doping and antidoping     

9.5.1.5     Prevention and Treatment 
•     Preoperative risk assessment  
•   Prevention and treatment in diving  
•   Prevention and treatment in fl ying  
•   Advice in choice of inhalation equipment  
•   Advice in choice of ventilation strategy in ventilator insuffi ciency  
•   Advice regarding rehabilitation  
•   Advice regarding lung transplantation and lung volume reduction      

9.5.2     Interpretation 

 All physicians treating patients with respiratory diseases must be familiar with the clas-
sifi cation of ventilatory impairments as described in Fig.  9.2  (primary level). COPD 
and asthma are the most common obstructive diseases. They are seen with varying 
degrees of decreased diffusion capacity and/or increased TLC. Restrictively decreased 
ventilatory capacity is defi ned by decreased TLC. Take care always to evaluate all the 
curves and check them for errors. The repeatability criteria must be fulfi lled.

9.6         Reference Material 

 We recommend the use of the ECCS reference material [ 27 ] for adult Caucasians 
until updated local reference values have been obtained. The stature must always be 
measured, and not told by the subject. Be aware of racial difference. 

9.6.1     The Bronchodilatator Test (the Reversibility Test) 

9.6.1.1     Indications 
•     Diagnostic: decreased FEV 1 /VC and FEV 1 /FVC ratio. Decreased FEV 1 , VC, and 

PEF and/or increased RV  
•   Unclear response to previously done reversibility tests  
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•   Diagnosis of asthma  
•   Diagnosis, classifi cation, and reclassifi cation of COPD  
•   Determination of the maximal FEV 1  and FVC     

9.6.1.2    Relative Contraindications 
•     Cardiac arrhythmia  
•   Pregnancy  
•   Cerebrovascular disease  
•   Known paradox reaction to bronchodilator     

9.6.1.3    Be Aware of the Following 
•     A bronchodilator test cannot be used to evaluate whether a COPD patient has a 

benefi t from bronchodilator treatment.  
•   Remember pause in medicine administration before the test.  
•   The test has a relatively low reproducibility and must therefore be repeated.  
•   An increase in FEV 1  and/or FVC >12 % and 200 ml is statistically signifi cant.  

Primary level
Classification of ventilatory impairment

Obstructive
impairment
The diagnosis demands
spirometry

Restrictive
impairment
The diagnosis demands
measurement of TLC

Mixed obstructive and
restrictive impairment
The diagnosis demands both
spirometry and measurement of
TLC

Non
obstructive

<LLN

<LLN

<LLN

LLN≤

LLN≤ FEV1/VC

TLC

Both
TLC and FEV1/VCLLN≤

Obstructive

Non
restrictive

Restrictive

Non
obstructive and
non restrictive

Mixed
obstructive -

restrictive

  Fig. 9.2    Simplifi ed algorithm representing typical patterns for changes in lung function and lung 
disease. This algorithm can be used in the clinic provided all values near the LLN are carefully 
interpreted. Some patients present typical patterns and others present atypical patterns and devia-
tions from normal. The decision about how far the algorithm can be followed is clinical and 
depends on the questions you want to have answered and on the clinical information that is already 
available. The algorithm is not suited for clarifi cations of extrathoracic obstructions. When the 
results of the lung function tests are close to the border between normal and abnormal, more infor-
mation is needed, and the evaluation may be in accordance with the specialist level (Fig.  9.3 )       
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•   The dose of bronchodilator must be suffi cient to ensure maximal bronchodilata-
tion (for instance, inhalation of salbutamol pressurized metered dose inhaler 
given as four individual doses 0.1 mg each given via spacer and measurement of 
response after 15–30 min).    
 For simplifi cation, FVC is used in the primary-level algorithm, whereas the more 

correct  V  C  is used in the more advanced algorithms in Fig.  9.3 .
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  Fig. 9.3    Advanced algorithm including D L CO       
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         Conclusion 

 Lung function testing gives an idea about the functional status for the lungs 
but may not provide an etiological diagnosis of lung disease. Functional 
abnormalities may be present if the lung function values are outside the con-
fi dence limits of the reference values. This chapter only deals with spirome-
try and determination of D L CO and  K  CO , whereas determination of lung 
volumes is only superfi cially considered. The advantage of using D L NO 
instead of D L CO is mentioned. By this method the blood component can be 
neglected, and D L NO will become a measure of the membrane component of 
the diffusing capacity and can be determined without arterial puncture. It is 
emphasized that rigorous calibration is necessary to obtain optimal results. 
Even the calibration syringes should be regularly checked and the volumes 
should be traceable to well-known standards.     
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10.1            Introduction 

 Normal tidal breathing is produced by cyclic muscular pressure applied to the chest 
wall. The breathing fl ow generated by the driving pressure is determined by the 
mechanical properties of the respiratory system. Therefore, information on the 
mechanical properties of the airways and lung and chest wall tissues can be derived 
from the relationship between the driving pressure and the resulting fl ow. Airfl ow 
and volume changes are easily recorded with a pneumotachograph placed at the 
airway opening. Muscular pressure, however, cannot be directly measured. An 
alternative procedure is to place an esophageal balloon and to regard this recording 
as an estimate of pleural pressure. A noninvasive approach is to apply low- amplitude 
pressure oscillation with a loudspeaker connected to the mouth during spontaneous 
breathing. By using external excitation, it is possible to measure both the driving 
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oscillatory pressure and the resulting oscillatory fl ow. This approach is known as the 
forced oscillation technique (FOT) [ 1 ,  2 ].  

10.2     Forced Oscillation Technique Setup 

 A common FOT setup [ 3 ] used in clinical studies is shown in Fig.  10.1 . The low- 
amplitude pressure oscillation (~2 cmH 2 O, peak-to-peak) is generated by a loud-
speaker attached to a chamber. The forced oscillation is applied to the mouth by 
means of a fl exible hose (diameter of ~2 cm). The fl ow at the mouth ( V   mo ) is mea-
sured with a pneumotachograph connected to a differential pressure transducer. 
A similar pressure transducer is used to measure mouth pressure ( P  mo ). A bias resis-
tor (~1 cmH 2 O · s/l) connected between the hose and the pneumotachograph allows 
the spontaneous breathing of the patient and avoids CO 2  rebreathing. A microcom-
puter generates the excitation signal to the loudspeaker. The same microcomputer is 
used for recording  P  mo  and  V   mo  and for data processing. The oscillatory frequency 
( f  os ) must be high enough to be separable from respiration. The equipment must be 
designed in accordance with published recommendations [ 4 ].

10.3        Data Processing 

 Figure  10.2  shows simultaneous pressure and fl ow recordings of 20 s obtained in a 
healthy subject with 2 Hz sinusoidal excitation superimposed onto the spontaneous 
breathing. The sinusoidal fl ow generated by the sinusoidal pressure excitation is 
clearly observed by zooming a 1 s fragment of the recording. In this example, a 
sinusoidal pressure amplitude ( P  os ) of 0.61 cmH 2 O produced an oscillatory fl ow 
with amplitude ( V os ) of 0.19 l/s. Since the maximums and minimums of fl ow appear 
before those of pressure, it is said that fl ow leads pressure (Δ t  = −0.070 s). The cor-
responding phase lag of the oscillatory fl ow is  φ  = 2 πf  os  Δ t  (−50.7°). The modulus of 
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  Fig. 10.1    Setup for 
measuring respiratory 
impedance ( Z  rs ) in 
spontaneous breathing 
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impedance (| Z |) is defi ned as the amplitude ratio of applied oscillatory pressure and 
resulting oscillatory fl ow | Z | =  P  o / V ′ o  (3.1 cmH 2 O · s/l). The amplitude and the phase 
lag of the induced fl ow oscillation depend on the mechanical load of the respiratory 
system. The greater the mechanical load, the lower the induced fl ow. The modulus 
and the phase lag defi ne respiratory impedance ( Z  rs ), which fully characterizes the 
oscillatory mechanics of the respiratory system at this frequency. Nevertheless,  Z  rs  
is more usually characterized by means of the oscillatory resistance ( R  rs ) and reac-
tance ( X  rs ) which are more directly related to mechanical parameters of the respira-
tory system.  R  rs  accounts for the pressure component in phase with fl ow and can be 
computed as  R  rs  =  P  R / V ′ o , where  P  R  is the pressure at maximum fl ow and zero oscil-
latory volume (Fig.  10.2 , bottom).  X  rs  is defi ned as − P  X / V   o , where  P  X  is pressure at 
zero fl ow and maximum oscillatory volume. Therefore,  X  rs  accounts for the compo-
nent of pressure out-of-phase with fl ow (in-phase with volume). In the example of 
Fig.  10.2 ,  R  rs  = 2.45 cmH 2 O · s/l and  X  rs  = −2.00 cmH 2 O · s/l.

10.4        Modeling 

 Figure  10.3  shows the oscillatory impedance measured in the same subject at fre-
quencies ranging from 2 to 16 Hz.  R  rs  varies little with frequency. By contrast,  X  rs  
exhibits negative values at low frequencies and a marked frequency dependence, 
reaching positive values at frequencies higher than ~10 Hz. In healthy subjects, 
oscillation mechanics can be roughly represented by a simple model of the respira-
tory system composed of a series combination of resistance, elastance, and iner-
tance ( R - I - E  model) (Fig.  10.3 ). Accordingly,  R  rs  is interpreted as the resistance of 
the total respiratory system (airways and tissues). In this simple model, 
 X  rs  =  I ·  2 πf  −  E /2 πf,  and, therefore,  X  rs  accounts for the elastic and inertial properties 
of the respiratory system. At low frequencies,  X  rs  is dominated by lung and chest 
wall elastance ( I ·  2 πf  ≈ 0) and at high frequencies by airway inertance ( E /2 πf  ≈ 0). 
The frequency where the elastic and inertial loads are counterbalanced ( X  rs  = 0) is 
called frequency of resonance ( f  R ).
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   Changes in  Z  rs  observed in patients are interpreted by more complex mechanical 
models. An obstruction in upper or central airway resistance results in a parallel 
upward shift in  R  rs  with no change in  X  rs  (Fig.  10.4 ). By contrast, peripheral airway 
obstruction causes pendelluft between central airways and peripheral lung units. This 
leads to an increase in  R  rs , which is more marked at low frequencies, and a decrease 
in  X  rs  with higher  f  R  (Fig.  10.5 ). A similar pattern of change can be observed in paral-
lel pendelluft caused by nonhomogeneous time constant distribution of lung units.

10.5         Clinical Applications 

 FOT allows the assessment of respiratory mechanics, requiring no active patient 
cooperation during the physiological conditions of spontaneous breathing. 
Therefore, the technique is suitable for clinical applications [ 5 ,  6 ], particularly in 
infants/children [ 2 ] and in patients with severe cognitive or breathing impairment 
[ 7 ]. A number of studies have obtained reference values of  R  rs  and  X  rs  from adult and 
children populations with different anthropometric characteristics [ 8 – 11 ]. It should 
be pointed out, however, that the reference values published were collected by FOT 
methodologies which were not fully standardized. Accordingly, the reference 
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  Fig. 10.4    Change in  Z  rs  due 
to upper airway obstruction       

–8

–4

0

4

8

0 5 10 15 20

Frequency (Hz)

Im
pe

da
nc

e 
(c

m
H

2O
·s

/l)

Rrs

Xrs

  Fig. 10.5    Change in  Z  rs  due 
to peripheral airways 
obstruction or 
nonhomogeneous time 
constant distribution of lung 
units       

 

 

10 Forced Oscillation Technique



142

values available at present should be considered only as indicative, particularly, in 
view of diagnostic applications. 

 The frequency dependence of  R  rs  and  X  rs  in different respiratory diseases, such as 
asthma, COPD, chronic bronchitis, early emphysema, interstitial disease, kypho-
scoliosis, ankylosing spondylitis, neuromuscular diseases, obesity, and tracheoste-
nosis, has been investigated and compared with normal controls [ 12 – 25 ]. FOT has 
also been used to characterize respiratory mechanics in occupational epidemiology 
[ 26 – 30 ]. The variations in  R  rs  and  X  rs  induced by postural changes, by modifying the 
mouth/nose route of breathing and by the phase of the breathing cycle, have also 
been evaluated in healthy subjects and in patients [ 31 – 37 ]. Although most clinical 
studies have been carried out in the frequency range ~4–30 Hz, a number of works 
have pointed out that extending FOT to frequencies lower and/or higher than usual 
may be of clinical interest [ 17 ,  38 – 46 ]. 

10.5.1     Assessment of Airway Obstruction 
in Responsiveness Tests  

 In contrast to forced spirometry, which is the most conventional technique for 
assessing lung mechanics, FOT does not require the performance of deep inspira-
tion and expiration maneuvers. As the FOT measurement is carried out during spon-
taneous breathing, the bronchial tone is not modifi ed. This makes FOT particularly 
useful in assessing the changes in respiratory mechanics induced by the inhalation 
of bronchodilator and bronchoconstrictor drugs. In this application, post- and pre- 
challenge  R  rs  and  X  rs  values are compared. As the patient is his/her own control, the 
need for accurate reference values is not critical to evaluate the effect of the inhaled 
agent. FOT has been used to assess the increase in airway obstruction induced by 
bronchial challenges with histamine, methacholine, cold air hyperventilation, car-
bachol, and glutathione [ 15 ,  47 – 61 ]. The technique has also been employed to mea-
sure the changes in respiratory impedance induced by bronchodilatation drugs 
[ 62 – 67 ]. As FOT provides a high-time resolution in the assessment of respiratory 
mechanics, it is useful in dose-response tests [ 68 – 70 ]. In these applications, FOT 
has a sensitivity and specifi city similar to that of conventional spirometric and ple-
thysmographic indices [ 71 ]. A number of studies report that, given the theoretical 
considerations, the capability of FOT in detecting changes after bronchial challenge 
may be improved by modifying the conventional setup and data analysis [ 72 – 76 ].  

10.5.2     Assessment of Respiratory Mechanics in Patients 
Subjected to Ventilatory Support 

 Although the most conventional applications of FOT are carried out in spontane-
ously breathing patients, the technique can also be applied to patients subjected to 
ventilatory support though a nasal/facial mask or an endotracheal tube [ 77 ]. To this 
end, the typical FOT setup shown in Fig.  10.1  is modifi ed so that it can be connected 
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in parallel to an external positive pressure ventilator [ 78 – 80 ]. Alternatively, it has 
been suggested that the conventional ventilator is modifi ed to generate the oscilla-
tion pressure simultaneously with the artifi cial ventilation waveform [ 81 ]. FOT has 
been applied in patients with the sleep apnea-hypopnea syndrome (SAHS) sub-
jected to continuous positive airway pressure (CPAP) [ 82 ]. The technique has also 
been applied during invasive and noninvasive mechanical ventilation of patients 
with acute or chronic respiratory failure [ 78 ,  83 ]. 

 An FOT feature that makes it particularly useful for quantifying the degree of 
airway obstruction during sleep is the time resolution of the technique. Indeed, 
when applying a single-frequency oscillation, the signal-to-noise ratio achieved is 
high enough to allow a time resolution capable of accurately tracking the changes in 
 R  rs  and  X  rs  along the breathing cycle [ 84 ,  85 ]. This possibility and the fact that FOT 
does not interfere with sleep [ 86 ] make it useful in the diagnosis of SAHS [ 84 ] and 
in the titration of the treatment CPAP value [ 87 ]. Moreover, it has been shown that 
FOT can be easily implemented to control automatic CPAP treatment adapted to the 
degree of patient impedance [ 3 ,  88 ]. Applications of FOT during mechanical venti-
lation, which are described in detail in another chapter of this book, may allow us to 
automatically monitor the mechanical status of ventilated patients and to adapt the 
ventilator settings to the evolution of the patient’s respiratory mechanics.  

10.5.3     Routine Monitoring of Respiratory Mechanics 

 Research data obtained in recent years suggest that FOT may be a useful tool for the 
routine management of chronic respiratory diseases such as asthma and COPD. 
Indeed, it has been shown that the short- and midterm variability of respiratory imped-
ance measured by FOT can provide interesting information about the pathophysiol-
ogy and progress of respiratory diseases, particularly asthma [ 89 ,  90 ]. Moreover, 
within-breath variability of FOT data, specifi cally respiratory reactance, provides an 
index to assess expiratory fl ow limitation, which is of special interest in COPD since 
these patients are prone to this respiratory alteration mainly in supine body posture 
[ 91 ,  92 ]. The fact that periodic monitoring of respiratory mechanics using FOT, both 
in the very short- and midterm, is informative of the potential response to treatments 
(such as bronchodilators or CPAP) suggests that this noninvasive technique could play 
an important role in monitoring the respiratory status of patients at home. This is 
indeed possible since it was shown that portable FOT devices [ 93 ] allow the patients 
to self-perform reliable measurements of  R  rs  and  X  rs  at home without intervention of 
healthcare staff [ 94 ]. Moreover, the application of information and communication 
technology tools into portable FOT devices has opened the door to telemetrically 
assessing respiratory mechanics at the patient’s home [ 95 ].   

    Conclusions 
 FOT is a noninvasive method to assess respiratory mechanics without patient 
cooperation during spontaneous breathing and during mechanical ventilation. 
This technique is a tool for characterizing in detail the mechanics of the respiratory 
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system to investigate the mechanisms of respiratory diseases [ 96 ]. In fact, there 
are considerable data available demonstrating that FOT is easily implemented 
and useful in a number of routine clinical applications. Published technical rec-
ommendations for FOT devices and measurement procedures [ 97 ], together with 
new developments in telemedicine applications, may increase the widespread 
use of this technique in clinical routine.     
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11.1  Introduction

Although the measurement of pulmonary ventilation by a spirometer or a pneumo-
tachograph may appear to be a simple procedure, it is much more complicated than 
most realize. Temperature, humidity, pressure, viscosity, and density of gas influ-
ence the recording of its volume. Mouthpieces, face masks, and noseclips may 
introduce leaks and therefore cause losses, are impractical for prolonged measure-
ment, limit the subject’s mobility, introduce additional dead space, and thereby 
increase tidal volume. They also make the subject aware that his breathing is being 
measured and therefore interfere with the natural pattern of breathing and its neural 
control [1, 2]. Breathing through a mouthpiece and flowmeter or from a spirometer 
is extremely difficult in children or uncooperative adults; it cannot be used during 
sleep, to analyze phonation, and during weaning from mechanical ventilation may 
require excessive patient cooperation. During exercise, rebreathing from a spirom-
eter or a bag-in-box system can only be done for short time periods, while integra-
tion of flow at the mouth suffers from integration drift, so that changes in absolute 
lung volume are not accurately recorded. A possible approach to solve this problem 
is to collect the expired gas, breath by breath, in a large spirometer (e.g., a Tissot 
spirometer) or in a large, gas-tight bag (e.g., a Douglas bag), which are then emp-
tied through a precision gasometer. But even emptying the spirometer or the bag 
causes problems due to the gasometer, which may require intermittent calibration 
over time.
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11.1.1  Measurements of Chest Wall Motion

All these problems have induced investigators to attempt to measure ventilation 
indirectly by external measurement of chest wall surface motion [3]. The chest wall 
is defined by all the anatomical structures surrounding the lung and moving with it: 
the rib cage, diaphragm, abdominal content, and abdominal wall. Displacements of 
the lung are transmitted to the chest wall and vice versa, and, therefore, measure-
ments of thoracoabdominal surface movement can be used to estimate lung volume 
variations. In the last decades, a number of devices and methods have been devel-
oped in order to allow measurements of the rib cage and abdominal motion, and, in 
parallel, several attempts have been made to define calibration methods able to esti-
mate volume changes of the single compartments of the entire chest wall and of the 
lung from measurements of diameters, circumferences, or cross-sectional areas, 
such as the isovolume method [4], changing posture [5], natural breathing [6]. The 
validity of the calibration coefficients obtained experimentally to convert one or two 
dimensions to volume is generally limited to the estimation of tidal volume under 
conditions matched to those during which the calibration was performed. Numerous 
devices based on sensing belts positioned on the rib cage and abdomen or wearable 
garments embedding different kinds of sensors have been proposed. The sensor 
technology used in sensing belts can be quite different and includes mechanical 
transducers, such as capacitive elastic strain gauges [7] and piezoelectric films [8], 
ultrasound waves in rubber tubes [9], and optical fibers [10]. Respiratory inductive 
plethysmography (RIP) allows to measure changes of rib cage and abdominal cross- 
sectional areas, by two coils of insulated wire sewn inside elastic bands which are 
usually placed below the axillary line and above the umbilicus [11]. Variations in 
the self-inductance of the coil are proportional to the cross-sectional area enclosed 
by the coil, and, therefore, it varies as the rib cage and the abdomen expand and 
contract during respiration.

A variety of optical techniques using multiple video cameras combined with 
either light projected on the chest surface or reflective markers positioned on it have 
been proposed to track the changing shape of the thoracoabdominal surface during 
breathing and from this to calculate the enclosed volume. Optical methods based on 
structured light to analyze chest wall movement during breathing have been pio-
neered by Peacock et al. [12] and Saumarez [13], who proposed a technique for 
mapping the size and shape of the thoracoabdominal wall by projecting a grid on 
sheets of light creating contour lines on the visible surface of the torso, recording 
them by still or video cameras and reconstructing the shape from digital informa-
tion. These systems, however, remained confined in few research applications. 
More recent advances, including color structured light systems [14], are nowadays 
opening new perspectives for the development of more automatic procedures to 
process the data and to obtain chest wall surface movement and volume variations 
during breathing. These systems are still in their development phase, however.
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11.1.2  Optoelectronic Plethysmography

Optoelectronic plethysmography (Fig. 11.1) is a now-established technique, based 
on typical methods for optical motion analysis, that allows to measure the varia-
tions of the volume of the chest wall and its compartments during breathing [15, 
16]. A number of reflective markers are positioned by a hypoallergenic tape on the 
trunk of the subject in selected anatomical reference sites of the rib cage and the 
abdomen.

A set of cameras is placed nearby the subject under analysis. Each camera is 
equipped with an illuminator (infrared light-emitting diodes) that determines a high 
contrast between the reflective marker and the rest of the scene on the recorded 
image, thus allowing the fully automatic recognition of the markers. When a single 
marker is seen by two or more cameras, its position (defined by the three- dimensional 
coordinates in the reference system of the laboratory) can be calculated by stereo-
photogrammetry, being known the position, orientation, and the internal parameters 
of each camera. Once the 3D coordinates (X, Y, Z) of the points belonging to the 
chest wall surface are acquired with reference to an arbitrary coordinate system 
(Fig. 11.2), a closed surface is defined by connecting the points to form triangles 
(mesh of triangles) (Fig. 11.3). For each triangle, the area (Ai) and the direction of 
the normal of the plane defined by that triangle are determined. Successively, the 
internal volume of the shape is computed using Gauss’ theorem (or divergence theo-
rem, or Green’s theorem in space).

TV camera

Markers

Markers’
position/

displacement

Motion
analyzer

Geometrical
models

Volume
computing

Chest wall compartmental
volumes / volume changes

(Vrc,p, Vrc,a, Vab, Vcw)

Fig. 11.1 Optoelectronic plethysmography (OEP): principle of measurement
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Fig. 11.2 Trajectories in the frontal (X-Y axes), sagittal (Y-Z axes), and transversal (X-Z axes) 
planes of the markers placed on the chest wall surface (during quiet spontaneous breathing). From 
markers’ displacement, the variations of the enclosed volume is computed (see Fig. 11.3)

RCp

Pulmonary
rib cage (RCp)

Abdominal
rib cage (RCa)

Abdomen
(AB)

RCa

AB

Fig. 11.3 Geometrical models of the three chest wall compartments: pulmonary rib cage (RCp), 
abdominal rib cage (RCa), and abdomen (AB) (left, three views) and their volume changes during 
quiet spontaneous breathing, respectively, Vrc,p; Vrc,a; and Vab. Chest wall volume (Vcw) is equal to 
Vrc,p + Vrc,a + Vab
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Let Scw be the closed chest wall surface Scw enclosing the volume Vcw, and let 


F  
be a vector field defined at every point of Vcw then

 S

cw

V

cw

cw cw

F n S F V∫ ∫⋅ = ∇






d d
 

(11.1)

where:
Scw is the chest wall surface
Vcw is the volume enclosed by Scw


F  is an arbitrary vector


n  is the outward-pointing unit normal vector at the different points of Scw

∇ is the divergence operator
If we choose an arbitrary vector with a unit divergence, Eq. 11.1 becomes
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and the volume integral is computed by means of an easier surface integral.
Passing from continuous to discrete form, Eq. 11.2 becomes
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where:
K is the total number of the triangles
Ai is the area of the ith triangle


n  is the normal unit vector of the ith triangle
This procedure allows the direct computation of the volume enclosed by the 

thoracoabdominal surface approximated by a closed mesh of triangles.

11.2  Measurement of Chest Wall Compartmental Volumes

The markers are positioned on approximately horizontal rows at the levels of the cla-
vicular line, the manubriosternal joint, the nipples, the xiphoid process, the lower cos-
tal margin, the umbilicus, and the anterior superior iliac crest [15]. Surface landmarks 
for the vertical lines are the midlines, both anterior and posterior axillary lines, the 
midpoint of the interval between the midline and the anterior axillary line, the mid-
point of the interval between the midline and the posterior axillary line, and the midax-
illary lines. Extra markers are added bilaterally at the midpoint between the xiphoid 
and the most lateral portion of the 10th rib and in corresponding posterior positions.

Markers’ positioning is designed to allow an adequate sampling of the complex 
shape of the thoracoabdominal surface and an adequate subdivision of total chest 

11 Principles of Measurements and Recent Use in Respiratory Medicine



154

wall volume into different compartments. The geometrical models of the compart-
ments that have been developed for OEP volume measurements follow the three- 
compartment model, composed by the pulmonary rib cage (RCp), the abdominal rib 
cage (RCa), and the abdomen (AB) [15–18]. The rib cage is separated from the 
abdomen by the line of markers placed on the lower costal margin. The subdivision 
of the rib cage into RCp ad RCa is defined by the transverse section at the level of 
the xiphoid [19]. Precisely, the surface that encloses RCp extends from the clavicles 
to the line of markers extending transversely at the level of the xiphisternum, while 
RCa extends from this line to the lower costal margin. AB extends caudally from the 
lower costal margin to the level of the anterior superior iliac crest.

Pulmonary
rib cage

Abdominal
rib cage

Abdominal
muscles

Diaphragm

Rib cage
muscles

Pao

Palv

Ppl

Pab

Pbs

Abdomen

Fig. 11.4 Three- 
compartment chest wall 
model schematic diagram of 
the respiratory system, where 
different pressures of interest 
are shown: Pao pressure at the 
airway opening, Palv alveolar 
pressure, Ppl pleural pressure, 
Pab abdominal pressure, Pbs 
pressure at the body surface. 
The different functional 
respiratory muscle groups 
displace the different chest 
wall compartments

Pulmonary
rib cage (RCp)

a b c d

Abdominal
rib cage (RCa)

Abdomen
(AB)

2 s

Fig. 11.5 Representative examples of volume variations of the pulmonary rib cage (RCp), abdom-
inal rib cage (RCa), and abdomen (AB) during quiet breathing. (a) Normal healthy subject. (b) 
Patient with type III osteogenesis imperfecta, presenting inspiratory paradoxical inward motion of 
the RCp. (c) Patient with chronic obstructive pulmonary disease (COPD), presenting inspiratory 
paradoxical inward motion of the RCa. (d) Patient with late-onset type II glycogenosis, presenting 
inspiratory paradoxical inward motion of the AB due to diaphragmatic severe weakness. Gray 
area: inspiration. Paradoxical motion is shown by the red arrows
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The three-compartment model of the chest wall takes into consideration that the 
lung- and diaphragm-apposed parts of the rib cage (RCp and RCa, respectively) are 
exposed to substantially different pressures on their inner surface during inspiration 
(pleural pressure and abdominal pressure, respectively), that the diaphragm acts 
directly only on RCa and not on RCp, and that non-diaphragmatic inspiratory mus-
cles (i.e., external intercostal, parasternals, scalene, neck muscles) act largely on 
RCp and not on RCa. Abdominal volume change is defined as the volume swept by 
the abdominal wall, as described by Konno and Mead [20], and it is the result of the 
action of the diaphragm and expiratory abdominal muscles (internal and external 
obliques, rectus, and transversus) (Fig. 11.4). As these three compartments are 
exposed to different pressures and to the action of different respiratory muscle 
groups, their movement is in principle independent. This is shown in Fig. 11.5. 
While in healthy subjects the three compartments generally move synchronously, in 
different diseases, different asynchronous movement between the three chest wall 
compartments can be found, typically as paradoxical inward motion in either the 
pulmonary rib cage (e.g., in osteogenesis imperfecta, due to rib cage deformities), 
the abdominal rib cage (e.g., in chronic obstructive pulmonary disease, COPD, due 
to lung hyperinflation and the consequent flattened diaphragm), or the abdomen 
(e.g., in late-onset type II glycogenosis, due to diaphragm paralysis). OEP allows 
also to split each compartment into its right and left parts, where asynchronies can 
also be found, e.g., in the presence of diaphragm hemiparalysis or hemiplegia.

11.3  Accuracy of Measurement of Lung Volume Variations

In the last years, different protocols of OEP have been developed for different 
experimental and clinical situations. The validation of these measurement protocols 
was always performed by comparing the chest wall volume variation, measured by 
OEP, with lung volume variations measured by a spirometer or integrating a flow 
measurement at the airway opening. In the first studies, volume changes were com-
pared in healthy subjects while sitting or standing and wearing 89 markers, during 
quiet breathing, slow vital capacity maneuvers [15], and incremental exercise on a 
cycle ergometer [18]. In these conditions, the coefficient of variation of the two 
signals was always lower than 4 %. Successively, OEP was validated in constrained 
postures, like the supine and prone position. In these situations, the analysis is per-
formed placing the markers only in the visible part of the trunk surface, while the 
inferior part is considered fixed with the support (e.g., the bed). The volumes mea-
sured using OEP were also compared with measurements taken using spirometry 
and pneumotachography both in healthy subjects during quiet and deep breathing 
on rigid and soft supports in supine and prone position [16] and in sedated and para-
lyzed patients with acute lung injury and acute respiratory distress syndrome while 
receiving continuous positive pressure ventilation or pressure support ventilation 
[21]. Tidal volume measurements of OEP, spirometry, and pneumotachography 
were always highly correlated with discrepancies lower than 5 %.
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More recently, simultaneous measurements of tidal volume by OEP and pneu-
motachography demonstrated that OEP is able to provide accurate measurements of 
tidal volume values in newborns at rest [22] and in healthy men and women during 
submaximal (−2.0 ± 7.2 %) and maximal (2.4 ± 3.9 %) cycling exercise [23]. OEP 
has also recently shown to accurately evaluate vital capacity in the supine position 
in patients with respiratory muscle dysfunction of variable severity, including those 
with paradoxical abdominal movements [24]. Intra-rater and inter-rater reliability of 
OEP was evaluated on at rest and during cycle-ergometer submaximal exercise [25], 
and results showed intraclass correlation coefficient values higher than 0.75 and 
coefficient of variation of method error values less than 10 % for most variables in 
both conditions.

11.4  Double Plethysmography

Although the results obtained in all the above-cited validation studies have shown 
a very good agreement between chest wall and lung volume variations, it is impor-
tant to remind that the two measurements are not necessarily equal. Gas compres-
sion and dilation and possible blood shifts into and out of the thorax might produce 
relevant differences between variation of gas and chest volumes, particularly dur-
ing maneuvers in which intrathoracic pressures change significantly. When, for 
example, the respiratory system is subjected to large positive or negative pres-
sures (e.g., during mechanical ventilation, during active expiration with occluded 
airways or in the presence of expiratory flow limitation, during inspiratory efforts 
with occluded airways), changes in Vcw equal changes in lung gas volume (ΔVL), 
plus the volume of any blood shifts from the thorax to extremities or vice versa 
(VB): ΔVcw = ΔVL + VB + ΔVL is the sum of the volume of gas expired (or inspired) at 
the mouth (VM) plus the volume of gas compressed (or dilated) in the lung (VC) and 
therefore ΔVcw = VM + VB + VC. Recently, OEP was combined to whole-body pleth-
ysmography (WBP) which measures changes in body volume which are equal 
to VM + VC. WBP is insensitive to blood shifts, whereas OEP measures the same 
variables as WBP plus any blood shifts between the trunk and the extremities 
(Fig. 11.6).

In a series of experiments, simultaneous measurements of OEP and WBP 
allowed to measure VB continuously with the so-called double plethysmography 
[26, 27]. It was shown that outflow from the splanchnic blood reservoir is con-
trolled by abdominal pressure, and that during quiet breathing with diaphragm 
descent, the diaphragm serves two functions, i.e., to ventilate the lung and to shift 
blood from the splanchnic vascular bed to the extremities. With simultaneous con-
traction of abdominal muscles, such as occurs during exercise [17], the circulatory 
function of the diaphragm can be considerably enhanced. Under appropriate cir-
cumstances, the diaphragm’s circulatory function combined with abdominal mus-
cle contraction can act as an abdominal circulatory pump, capable of acting as an 
auxiliary heart.
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11.5  Measurement of End-Expiratory Lung Volume 
Variations

The measurement of end-expiratory lung volume (EELV) is of scientific and clin-
ical importance in understanding respiratory mechanics. Unfortunately, continu-
ous monitoring of EELV in normals and patients presents technical difficulties. 
Gas dilution techniques cannot be used for continuous monitoring because of 
the long wash-in/washout time, while the accuracy of RIP in monitoring EELV 
has also been questioned. Flowmeters cannot be used for long periods, mainly 
because integration of flow at the mouth suffers from integrator drift, so that 
changes in absolute lung volume are not accurately recorded. In fact, when flow 
is integrated to provide volume, an upward or downward drift in the volume 
baseline is invariably seen due to both physiological reasons and methodological 
errors: not unitary respiratory exchange ratio, differences in temperature and gas 
composition between inspiration and expiration, leaks between the airway open-
ing and pneumotachometer, zero offset in flow calibration, and imperfections 
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in the pneumotachometer response. In principle, it might be possible to avoid 
drift in volume by preconditioning the inspired gas to BTPS conditions, con-
tinuously monitoring gas partial pressures in both the alveoli and the pulmo-
nary arterial and venous blood to correct for respiratory exchange ratios not 
equal to unity, and eliminating all the factors mentioned above. However, this 
is extremely difficult, if not impossible, in practice. Consequently, it is never 
known how much of the baseline drift in volume is due to drift and how much 
represents a true change in absolute lung volume. Drift correction algorithms 
first assess the upward or downward trend in functional residual capacity (FRC) 
over a period containing many breaths in which the subject is assumed to be in 
the physiological steady state and the assumption generally made is that FRC 
remains more or less constant; successively, the algorithm removes the trend. 
Although OEP cannot provide the absolute lung volume unless the subdivisions 
of lung volumes are known, it appears to be a suitable method for estimating its 
variations and measuring breath-by-breath EELV changes, as well as its distribu-
tion in the different chest wall compartments. End-expiratory volume variations 
of the chest wall (ΔEEVcw) measured breath by breath by OEP before, during, 
and after an increase/decrease in positive end-expiratory pressure were compared 
with the corresponding variations of EEVL measured by the helium (He) dilu-
tion technique [28]. The regression line between EEVL changes measured by 
He and EEVcw changes measured by OEP was very close to identity. OEP mea-
surements of EEVcw accurately reflect the changes of EEVL. Furthermore, OEP 
allows a continuous compartmental analysis, even during unsteady conditions, 
and this feature to track end-expiratory and end-inspiratory chest wall volume is 
extremely useful during incremental exercise as an alternative to serial measure-
ments of inspiratory capacity (IC). This procedure, usually adopted for deter-
mining EELV changes during exercise, has inherent problems, namely, (a) the 
requirement of a high level of patient’s collaboration, (b) the assumption that 
total lung capacity is reached at every maneuver performed by the subject, (c) 
that the maneuver is started from a volume that is representative of EELV, (d) the 
assumption that TLC does not change, and (e) the impossibility of track EELV on 
a breath-by-breath basis. Vogiatzis et al. [29] compared simultaneous measure-
ments of inspiratory capacity (IC) at rest and during incremental cycle exercise 
in a group of male and female patients with stable COPD. Changes in IC from 
quiet breathing measured by the spirometer were in good relationship with end-
expiratory chest wall volume variations obtained by OEP during exercise and 
recovery from exercise, with a mean difference between these two measurements 
throughout all stages equal to 7.0 (5.8)% or 35 (24) ml.

11.5.1  Studies Based on Optoelectronic Plethysmography 
in Health

In the last decade, a high number of studies employing OEP to study chest wall 
kinematics in various conditions have been performed, both in health and disease. 
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Here below is not provided a comprehensive literature analysis, but only a summary 
of the main findings achieved so far.

Healthy subjects were analyzed during exercise, both on a cycle ergometer [17, 
18, 30, 31] and during walking on a treadmill [32]. In both modalities, end- expiratory 
lung volume is reduced because of the recruitment of the expiratory muscles, and 
this reduction increases with the intensity of exercise. During heavy exercise, about 
one third of the tidal volume is accomplished below FRC, and about 40 % of the 
increase in tidal volume is attributable to the recruitment of expiratory reserve vol-
ume. The reduction in end-expiratory total chest wall volume is almost entirely due 
to a decrease in end-expiratory volume of the abdomen (Fig. 11.7).

End-expiratory volumes of both rib cage compartments do not change signifi-
cantly. As the end-inspiratory displacement of the abdomen is nearly constant dur-
ing exercise, the increase in end-inspiratory lung volume is almost entirely due 
to rib cage expansion. In other words, during exercise, the increase in rib cage 
tidal volume results from recruiting only its inspiratory reserve volume, while the 
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increase in abdominal tidal volume largely resulted from recruiting only its expi-
ratory reserve volume. Despite different recruitment patterns, the relative contri-
butions to tidal volume from the different compartments remain nearly constant, 
although the tidal volume more than triples during exercise.

In other conditions than exercise, a detailed analysis of total and compartmental 
chest wall volumes allows to better understand mechanisms underlying different 
functions provided by the respiratory muscles. In a recent study investigating cough 
mechanics in health, it was shown how operating total and compartmental chest 
wall volumes are the most important determinant of the peak flow achieved and 
volume expelled during coughing [33]. Binazzi et al. [34] studied chest wall kine-
matics during reading, singing, and whispering. They found that the activity of the 
control of expiration during phonation is more complex than during exercise and all 
the three chest wall compartments contribute to the decrease of the total end- 
expiratory chest wall volume. Similar complex mechanisms of interaction between 
non-diaphragmatic inspiratory muscles and expiratory muscles are adopted during 
professional flute playing and allow the control of sound production that results in 
“breath support” which in turn is associated with high-quality playing [35].

11.5.2  Optoelectronic Plethysmography Studies in Disease

11.5.2.1  Chronic Obstructive Pulmonary Disease (COPD)
OEP has been extensively used to evaluate total and compartmental volume varia-
tions during incremental exercise in COPD patients. It was found that the patients 
with more severe COPD showed dynamic hyperinflation during incremental exer-
cise, but other patients, specifically those with a greater expiratory flow reserve at 
rest, adopted the more “normal” approach of reducing EEVcw when they exercised 
[36]. The presence in COPD patients of two distinct groups, those that strongly 
recruited abdominal muscles and those that did not, was confirmed in a subsequent 
study [37]. Among the patients who developed DH at maximal exercise, at least 
two significantly different patterns of change in EEVcw were observed during the 
test [29, 38]. Some patients had a progressive significant increase in end- expiratory 
volume of the chest wall (“early hyperinflators”) (Fig. 11.8), while in other 
patients, this remained unchanged up to about 66 % of maximum workload and 
increased significantly only in the last third period of exercise (“late 
hyperinflators”).

The essential difference between euvolumics and hyperinflators is the degree of 
expiratory muscle recruitment. The kinematic difference, in fact, is in the behavior 
of the abdomen. During exercise, in some patients with COPD, excessive expiratory 
muscle recruitment occurs and the high expiratory pressures have adverse circula-
tory effects, namely, decreased cardiac output and blood shifts from the trunk to 
extremities. In addition, the oxygen cost of breathing is so high in COPD that it can 
become a very large percentage of total body oxygen uptake. This can establish 
competition between respiratory and locomotor muscles for the available oxygen 
supply at low exercise workloads and this can be a potent factor limiting exercise 
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performance in COPD [39]. In a series of complex experiments employing OEP, 
cardiac output, and peripheral muscle oxygen measurements, it has been recently 
shown that the heliox breathing during exercise improves peripheral muscle oxygen 
availability with different mechanisms in hyperinflator and non-hyperinflator COPD 
patients. In hyperinflators, heliox increases arterial oxygen content and quadriceps 
blood flow at similar cardiac output, whereas in non-hyperinflators, heliox improves 
central hemodynamics and increases systemic vascular conductance and quadriceps 
blood flow at similar arterial oxygen content [40, 41].

It is not yet clear why COPD patients adopt different patterns of end-expiratory 
rib cage and abdominal volume variations during exercise. Nevertheless, this seems 
at least partially dependent of the presence of lower ribcage inspiratory inward para-
doxical motion that is present at rest in several COPD patients [42, 43]. In a recent 
study, it was shown that total end-expiratory chest wall volume increased immedi-
ately when exercise began (“early hyperinflation”) in patients presenting lower rib 
cage paradox at rest, but later (“late hyperinflation”) in patients with synchronous 
rib cage motion [42].

11.5.2.2  Thoracic Surgery
Three different, distinct patterns of breathing and chest wall volume regulations 
were found in severe patients with COPD, interstitial pulmonary fibrosis (IPF), and 
cystic fibrosis (CF) adopted by the ventilatory pump to cope with chronic respira-
tory failure [44]. The same authors demonstrate that after lung transplantation 
(LTx), the chronic adaptations of the ventilatory pattern to advanced lung diseases 
are reversible, and that the main contributing factor is the lung itself rather than 
systemic effects of the disease. Another study performed in patients affected by 
cystic fibrosis treated with bilateral LTx demonstrated a rearrangement of the vol-
umes of the different compartments, with a significant abdominal volume reduction, 
and lower rib cage increase, suggesting diaphragm repositioning [45].

Other studies employed OEP to assess the effects of laparoscopic surgery on 
chest wall kinematics and inspiratory muscle activity [46] and to study the effects of 
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Nuss surgical technique for pectus excavatum on chest wall function at rest and dur-
ing exercise [47–49].

11.5.2.3  Neuromuscular Disorders
In Duchenne muscular dystrophy (DMD) patients, abdominal motion during spon-
taneous breathing in awake conditions and in supine position has been proven to 
be not only an important indicator of the degree of respiratory muscle impairment 
and disease progression but also an early indicator of nocturnal hypoxemia [50]. 
Inefficient cough in DMD, moreover, is associated with reduced operating lung 
and chest wall volume secondary to weakened inspiratory muscles. Abdominal 
contribution to tidal volume during spontaneous breathing has been shown to be 
a non- volitional and noninvasive index able to discriminate efficient and ineffi-
cient cough [51]. In adolescent and adult DMD patients who present either no sign 
or only mild nocturnal oxygen desaturation, a reduced abdominal contribution to 
inspiratory capacity is a specific marker of the onset of diaphragm weakness and 
should be considered to identify the correct timing for the institution of nocturnal 
NIV [52].

OEP, also, revealed mild initial modifications in the respiratory muscles in other 
muscular dystrophies, namely, limb-girdle muscular dystrophy, Becker muscular 
dystrophy, and facioscapulohumeral dystrophy, which could be helpful for func-
tional and new therapeutic strategy evaluation [53].

11.5.2.4  Other Diseases
In a study performed on a group of patients with late-onset type II glycogenosis 
(Pompe disease), it has been shown that the abdominal percentage contribution to 
tidal volume in supine position well correlates with the postural change of forced 
vital capacity and therefore represents a noninvasive non-volitional index to detect 
diaphragmatic weakness in these patients [54]. Lanini et al. studied a group of hemi-
plegic patients due to a cerebrovascular accident [55]. The expansion of the paretic 
and healthy sides was similar during quiet breathing, but paretic displacement was 
higher during hypercapnic stimulation in most patients, suggesting that hemiparetic 
stroke produces asymmetric ventilation with an increase in carbon dioxide sensitiv-
ity and a decrease in voluntary ventilation on the paretic side. More recently, Lima 
et al. [56] have shown that incentive spirometry is able to promote an increased 
expansion in all compartments of the chest wall and to reduce the asymmetric 
expansion between right and left pulmonary rib cage, and, therefore, it should be 
considered as a tool for rehabilitation. Possible alterations in chest wall kinematics 
due to obesity have been recently investigated by Barcelar et al. [57]. Compared to 
controls, obese women are characterized by strongly altered increased abdominal 
volume variations. No differences were found between central and peripheral obese 
women suggesting that the amount of fat in the abdominal compartment, and not the 
peripheral, alters the respiratory system and determines restriction.

In osteogenesis imperfecta, an inherited connective tissue disorder characterized 
by bone fragility, multiple fractures, and significant chest wall deformities, the 
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restrictive respiratory pattern is closely related to the severity of the disease and to 
the sternal deformities. Patients classified as type III patients show structural rib cage 
deformities (pectus carinatum) that alter respiratory muscles coordination, leading to 
chest wall and rib cage distortions (i.e., paradoxical inspiratory inward motion of the 
pulmonary rib cage, see Fig. 11.3) and an inefficient ventilator pattern [58].

11.5.3  OEP Studies in Intensive Care Patients, During Mechanical 
Ventilation and Anesthesia

As reported above, OEP has been introduced in the ICU and the method has been 
validated in patients during both pressure support ventilation (PSV) and continuous 
positive pressure ventilation (CPPV) [21]. Using OEP in the supine position, signifi-
cant differences in the distribution of tidal volume in the different chest wall com-
partments between normal subjects and mechanically ventilated patients and between 
patients receiving CPPV and patients receiving PSV were observed. For spontane-
ously breathing subjects, distribution of chest wall volume changes is dictated by the 
mechanical characteristics of the respiratory system and the relative activity of 
the diaphragm and inspiratory rib cage muscles. For paralyzed CPPV patients, 
only the mechanical characteristics of the system are involved. Conversely, during 
PSV, a part of the breathing pattern is controlled by the patient, and the situation is 
more complex. The synchronization of respiratory muscle action and the resulting 
chest wall kinematics are valid indicator of the patient’s adaptation to the ventilator.

In a study performed on nine patients with acute lung injury/acute respiratory 
distress syndrome [59], it was shown that at pressure support levels lower than 
15 cmH2O, all the following parameters increased: the pressure developed by the 
inspiratory muscles, the contribution of the rib cage compartment to the total tidal 
volume, the phase shift between the rib cage and abdominal compartments, the 
post-inspiratory action of the inspiratory rib cage muscles, and the expiratory mus-
cle activity. PSV, therefore, should not be considered a “unique form” of ventilation, 
because its effects may be quite different depending on the pressure support level 
and pressure support levels greater than 10 cmH2O are necessary to allow homoge-
neous recruitment of respiratory muscles, with resulting synchronous thoracoab-
dominal expansion.

OEP was also recently used to study the effects of anesthesia on chest wall 
motion during spontaneous breathing and positive pressure ventilation [60] in a 
group of subjects undergoing elective surgery requiring general anesthesia 
(Fig. 11.9). Chest wall volumes were continuously monitored by optoelectronic 
plethysmography during quiet breathing (QB) in the conscious state, induction of 
propofol anesthesia, spontaneous breathing during anesthesia (SB), pressure sup-
port ventilation (PSV), and pressure control ventilation (PCV) after muscle paraly-
sis (Fig. 11.7). The total chest wall volume significantly decreased immediately 
after induction by equal reductions in the rib cage and abdominal volumes. During 
QB, rib cage volume displacement corresponded to 34.2 ± 5.3 % of the tidal volume. 
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During SB, PSV, and PCV, this increased to 42.2 ± 4.9, 48.2 ± 3.6 and 46.3 ± 3.2 %, 
respectively, with a corresponding decrease in the abdominal contribution. Breathing 
was initiated by the rib cage muscles during SB. Propofol anesthesia decreases end- 
expiratory chest wall volume, with a more pronounced effect on the diaphragm than 
on the rib cage muscles, which initiate breathing after apnea.

More recently, OEP was used to compare different modes of jet ventilation (JV), 
including high-frequency jet ventilation (HFJV) that is today routinely used for 
airway surgery (e.g., laryngo-microscopic or bronchoscopic procedures) and that 
can be beneficial for thoracic surgery and during procedures requiring minimal 
respiratory excursion (e.g., radiofrequency ablation of small tumors in the lung or 
liver) [61]. In this situation, OEP is the only system that can estimate operating 
volume and ventilation by monitoring chest wall volume variations. In fact, when 
evaluating different HFJV techniques, tidal volume and minute ventilation are dif-
ficult to assess because HFJV is applied in open systems, and standard pneumotach-
ography does not provide accurate values.

 Conclusions
Optoelectronic plethysmography has the great advantage that it can measure 
breathing patterns in any condition (e.g., rest, exercise, phonation, sleep) where 
the chest wall can be visualized totally noninvasively. It is highly accurate in the 
measurement of total chest wall volume variations, allowing partitioning of the 
complex shape of the chest wall into different compartments. In addition to being 
noninvasive, it requires no connection to the patient. Furthermore, it can be used 
without a subject-specific calibration, because it provides a direct measurement 
of the volumes in a three-dimensional reference frame and the calibration is not 
based on particular respiratory maneuvers requiring subject cooperation.

Fig. 11.9 OEP measurements at Uppsala University Hospital, Sweden, during the analysis of 
chest wall volume variations during induction of anesthesia
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All these features make the OEP not only a reliable system for basic physi-
ological and pathophysiological studies but also an attractive tool for evaluating 
breathing under a wide variety of circumstances both in health and disease.
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12.1  Introduction

The ability to measure respiratory muscle blood flow in humans has the potential to 
provide insight into a number of physiological and pathophysiological conditions. 
Along these lines an important question in exercise physiology and pathophysiol-
ogy is how blood flow is distributed between respiratory and locomotor muscles 
during exercise. For addressing this fundamental issue, accurate measurement of 
respiratory muscle blood flow is important for understanding patterns of blood flow 
distribution during exercise in healthy individuals and those with chronic diseases.
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Traditional techniques for measuring respiratory muscle blood flow in humans 
are capable of measuring instantaneously diaphragm blood flow by recording blood- 
drop count rates from the cannulated left inferior phrenic vein [1]. However, this 
method is not appropriate during exercise since it is highly invasive as it requires 
inferior phrenic vein catheterization as well as iatrogenic sedation. Moreover, mea-
suring blood flow to the several respiratory muscles in humans during exercise is 
difficult owing to their complex anatomical arrangement, the extensive network of 
feed arteries and veins, and the large variations in muscular recruitment that occurs 
in the respiratory muscles with varying degrees of ventilation [2–5]. In addition, 
much of what we know about respiratory muscle blood flow during exercise or high 
ventilation rates stems mainly from animal investigations [2–8].

To overcome respiratory muscle blood flow measurement difficulties during 
exercise, a more versatile method was needed to quantify muscle blood flow in 
humans. Accordingly, the present chapter focuses on the studies that have employed 
a new method for measuring respiratory muscle blood flow by employing near- 
infrared spectroscopy (NIRS) in combination with the light-absorbing tracer indo-
cyanine green dye (ICG). In addition, this chapter reports the latest physiological 
findings of this method with regard to respiratory muscle blood flow in healthy 
individuals and patients with chronic obstructive pulmonary disease (COPD).

12.2  Muscle Blood Flow Measurements by NIRS–ICG

Near-infrared spectroscopy (NIRS) is a noninvasive tool used to assess dynamic 
changes in tissue oxygenation. The NIRS technique has seen rapid development 
since its inception in the 1970s [5]. Furthermore, near-infrared light easily pene-
trates biological tissue and allows for detection of changes in specific chromophore 
concentrations in human tissue [9]. In addition, NIRS is advantageous because it is 
noninvasive, exhibits low movement artifacts, and provides good temporal and spa-
tial resolution [10].

Numerous studies have used this method for examining the oxygenation profile 
in respiratory and locomotor muscles [11–15], brain [16–19], and connective tis-
sues [20], in addition to the clinical assessment of circulatory and metabolic abnor-
malities [21–24].

A decade ago a technique combining NIRS with the light-absorbing tracer indo-
cyanine green (ICG) was employed to measure blood flow by applying the Fick’s 
principle [20]. Indocyanine green dye is a water-soluble tricarbocyanine, a light-
absorbing dye with a peak absorption in human blood in the NIR range of 800 nm. 
It has been used routinely for measuring cardiac output as well as limb blood flow 
with the use of photodensitometry [25]. After intravascular injection, ICG is pre-
dominantly bound to albumin [26] and is metabolized rapidly by hepatic parenchy-
mal cells making it ideal for repeated blood flow measurements.

By using NIRS–ICG technique, blood flow is calculated from the rate of tissue 
ICG accumulation over time measured by NIRS according to the Saperstein prin-
ciple [27]. Accordingly, for any given time interval less than the time to reach peak 
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tissue accumulation of the tracer, the tissue receives the same fraction of the ICG 
bolus as quantified in arterial blood. Two separate time points within the first half of 
the curve is used to calculate the flow, and the average value is taken to represent 
ICG accumulation. Therefore, the total blood flow is calculating using the following 
equation:
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where k is a constant for the conversion of ICG in moles to grams per liter measured 
from in vitro blood phantoms, [ICG]m is the accumulation of ICG in muscles over 
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t
 is the time integral of the arterial 

[ICG] expressed in milligrams per liter [27].
A schematic representation of the ICG tracer procedure for blood flow measure-

ments with NIRS is shown in Fig. 12.1. After venous bolus injection, the ICG bolus 
circulates to the right heart and lungs and emerges into the arterial circulation. 
Arterial blood is withdrawn by a pump, and the ICG is recorded by photodensitom-
etry, whereas downstream in the tissue microcirculation, ICG accumulation is 
detected by measuring light attenuation with NIRS [20].

12.3  Validation of NIRS–ICG Technique

The NIRS–ICG technique has been used and validated for measurements of respira-
tory and locomotor muscle blood flow during exercise against previously estab-
lished methods in healthy humans and patients with chronic respiratory failure (i.e., 
dye dilution, 133Xe washout, magnetic resonance imaging). The results indicate that 
this technique is indeed valid and accurate for quantifying both respiratory and 
locomotor muscle blood flow during exercise [14, 20, 28–30].

Specifically, Boushel and colleagues [20] using the NIRS–ICG technique 
quantified blood flow in the calf and the Achilles tendon region during plantar 
flexion in healthy subjects. They found a linear increase in tissue ICG accumula-
tion in both the calf and the Achilles tendon region for a given ICG dose as 
workload increased. In addition, a good agreement was found between NIRS–
ICG technique and 133Xe washout and magnetic resonance imaging methods dur-
ing exercise. Similarly, a study in healthy subjects by the same group of 
investigators [28] quantified the vastus lateralis and the vastus medialis muscle 
blood flow during dynamic knee extension exercise. The results revealed that in 
both locomotor muscles, blood flow increased linearly as workload increased 
while muscle blood flow decreased when muscle vasodilatation factors during 
exercise were inhibited, thereby indicating that beyond validity the NIRS–ICG 
technique is a sensitive method for quantifying locomotor muscle blood flow 
during exercise [28].
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Guenette and colleagues [29] were the first to quantify respiratory muscle 
blood flow in healthy subjects during resting isocapnic hyperpnea at different 
fractions of maximum minute ventilation. In this study NIRS optodes were placed 
on the left seventh intercostal space including the internal and external intercostal 
muscles while authors simultaneously measured esophageal and gastric pressure 
in order to calculate the work of breathing and the transdiaphragmatic pressure. 
The results of the study demonstrated that as ventilation rose, respiratory muscle 
blood flow was highly correlated with the increase in cardiac output, the work of 
breathing, and transdiaphragmatic pressure, suggesting that the NIRS–ICG tech-
nique provides feasible and sensitive values of respiratory muscle blood flow in 
healthy humans.

Venous circulation

ICG BOLUS

Artery circulation

Arterioles

Microcirculation Emitting optodeReceiving optode

Venules

NIRO

CD 1
CD 2
CD 3
CD 4

ICG

Fig. 12.1 Schematic representation of the NIRS measurements of indocyanine green (ICG) in 
tissue after a venous bolus infusion. From top left, an ICG bolus is injected into the venous circula-
tion; it passes through the heart and lungs and into the arterial circulation and microcirculation. 
The NIRS optodes positioned over the tissue detect the ICG at several wavelengths, and by use of 
specific extinction coefficients in a matrix operation, the ICG curve is isolated. The circles repre-
sent the vessels from which the NIRS is detected
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In this context, Vogiatzis and colleagues [14, 30], using the same NIRS–ICG 
technique, simultaneously measured intercostal and quadriceps muscle blood flow 
in healthy subjects and patients with chronic obstructive pulmonary disease (COPD). 
The measurements were conducted during resting isocapnic hyperpnea and at sev-
eral work intensities up to peak work rate during exercise on a bike. The results of 
the study demonstrated that in both healthy and COPD patients, intercostal muscle 
blood flow linearly increased with the work of breathing, minute ventilation, and 
cardiac output not only during resting hyperpnea but also during cycle exercise of 
increasing intensity.

The above results [14, 30] suggest that the NIRS–ICG technique for measuring 
respiratory muscle blood flow has a good signal integrity during body movement 
such as exercise while multiple NIRS channels allow simultaneous measurements 
of different muscle groups in addition to mapping of blood flow patterns within and 
between muscles.

12.4  Blood Flow Index (BFI) Derived by NIRS–ICG Technique

Although the NIRS–ICG technique itself is noninvasive, the respiratory muscle 
blood flow measurement requires arterial cannulation and continuous withdrawal of 
blood through a photodensitometer for several seconds after injection. Furthermore, 
one needs to consider that arterial cannulation is associated with the potential risks 
of bleeding, vascular perforation, vascular insufficiency, and injury to adjusted 
nerves [31]. Considering the above situation and the fact that the equipment for 
constant rate of blood withdrawal and measurements of ICG may not be available, 
the NIRS–ICG technique is not feasible in all conditions. For the above reasons, an 
alternative algorithm has been proposed to calculate tissue perfusion from the NIRS 
data, namely, the blood flow index (BFI) [32].

Specifically, the BFI is calculated by dividing the ICG peak concentration by the 
rise time from 10 to 90 % of peak (Fig. 12.2) [32]. In addition, the BFI is derived 
only from the transcutaneously measured NIRS–ICG curve and not from the arterial 
ICG curve. Thus, the only invasive component of this technique is venous cannula-
tion for bolus injection of the ICG tracer. For that reason, the BFI is a relative mea-
sure of blood flow, as absolute flow cannot be determined unless arterial ICG 
concentration is measured.

BFI has traditionally been used for the assessment of cerebral blood flow [33–
36]. Recently, this method has been validated in human skeletal muscles [32–37]. 
Furthermore, a retrospective analysis by Habazettl and colleagues [32] compared 
BFI values within the vastus lateralis and the 7th intercostal space against absolute 
muscle blood flow determined using NIRS–ICG technique during cycling exercise 
at different intensities. The results indicated a very good agreement between the BFI 
and NIRS–ICG technique measured in both respiratory and quadriceps muscles 
(Fig. 12.3). In addition, the study by Guenette and colleagues [37] extend the obser-
vation by Habazettl and colleagues [32] by determining whether BFI can be used to 
assess blood flow to respiratory muscles using a prospective experimental design. 
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BFI from the intercostal and sternocleidomastoid muscles was measured during rest-
ing isocapnic hyperpnea across a wide range of ventilations with simultaneous mea-
surements of electromyography and work of breathing. The results supported the 
findings of Habazettl and colleagues [32] as the BFI showed a strong correlation 
with the work of breathing and electromyography data for both aforementioned 
respiratory muscles. The aforementioned findings suggest that BFI closely reflects 
respiratory muscle blood flow across a wide range of exercise intensities and ventila-
tions and provides a less invasive and less technically demanding alternative tech-
nique for measuring muscle perfusion in humans during exercise.

12.5  Respiratory Muscle Blood Flow by NIRS–ICG Technique 
in Healthy Subjects

Measurement of regional muscle blood flow (MBF) in humans is an important tool 
for exercise physiology studies aiming at investigating factors that limit exercise 
performance in healthy trained subjects.
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Fig. 12.2 Typical example of quadriceps muscle indocyanine green (ICG) concentration curve 
recorded by near-infrared spectroscopy (NIRS) during exercise at 30 % limit of tolerance. The 
original tracing (gray line) appears with marked oscillations (at a frequency of 84/min, 1.4 Hz) 
owing to muscle contraction and relaxation during cycling. Low-pass filtering with a cutoff fre-
quency of 0.5 Hz produced the smoothed curve (black line) that was used for blood flow index 
(BFI) calculation. Data points at 10 and 90 % of ICG concentration peak are indicated, and an 
example of BFI calculation is given [32]
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Based on this concept, limitations in exercise performance may occur because of 
the competition for blood flow between the locomotor and the respiratory muscles. 
Indeed during maximal exercise in fit subjects, competition for blood flow between 
the locomotor and the respiratory muscles exists, such that respiratory muscle blood 
flow may increase at the expense of blood flow to working limb muscles [38, 39]. 
Such a notion of blood flow redistribution from the locomotor to the respiratory 
muscles during exercise was originally evolved from studies in healthy humans 
showing reductions in limb blood flow with respiratory muscle loading and an 
increase in locomotor muscle blood flow with respiratory muscle unloading [38, 39]. 
However, these results must be interpreted cautiously as only limb and not respira-
tory muscle blood flow measurements were performed in those studies [38, 39].

In this context, the study by the group of Vogiatzis [30] investigated whether dur-
ing maximal exercise in athletes there is an increase in blood flow in favor of the 
respiratory muscles at the expense of the exercising leg muscles. Authors performed 
simultaneous measurements of the intercostal and quadriceps femoris muscle blood 
flow using the NIRS–ICG technique during graded exercise up to maximal levels 
and during resting hyperpnea at the same levels of minute ventilation and work of 
breathing as during the different levels of exercise (Fig. 12.4). Authors reasoned that 
if intercostal muscle blood flow during maximal exercise was greater than that 
recorded during resting hyperpnea at the same work of breathing when legs were 
inactive, this would support the notion that the work of breathing normally experi-
enced during maximal exercise causes redistribution of blood flow from the legs to 
the respiratory muscles [38–41]. The results showed that intercostal muscle blood 
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Fig. 12.3 Regression analyses of mean ± SE BFI versus MBF for intercostal (black symbols, 
black line) and quadriceps (gray symbols, gray line) muscles, r = 0.98 for intercostal, and r = 0.96 
for quadriceps muscles, respectively; p < 0.001, for both muscle groups [32]
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flow and vascular conductance were lower during maximal exercise than during 
hyperpnea at the same work of breathing compared to that measured during maxi-
mal exercise. In addition, intercostal muscle blood flow during maximal exercise 
was lower than during submaximal exercise, whereas cardiac output, quadriceps 
muscle perfusion, and vascular conductance reached a plateau but did not signifi-
cantly fall at heavy exercise. Collectively, these observations suggested that at max-
imal exercise, restriction of intercostal muscle blood flow along with the attainment 
of a plateau in cardiac output and quadriceps muscle perfusion represents the inabil-
ity of the circulatory system to satisfy the energy demands of both locomotor and 
intercostal muscles (Fig. 12.4).

12.6  Respiratory Muscle Blood Flow by NIRS–ICG 
Technique in Patients with COPD

Expiratory flow limitation is present in a significant proportion of patients with 
COPD resulting in increased work of breathing and metabolic requirement of the 
respiratory muscles. This phenomenon has been alleged to aggravate the competi-
tion for blood flow between the locomotor and the respiratory muscles during exer-
cise. In the study by Athanasopoulos and colleagues [42], the concept of blood flow 
redistribution from locomotor to respiratory muscles [38] was explored by exercis-
ing healthy subjects with and without expiratory flow limitation mimicking the 
symptoms and respiratory limitations experienced by patients with COPD. Direct 
and simultaneous measurements of both intercostal muscles and vastus lateralis 
muscle blood flow was employed by utilizing NIRS–ICG technique. Accordingly, 
the results showed that with expiratory muscle loading, intercostal muscle blood 
flow was greater and quadriceps muscle blood flow was lower compared to exercise 
without respiratory muscle loading [42].

However, a study from the same laboratory [14] challenged the concept of blood 
flow redistribution in favor of the respiratory muscles during grated incremental exer-
cise in patients with COPD as it revealed that intercostal muscle blood flow was lim-
ited during high-intensity exercise, while quadriceps muscle perfusion was preserved 
(Fig. 12.5). This occured under conditions of attenuation in the increase in cardiac 
output that was interpreted as a representation of the inability of the circulatory sys-
tem to satisfy the energy demands of both locomotor and respiratory muscles.

Interestingly, the increase in quadriceps muscle blood flow was insufficient to 
prevent the mismatch between oxygen delivery to and demand of the quadriceps 
muscles, as quadriceps local muscle oxygen saturation progressively decreased, 
ultimately making these muscles vulnerable to fatigue [14]. Why the results of the 
latter study in COPD [14] differ from those in healthy individuals [38, 42] artifi-
cially manipulating the work of breathing is a matter of discussion. Perhaps, in 
healthy subjects the procedure of manipulating the work of breathing causes abrupt 
adjustments in the regulation of systemic blood flow [38, 42] most likely forcing 
redistribution of blood flow from the locomotor to the respiratory muscles. In con-
trast, in COPD, the phenomenon of increased breathing work is chronic, and as such 
certain central and/or peripheral muscle adjustments in blood flow regulation may 
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Fig. 12.4 Metabolic and haemodynamic responses during exercise and isocapnic resting hyper-
pnoea. Oxygen uptake (a), cardiac output (b), intercostal muscle blood flow (c), quadriceps muscle 
blood flow (d), intercostal muscle vascular conductance (e) and quadriceps muscle vascular con-
ductance (f), at different levels of minute ventilation during exercise (open triangles) and isocap-
nic, resting hyperpnoea (filled triangles). Values are means ± S.E.M. for 10 subjects. Asterisks 
denote significant differences between the two conditions at different fractions of WRpeak. 
Crosses denote significant differences compared to maximal ventilation, P < 0.05 [30]

have taken place to accommodate locomotor muscle energy supply relative to 
demand, ultimately giving preference to the locomotor muscles.

The findings questioning redistribution of blood flow in favor of the respiratory 
muscles [14] theoretically do not contrast those of respiratory muscle unloading in 
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COPD [43, 44] as lightening the work of breathing could potentially further increase 
blood flow and oxygen delivery to the quadriceps muscles and, thus, by minimizing 
the mismatch between tissue oxygen delivery and demand, improve exercise toler-
ance. However, a recent study [45] revealed that intercostal muscle blood flow does 
not decrease with heliox administration (aiming at unloading the respiratory mus-
cles) during exercise ranging from submaximal to supramaximal levels, but in fact 
was increased during exercise along with an increase in quadriceps muscle blood 
flow. Based on such evidence, it was suggested that blood flow redistribution from 
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two trials [30]
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the intercostal to locomotor muscles does not represent a mechanism of leg muscle 
hemodynamic improvement with heliox during exercise in COPD. Whether redis-
tribution of blood flow from the diaphragm or the expiratory abdominal muscles 
could occur following heliox administration, still remains a plausible mechanism.
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13.1            Introduction 

  Dyspnoea  is a very common symptom in patients with respiratory disorders. It pres-
ents major challenges to the medical community, so that clinicians and scientists 
need to maintain continuous interest in the progress being made in overcoming this 
problem. In this chapter, we wish to contribute to keeping pneumologists abreast of 
considerable progress that has been made in recent years in understanding the 
symptoms and the mechanisms underpinning both obstructive and restrictive 
 pulmonary disease. 

 Dyspnoea is characterised by a subjective experience of breathing discomfort 
that consists of qualitatively distinct sensations that vary in intensity [ 1 ]. The expe-
rience derives from interactions among multiple physiological, psychological, 
social and environmental factors and may induce secondary physiological and 
behavioural responses. This defi nition underlines the importance of the different 
qualities covered by the term dyspnoea, the involvement of integration of multiple 
sources of neural information about breathing and the physiological 
consequences. 

 The American Thoracic Society [ 2 ] has recently proposed that instruments or 
subsections of instruments (e.g. subscale) pertaining to dyspnoea should be 
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classifi ed as pertaining to domains of  sensory – perceptual experience, affective dis-
tress or symptom/disease impact or burden . Sensory–perceptual measures include 
 ratings of intensity and sensory quality . Ratings of intensity involve one or more 
separate single-item scales such as the visual analogue scale ( VAS ),  Borg  ratings or 
numerical rating scales. Sensory quality involves cluster descriptors of the sensation 
(the language of dyspnoea). Measurement of affective distress may use single- or 
multiple- item scales. Affective distress deals with a perception of immediate 
unpleasantness or a cognitive–evaluative response to or judgement about the possi-
ble consequences of what is perceived. Impact measures (e.g. how breathing affects 
behaviour and beliefs) involve a multiple-item scale across multiple dimensions 
(functional performance or disability, quality of life, health status and psychological 
function). These measures, although very important, do not directly assess what 
breathing feels like. It is noteworthy that while the time frame for ratings may be the 
present (i.e. real-time ratings) or the immediate past (end of an experimental ses-
sion), the time frame for impact measures is commonly either some relapsed inter-
val or an unspecifi c interval.  

13.2    Sensory–Perceptual Experience 

13.2.1        Ratings of Intensity 

13.2.1.1     Visual Analogue Scale 
 A visual analogue scale (VAS) or a category–ratio scale may be used to assess dys-
pnoea during an exercise test [ 3 ,  4 ]. With VAS the subject is instructed to provide a 
quantifi cation of his/her dyspnoea placing a mark on a horizontal or vertical line, 
usually 100 mm in length, with or without descriptors like “ no breathlessness ” and 
“ intolerable breathlessness ” or signifi cant images (positioned as anchors at the two 
extremes) [ 5 ].  

13.2.1.2     Category–Ratio Scale 
 The modifi ed 0–10 category–ratio Borg scale is the most widely used scale to rate 
dyspnoea during exercise testing [ 6 ]. This scale consists of a vertical line labelled 
0–10 with nonlinear spacing of verbal descriptors of severity corresponding to spe-
cifi c numbers. The subject can choose the number or the verbal descriptor to refl ect 
presumed ratio properties of sensation or symptom intensity. 

 The VAS and the Borg scale provide similar scores during incremental cardio-
pulmonary exercise testing in healthy subjects and in chronic obstructive pulmonary 
disease ( COPD ) patients [ 7 ]. The descriptors on the Borg scale permit comparisons 
among individuals based on the assumption that the verbal descriptors on the scale 
describe the same intensity for different subjects. Usually, both healthy individuals 
and patients with cardiorespiratory disease stop exercise at submaximal (at ratings 
between 5 and 8 on the Borg scale) intensities of dyspnoea and/or leg discomfort [ 3 ] 
independent of the peak power obtained [ 8 ]. Patients can also give ratings at specifi c 
times (iso-time) or workload (iso-workload) increment during the exercise test [ 3 ]. 
A numerical value or descriptor on the Borg scale may be used as a dyspnoea 
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“target” (as opposed to a measured length in mm on the VAS) for prescribing and 
monitoring exercise training [ 3 ,  4 ].   

13.2.2     The Language of Dyspnoea 

 The use of verbal descriptors of dyspnoea may contribute to the understanding of 
the mechanisms of dyspnoea and assist in identifying or predicting a specifi c diag-
nosis. Using the  descriptors of dyspnoea , normal volunteers are able to distinguish 
between the kinds of dyspnoea induced by different stimuli, such as breath holding, 
carbon dioxide inhalation, exercise, resistive and elastic respiratory loads and con-
strained tidal volume [ 9 ]. These individuals fi nd it easy to identify the discomfort 
associated with the different tasks and to select different phrases to describe their 
discomfort. Descriptors of dyspnoea are also readily obtained in symptomatic 
patients with different cardiorespiratory diseases. Standardised descriptors are 
grouped in discrete clusters with high discriminating value among diseases [ 9 ]. 

 Multiplicity, uniqueness and sharing characterise the association of qualitative 
clusters of dyspnoea with different disease states: (1) The pathological conditions 
characterised by many clusters suggest that dyspnoea comprises more than one sen-
sation; (2) each condition is characterised by a unique set of clusters, and (3) some 
clusters are shared by more than one condition, suggesting that similar pathways or 
receptors modify dyspnoea, respectively. There is no obvious relationship between 
the qualitative descriptors of dyspnoea and the quantitative intensity among the 
patient groups; a cluster may be shared by a disease with the highest and lowest 
intensity of dyspnoea. In contrast, diseases with the highest scores of dyspnoea may 
have different patterns of clusters. Thus, the quality of the sensation, not the quan-
tity of intensity, differentiates the diseases [ 9 ]. Based on the hypothesis that various 
qualities of respiratory discomfort result from different pathophysiological abnor-
malities, language can help to defi ne one or more of the abnormalities responsible 
for breathing discomfort. 

 The following is a list of clusters of dyspnoea most commonly selected by 
patients with respiratory disorders. 

13.2.2.1     Chest Tightness 
 Chest tightness is frequently reported by asthmatic patients. During acute bronchocon-
striction, chest tightness may arise from the stimulation of sensory receptors within the 
lungs mediated through vagal and autonomic pathways. Slowly adapting receptors are 
excited by the contraction of airway smooth muscles; rapidly adapting (irritant) recep-
tors and C fi bres may respond to the local infl ammation of the airways [ 10 ].  

13.2.2.2     Work/Effort 
 These descriptors characterise several clinical conditions [ 9 ]. Regardless of the spe-
cifi c disorder, work/effort intensifi es during exercise. The increase in motor com-
mand to ventilatory muscles relayed by interneurons high in the central nervous 
system to the sensory cortex (corollary discharge) can be perceived as a sensation of 
effort [ 11 ,  12 ].  
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13.2.2.3     Inspiratory Difficulty 
 The central motor command output to the sensory cortex (the corollary discharge) 
is modulated by peripheral feedback from a host of respiratory mechanoreceptors 
that provide precise kinaesthetic information about inspiratory muscle displacement 
(muscle spindles), tension development (Golgi tendon organs), changes in respired 
volume and fl ow and airway calibre (vagal lung and airway mechanoreceptors) 
[ 13 ]. Reduced instantaneous peripheral feedback from the lung and chest wall is 
thought to account for the uncoupling between reduced lung volumes and a prevail-
ing increase in respiratory drive [ 14 – 18 ]. 

   Rapid Breathing 
 Rapid breathing characterises the exercise response in patients with interstitial lung 
disease [ 19 ]. Vagal afferents are potentially implicated. Chest compression and lung 
defl ation can potentially reduce the input from stretch receptors with resultant tachy-
pnoea and simultaneously increase the input of rapidly adapting vagal receptors, 
which increase respiratory drive and ventilation, thus contributing to dyspnoea [ 20 ].   

13.2.2.4     Air Hunger 
 The hypothesis that dyspnoea is largely a sense of respiratory effort does not account 
for the fi ndings that, at a comparable level of ventilation, dyspnoea is greater during 
hypercapnic hyperpnoea than exercise hyperpnoea [ 21 ]. Our current thinking is that 
air hunger arises from the perception of a corollary copy of brainstem motor output 
that is transmitted to the forebrain and is relieved by an increase in mechanoreceptor 
afferent traffi c consequent to increased pulmonary minute ventilation. Thus, if arte-
rial carbon dioxide tension (PaCO 2 ) is increased or arterial oxygen tension (PO 2 ) is 
decreased and breathing is not allowed to increase, the subject experiences air hun-
ger. Likewise if PaCO 2  is held constant and tidal volume is decreased, the subject 
experiences air hunger [ 22 ,  23 ].    

13.3     Clinical Applications of the Language of Dyspnoea 

13.3.1     Chronic Obstructive Pulmonary Disease (COPD) 

 COPD patients when exercising report qualitative perceptions of work/effort and 
inspiratory diffi culty. Neurophysiologically increased breathing effort is believed to 
refl ect the awareness of increased motor command output to the respiratory muscles 
and increased central corollary discharge. Inspiratory diffi culty is associated with 
 dynamic hyperinfl ation  and its negative mechanical effects, i.e. elastic load and 
threshold load and the disparity between inspiratory effort and ventilatory output 
[ 14 – 18 ]. The important consequence of dynamic hyperinfl ation is the severe 
mechanical constraint on tidal volume expansion [ 14 – 16 ]. It has recently been 
reported that regardless of the exercise, the tidal volume plateaus mark a point where 
an increase in dyspnoea is associated with change in the quality of the descriptors 
from work/effort to inspiratory diffi culty. These data indicate that intensity and 
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quality of dyspnoea may evolve separately [ 24 ]. Pulmonary rehabilitation pro-
grammes positively affect exercise-induced dyspnoea by improving mechanical 
constraints in these patients [ 16 ,  25 ]. If the improvement in mechanical factors that 
underlie neuromuscular decoupling [ 15 ,  16 ,  25 ] partially forms the basis for reduced 
dyspnoea perception, a pulmonary rehabilitation programme designed to improve 
mechanical constraints might affect both intensity and quality of dyspnoea during 
submaximal exercise in patients with COPD. Bianchi et al. [ 18 ] have recently found 
that three language subgroup COPD patients exhibited similar lung function at base-
line and similar rating of dyspnoea and ventilatory changes during exercise. The 
pulmonary  rehabilitation  programme shifted the dyspnoea/inspiratory reserve vol-
ume (IRV) relationship (less Borg at any given IRV) to the right without modifying 
the set of descriptors in most patients. These data suggest that pulmonary rehabilita-
tion allows patients to tolerate a greater amount of restrictive dynamic ventilatory 
defect by modifying the intensity, but not necessarily the quality, of dyspnoea.  

13.3.2     Asthma 

 In patients with  asthma , symptoms following methacholine (MCh) inhalation are 
similar to those experienced during spontaneous asthma [ 26 ,  27 ]. Mahler et al. 
reported that 50 % of patients with asthma choose the descriptions “my chest feels 
tight” or “my chest is constricted” to describe their dyspnoea [ 28 ]. These fi ndings 
are in line with the clinical observation that chest tightness is the most probable 
manifestation of asthma. Assessments of the intensity of dyspnoea alone may not 
accurately refl ect the level of persistent airway obstruction. 

 The global rating of dyspnoea, in conjunction with frequency–intensity rating of 
work/effort, may refl ect the persistence of obstruction–infl ammation of the airways 
more clearly than ratings of overall intensity of dyspnoea alone [ 29 ]. Thus, attention 
to the language of dyspnoea would alert healthcare providers to signifi cant remain-
ing airway obstruction, despite improvements in, or resolution of overall dyspnoea, 
when assessed by general rating of the intensity of breathing discomfort [ 29 ]. 

 The many descriptors that characterise bronchial asthma indicate that different 
pathophysiological mechanisms are potentially in action, suggesting that it is possible 
to distinguish among them by utilising symptom discrimination [ 30 ]. The discrimina-
tion analysis shows symptoms (chest tightness and  chest pain ) that are easily dis-
criminated, whereas other symptoms (breathlessness and air hunger) are not. 
Symptoms that can be reliably discriminated imply different pathophysiological 
mechanisms, whereas symptoms that cannot be reliably discriminated imply similar 
pathophysiological mechanisms. In induced asthma, the initial sensation of chest 
tightness refl ects the breathing discomfort resulting from mild bronchoconstriction 
[ 31 ]; with a more severe FEV 1  decrease and hyperinfl ation, the sensation of work or 
effort of breathing takes place, which may be due to the related infl ammatory compo-
nent of asthma and associated mechanical load on the ventilatory muscles [ 32 ]. 
Therefore, there appear to be two distinct sensations of dyspnoea. The fi rst sensation 
to be relieved with β 2 -agonist treatment is chest tightness, which probably arises from 
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stimulation of pulmonary receptors secondary to bronchospasm. The second—“work/
effort”—is probably associated with both dynamic hyperinfl ation and more severe 
airway obstruction. There is no obvious link between qualitative descriptors and over-
all intensity of dyspnoea during bronchoconstriction in patients with asthma. In a 
recent study [ 33 ], three language subgroups were defi ned during MCh inhalation: 
chest tightness, work/effort and both descriptors. Patients selected chest tightness to a 
greater extent (42.85 %) than work/effort (14.3 %) and both descriptors (26.5 %) to a 
lesser extent at the lowest level of bronchoconstriction (FEV 1  fall <10 %) as at 20 % 
fall in FEV 1 .  Language  subgroups were equally distributed across perceiver sub-
groups as assessed in terms of increase in Borg score at 20 % FEV 1  fall (PB20). These 
data indicate that PB20 and the language of dyspnoea independently contribute to 
defi ning the condition of the disease in patients with clinically stable asthma. 

 Based on the contrasting effects of airway obstruction and dynamic  hyperinfl a-
tion  on the language of dyspnoea during MCh inhalation [ 31 ], and the fi nding that 
in short exercise sessions an increase in lung volumes does not appear to be a crucial 
contributor to exercise limitation and dyspnoea intensity in severe asthma [ 34 ], it 
has recently been hypothesised that, regardless of the global score of intensity of 
dyspnoea, different descriptors may be selected by patients during short exercise 
sessions (CPET) and MCh [ 35 ]. According to the above hypothesis, obstruction/
hyperinfl ation and work rate are highly reliable predictors of Borg rating of dys-
pnoea during and short CPET, respectively. Regardless of the global score of inten-
sity of dyspnoea, different descriptors may be selected by patients during short 
CPET and MCh. Different qualitative dyspnoea sensations can help explain the 
underlying mechanisms of the symptom.  

13.3.3     Restrictive Lung Disease 

 Patients with restrictive lung disease identify work/effort, unsatisfi ed inspiration, 
inspiratory diffi culty and rapid and shallow breathing as appropriate descriptors [ 9 , 
 19 ,  28 ]. These sensations have their physiological basis partially in an impaired 
ability to increase lung volume and displace the thorax appropriately in the setting 
of increased  ventilatory drive . Patients display a parabolic or U-shaped relationship 
between tidal volume ( V  T ) and dyspnoea: a slight increase or decrease in  V  T  from 
the average resting value causes a marked increase in dyspnoea. The former is asso-
ciated with greater respiratory work, whereas the latter is associated with increased 
dead space ventilation and  hypercapnia  [ 30 ]. The U-shaped curve relating diffi culty 
of breathing to ventilation ( V ′ E ) with the  V ′ E  at the centre of the spontaneous breath-
ing level [ 36 ,  37 ] probably describes the effects of two different sensations: the left 
limb describes air hunger, and the right limb describes work/effort [ 38 ].  

13.3.4     Neuromuscular Disease 

 Impairment of neuromuscular coupling underlies the high scoring of dyspnoea in 
patients with neuromuscular disease. The association of muscle weakness and elas-
tic load in neuromuscular disease is responsible for the modulation of normal 
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central respiratory output into a shallow pattern of breathing [ 19 ]. Contrary to an 
early hypothesis that an increase in inspiratory motor output could translate into an 
increased perception of dyspnoea in patients with abnormalities in respiratory 
mechanics, this perception was unexpectedly blunted in stroke patients [ 39 ]. This is 
probably because of the abnormality in the mechanisms of the process of integra-
tion of the afferent sensation. If the increased inspiratory motor output does not 
transmit the corollary discharge to the sensory centre, an unchanged perception 
may result. Might this be due to functional abnormalities of the sensory cortex? The 
hypothesis that damage to the sensory cortex attenuates the effect of the corollary 
discharge, which could infl uence a patient’s ability to perceive dyspnoea, may not 
be excluded [ 39 ]. 

 Studies raise the possibility that neuromuscular disease [ 40 ], COPD [ 14 ,  15 ], 
ILD [ 19 ] and airway involvement in multisystem diseases [ 41 ] share common 
mechanisms underlying the discomfort associated with the act of breathing. A com-
mon underlying pathophysiological mechanism explains the similarity of clusters 
selected in different disorders [ 42 ].  

13.3.5     Chronic Heart Failure 

 When patients with  chronic heart failure  were asked to describe their dyspnoea, 
they selected the following clusters: suffocating at rest, rapid breathing, air hunger 
[ 9 ] or work/effort during exercise [ 28 ]. It is not easy to explain the underlying 
pathophysiology due to the confl icting data reported on whether respiratory func-
tion contributes to exercise limitation in chronic heart failure patients. O’Donnell 
et al. [ 43 ] show that inspiratory pressure support decreases leg effort, probably by 
reducing the left ventricular afterload, increasing peripheral blood fl ow and improv-
ing local acid–base equilibrium, which reduces muscular afferents associated with 
the perception of “effort”. Nonetheless, the observation of no evident effect on dys-
pnoea during the constant load exercise test suggests that factors other than mechan-
ical loading contribute predominantly to dyspnoea. Verbal descriptors may help 
differentiate between patients with chronic heart failure and deconditioned patients 
who describe “heavy breathing” [ 44 ].   

13.4     Affective Distress (Emotional, Affective Components 
of Dyspnoea) 

 Any assessment of dyspnoea must take into consideration the following question: 
“Are we trying to measure the intensity or quality of the sensation of respiratory 
discomfort or the emotional or behavioural response to the breathing discomfort?” 
[ 1 ]. Pivotal studies [ 45 – 47 ] have provided compelling evidence that sensory inten-
sity and unpleasantness of pain are discrete dimensions since they can be indepen-
dently manipulated in laboratory and clinical situations. They even appear to be 
subserved by separate neural pathways [ 45 ]. It has been postulated (but not defi -
nitely proven) that these structures might process the discrete components of dys-
pnoea [ 48 ,  49 ]. 
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 Further developments regarding the affective dimensions of pain have been 
divided into an initial stage (A1) of immediate unpleasantness or discomfort and a 
later stage (A2) of cognitively mediated emotional reactions such as depression, 
anxiety and fear that may lead to behavioural outcomes [ 47 ]. Early evidence sug-
gests similar multidimensionality in the perception of both pain and dyspnoea. 
Healthy subjects breathing against increased inspiratory loads experience a stronger 
perception in unpleasantness than in intensity, indicating that the sensory and the 
affective dimensions of dyspnoea can be differentiated similarly from the percep-
tion of pain [ 50 ]. 

 In patients with asthma, a high sensitivity seems favourable because it allows the 
early detection of deteriorating lung function and quick medication relief. A moder-
ate degree of asthma-specifi c sensitivity (anxiety) is adaptive because it may be 
associated with enhanced perception of bronchoconstriction. In contrast, the absence 
of anxiety may lead to indifference and neglect of symptoms [ 51 ,  52 ]. 

 A multidimensional model of dyspnoea subsuming sensory components (i.e. 
intensity and quality) and affective components has recently been proposed [ 53 , 
 54 ]. Affective responses are a major stimulus for learning strategies to avoid bio-
logically threatening sensations, thus motivating patients to seek treatment or alter 
their lifestyle to avoid dyspnoea. An exaggerated perception of dyspnoea, which 
may lead to excessive use of medical resources, may be an overresponse in the 
affective dimension. In this connection, it has been hypothesised that the affective 
dimension of dyspnoea (unpleasantness, emotional response) does not strictly 
depend on the intensity of the dyspnoea. The unpleasantness of dyspnoea can vary, 
independently of the perceived intensity, consistent with the prevailing model of 
pain that multiple dimensions of dyspnoea exist and can be measured [ 53 ,  54 ].  

13.5     Symptom/Disease Impact 

13.5.1     MRC Scale 

 Since 1959 the Medical Research Council (MRC) scale has been used extensively 
as a discriminative instrument based on the magnitude of task that provokes dys-
pnoea. The MRC scale is simple to administer and correlates with other dyspnoea 
scales and with scores of health status [ 3 ]. MRC and other similar scales focus only 
on one dimension that affects dyspnoea; the grades are quite broad so that it may be 
diffi cult to detect small but important changes with particular interventions [ 3 ].  

13.5.2     BDI–TDI 

 The Baseline (BDI) and Transition (TDI) Dyspnea Indexes include two  components—
functional impairment and magnitude of effort—in addition to magnitude of the task 
that provoked breathing diffi culty [ 3 ,  55 ]. The BDI is a discriminative instrument to 
measure dyspnoea at a single point in time, whereas the TDI was developed as an 
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evaluative instrument to measure changes in dyspnoea from the baseline state. 
Ratings or scores for dyspnoea are obtained from an interviewer who selects a score 
for each of the three components based on the patient’s answers using the specifi c 
criteria for the grades as described for the instruments. Translations in different lan-
guages are available including an Italian translation (G. Scano and K. Ferrari) [ 3 ]. 

13.5.2.1     CRDQ 
 Dyspnoea is one of the four components of a quality of life instrument, the Chronic 
Respiratory Disease Questionnaire ( CRDQ ) for patients with respiratory disease 
[ 56 ]. The individual patient is asked to select the fi ve most important activities that 
cause dyspnoea over the past 2 weeks by recalling and then reading from a list of 26 
activities. The severity of dyspnoea is graded by the patient who selects a score on 
a scale of 1–7 for each of the fi ve activities. The overall score can then be divided 
by the number of activities (usually 5) selected by the patient. There is no correla-
tion between the effort dyspnoea evaluated by the Borg scale and the dyspnoea 
category of the CRDQ [ 3 ].  

13.5.2.2     Other Questionnaires 
 Other multidimensional questionnaires include the Oxygen Cost Diagram ( OCD ) 
[ 3 ] which is a VAS with 13 activities along a 100-mm line. The position of these 
activities along this vertical line corresponds approximately to their oxygen require-
ments. The patient is asked to indicate the level of activity at which he/she begins to 
experience dyspnoea. The OCD score is measured in millimetres. The shorter the 
distance, the greater the breathlessness. This measure is simple to use and has thus 
been used quite widely. 

 The  University of Cincinnati Dyspnea Questionnaire  ( UCDQ ) [ 57 ] was devel-
oped to measure the impact of dyspnoea during physical activity, speech and simul-
taneous speech and physical activity. The following items of the speech section of 
the UCDQ are reported to cause dyspnoea in patients with COPD [ 58 ]: conversa-
tion, raising the voice, phoning, speaking to a group, talking in a noisy place and 
singing. For patients with limited physical activities who use oral communication 
for most social activities, the assessment of dyspnoea during speech activities may 
provide relevant measurement criteria [ 58 ].    

    Conclusion 
 Although cultural, socio-economic, linguistic and educational backgrounds may 
infl uence the use of the language of dyspnoea, our ability to provide the best care 
possible to patients with dyspnoea depends upon our capacity to break down any 
communication barriers between physician and patients. As dyspnoea is a funda-
mental part of a patient’s clinical history, physicians should become more fl uent 
in the language of dyspnoea. Some questions still need to be addressed. Should 
the various aspects of dyspnoea identifi ed by verbal descriptors be independently 
quantifi ed? Should improvement of the physiological derangements modify 
the language of dyspnoea? Should reduction of dynamic hyperinfl ation mod-
ify the relevant descriptor(s)? These points need further investigation.     
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14.1            Introduction 

 A major reason for the diffi culty in understanding gas transport and mixing in the 
lung periphery is related to the impossibility to perform direct measurements of gas 
concentrations in the alveolar region without interfering with the mechanisms of 
transport. If the measurements are performed at the mouth, the gases are fi rst 
inspired and convected to the lung periphery. During a breath cycle, they diffuse in 
a space with linear dimensions that are of the order of magnitude of the square root 
of the molecular diffusion coeffi cient. For air, this corresponds to a few millimeters. 
During expiration, the recorded concentration at the mouth gives an information 
about the last lung generations, where O 2  and N 2  have diffused. Part of this informa-
tion is contained in the slope of the alveolar plateau of the single-breath (N 2 ) wash-
out (SBW). Georg et al. [ 1 ] used gases of different diffusivities such as He and SF 6 . 
Indeed, the different expiratory concentration profi le of these gases carries informa-
tion about the lung structure in a specifi c lung region. A renewed interest in SBW 
came also from the work of Cosio et al. [ 2 ] demonstrating correlations of SBW- 
derived indices, such as N 2  phase III slope and closing capacity, with morphological 
measures of peripheral lung lesion in smokers. A series of epidemiological studies 
followed, investigating the potential of these tests to predict a decline in forced 
expired volume in 1 s (FEV 1 ) in smokers, but with confl icting outcomes [ 3 – 6 ]. 
However, the interest in the SBW test increased with the results of a 13-year 
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follow-up study [ 7 ] indicating that the N 2  phase III slope of the vital capacity SBW 
test was a key index in predicting the smoker developing overt COPD. 

 In the meanwhile, several groups had continued their investigations into the basic 
mechanisms of gas transport in, and its heterogeneous distribution over, the lungs. 
As reports of the actual geometrical confi guration of the human lungs emerged [ 8 –
 10 ], new models could be developed in an effort to simulate the SBW test. An 
essential feature of the anatomical basis for the lung models to be developed was 
that the lung was asymmetrical, in the conductive airway [ 8 ] as well as in the acinar 
airway segment [ 9 ,  10 ]. It was shown, for instance, how the interaction of convec-
tive and diffusive gas transport in the asymmetrical acinar air spaces could generate 
N 2  concentration differences that are refl ected in a N 2  gradient in the alveolar phase 
III of an SBW exhalation [ 11 ]; in addition, this N 2  phase III gradient was expected 
to increase with increasing asymmetry. Although this is just one potential mecha-
nism of ventilation heterogeneity, it illustrates how the delivery and recovery of gas 
concentrations can provide noninvasive indexes of ventilatory heterogeneity that are 
representative of lung structure, or its abnormality in the case of lung disease. 

 A different technique can be used as a tool to investigate pulmonary ventilation. 
It consists of aerosol inspiration and the analysis of particle concentration during 
the subsequent expiration. When aerosols are inspired as a bolus, the very low 
(Brownian) diffusion coeffi cient of the particles enables to target specifi c genera-
tions of the bronchial tree. For decades, fi elds of gas and particle transport in the 
lung proceeded in parallel, with very limited cross-fertilization. Despite being more 
diffi cult to generate and measure experimentally than gases, aerosols can be a very 
elegant tool to sample the structure in the lung periphery. We describe, at the end of 
this chapter, aerosol applications showing the complementarity of both approaches.  

14.2     Gas Washout Tests 

 The washout technique basically consists of delivering to the lungs a gas mixture 
that is not originally present in the lungs and then characterizing the exhaled gas 
mixture as a function of exhaled volume. Figure  14.1  shows the concentration plot 
of N 2  as a function of exhaled volume after a vital capacity inhalation of 100 % O 2  
(SBW test). One can clearly distinguish an initial phase where the inhaled gas is 
exhaled again without having been mixed with lung resident air (phase I), a transi-
tional phase II, an alveolar phase III, and a fi nal rise in phase IV. Depending on the 
subject under study, cardiogenic oscillations are superimposed on phases III and IV; 
yet, in most lung diseases which give rise to steeper phase III slopes, cardiogenic 
oscillations cannot be distinguished.

   On the basis of experimental and modeling studies of gas transport in the human 
lungs, we can summarize the contributions to the phase III slope as follows:
•     Ventilation heterogeneity between upper and lower lung regions, generated by 

the weight of the lung on earth:  In normal lungs, the gravity-dependent contribu-
tion to the phase III slope has been investigated in studies involving different 
body positions [ 12 ,  13 ], in experiments aboard parabolic fl ights [ 14 ,  15 ], or 
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 during Spacelab missions [ 16 ,  17 ], and depending also on the washout maneuver 
used, the gravity contribution to the N 2  phase III slope is seen not to exceed 
approximately one fi fth; in fact, the largest contribution from gravity could be 
found in the phase III slope of a vital capacity SBW maneuver (as opposed to 
washout maneuvers covering the near-tidal volume range). Since certain disease 
patterns may be linked to distinct locations (e.g., in patients with predominant 
emphysema in upper lung zones), the effect of gravity can actually be exploited 
to investigate structure-function in these zones. Van Muylem et al. [ 18 ] proposed 
to place single-lung transplant patients in such a body posture that the SBW 
phase III could actually be linked to structure-function of the dependent and non- 
dependent lungs.  

•    Ventilation heterogeneity between units within the acinus, which results from 
convective and diffusive gas transport competing in the structural asymmetry of 
the lung periphery:  Due to this so-called diffusion-convection interdependence 
[ 19 ], the smallest intra-acinar lung unit subtended by any pair of daughter 
branches shows the lowest N 2  concentration during inhalation; during subse-
quent exhalation, the differential convection from smaller and larger intra-acinar 
units and back diffusion of N 2  into the smaller of two units leads to a slope in the 
exhaled N 2  concentration versus volume trace. Over a wide range of structural 
asymmetries, interdependence predicts that the larger structural asymmetry leads 
to the greater N 2  phase III slope. In addition, the complex interaction of hundreds 
of parallel and serial branch points inside each acinus plays a key role [ 20 ,  21 ]. 
A model simulation study [ 22 ] has shown that not only the mean structural 
 asymmetry at branch points of any given peripheral lung generation is a determi-
nant of the phase III slope but also the heterogeneity in asymmetry among 
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 parallel branch points of that generation. For any given mean asymmetry, the 
larger parallel heterogeneity in asymmetry also leads to a steeper N 2  phase III 
slope. In fact, with simulations incorporating a realistic heterogeneity of intra-
acinar asymmetry, the potential intra-acinar contribution to the N 2  phase III slope 
ranges 80–100 % [ 22 ] depending on the washout maneuver.  

•    Ventilation heterogeneity between lung units, probably much smaller than the 
upper and lower lung regions, but larger than acini,  i.e. , at the level of lung units 
where convective gas transport dominates over diffusive gas transport:  This 
mechanism implies differences in specifi c ventilation (unit inspired volume per 
unit lung volume) and fl ow asynchrony between lung units upon emptying. This 
mechanism of ventilation heterogeneity can be generated by a heterogeneity in 
P-V characteristics of such lung units or a heterogeneity in airway resistance of the 
subtending airways; yet, in human subjects, no quantitative data on these proper-
ties at this scale exist. Also, heterogeneity in airway resistance or P-V characteris-
tics should be such that the best ventilated lung unit is the one to empty preferentially 
early in expiration, in order to produce a positive contribution to the N 2  phase III 
slope. There are a huge number of branch points located in the conductive airways 
where such convection-dependent heterogeneity can occur. Maybe the number of 
possibilities can be limited by use of so-called integrated models such as the one 
offered by Tawhai et al. e.g., [ 23 ], with a very realistic appearance from a struc-
tural viewpoint. However, the way it simulates airway function is currently still 
burdened by oblique parameter fi tting, which makes it almost impossible to deter-
mine where some highly unrealistic simulations, acknowledged by the authors, 
fi nd their origin. Nevertheless, further development of such models, closely guided 
by the wealth of experimental washout data, should make it possible to quantita-
tively determine the confi nes within which this mechanism accounts for the phase 
III slope in normal man. While the net contribution to the N 2  phase III slope from 
this mechanism may actually be relatively modest during an SBW obtained from 
the normal lungs, its effect can be exaggerated in the diseased lung [ 24 ,  25 ] or in 
the asymptomatic lung after histamine bronchoprovocation [ 26 ].  

•    Gas exchange:  The fact that the respiratory coeffi cient is <1 brings about volume 
shrinkage and hence a progressive concentration of all gases as the exhalation 
proceeds, leading to an amplifi cation of the phase III slope for the lung resident 
gas N 2 ; in human lungs, its effect has been estimated at 10 % for a vital capacity 
SBW maneuver [ 27 ].  

•    Airway closure:  When decomposing a vital capacity SBW, involving a continu-
ous O 2  inhalation starting from residual volume, into separate washout experi-
ments whereby 150 mL volumes of O 2  are inhaled at different lung volumes over 
the vital capacity range, it is possible to study the effect of ventilation heteroge-
neity at any given lung volume and relate it to the SBW phase III slope [ 28 ]. In 
this way, it has been shown that in the case of a vital capacity SBW test in normal 
subjects, the heterogeneous distribution of gas inhaled at lung volumes below 
FRC in fact produces a negative contribution to the N 2  phase III slope. Hence, 
exaggerated airway closure below FRC has an attenuating effect on phase III 
slope, while disease states, where airway closure also appears around and above 
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FRC, could yield a positive contribution to phase III slope. Hence, the actual 
contribution to N 2  phase III slope from airway closure is not straightforward.    
 The problem with these different mechanisms generating a N 2  phase III slope is 

that their relative contribution – positive or negative – may be hard to determine and 
is expected to vary, depending on the disease state of the lungs. Let us fi rst recon-
sider the reason why tests of ventilation heterogeneity were thought of as a promis-
ing diagnostic tool:
•     For early detection of lung alterations:  It was expected that heterogeneity in 

structural change could reveal abnormality before a global change (e.g., overall 
airway narrowing) sets in to such an extent that spirometry becomes abnormal. 
An experimental demonstration of this potential was the observation that heart- 
lung transplant patients showed an abnormal SBW phase III slope with a median 
of 1 year before FEV 1  became abnormal to refl ect a rejection episode [ 29 ].  

•    For monitoring the lung periphery:  Experimental and theoretical work con-
ducted over the years indicated that the phase III slope is in fact predominantly 
affected by peripheral air spaces, where resistance to fl ow is small and hence 
referred to as the “silent lung zone.”    
 If it were possible to separate ventilation heterogeneity originating in the periph-

eral air spaces from that in the more proximal airways, this could bring about a 
sensitive diagnostic tool that is also more specifi c to structural alterations in a lung 
zone where spirometry performs poorly. In the mid-1980s, experimental work by 
Crawford et al. [ 30 – 33 ] emerged which displayed the potential of delivering such a 
tool, based on earlier modeling work [ 34 ]. Instead of having a subject perform one 
inhalation and exhalation (single-breath washout, SBW), the subject is asked to 
perform subsequent inhalations and exhalations (multiple-breath washout, MBW) 
such that by the nature of the mechanisms involved, their respective contributions to 
phase III slope will be accentuated as the MBW proceeds. Figure  14.2  shows how 
N 2  concentration continuously decreases during an MBW test, but also that each 
breath can be considered as an SBW curve where the N 2  phase III slope progres-
sively increases relative to its mean expired N 2  concentration (insets of Fig.  14.2 ).

   When the N 2  phase III slope of each expiration is normalized by its mean expired 
or end-expired N 2  concentration, the resulting normalized phase III slope (S) 
steadily increases as a function of breath number, even in a normal subject (Fig. 14.3 ). 
For the sake of illustration, the exaggerated S increase in the same subject after 
histamine provocation is also shown, and for methodological reasons, S is repre-
sented as a function of lung turnover (TO, i.e., cumulative expired volume divided 
by FRC) instead of breath number [ 30 ].

   While diffusion-convection interaction can indeed account for most of the S 
value of the fi rst breath of an experimental MBW test [ 21 ], it is intrinsic to this 
mechanism that S only slightly increases as the MBW proceeds, and that after the 
fi rst few breaths, a horizontal S asymptote is reached. An alternative mechanism to 
explain the increasing S as a function of breath number (or TO) beyond the fi rst few 
breaths is the one where two units are ventilated to a different extent creating a con-
centration difference between them, which serves as the initial condition to the next 
inhalation. In any subsequent inhalation, concentration differences will become 
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relatively greater, i.e., the concentration difference divided by the average concen-
tration will progressively increase. This mechanism predicts an increasing S as a 
function of TO, however with an extrapolation to  S  = 0 for  TO  = 0 [ 34 ]. 
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 On basis of the above explanations, and without displaying the details here 
(these can be found in [ 35 ]), two indices of ventilation heterogeneity can be derived 
from the S versus TO curves as follows. The diffusion-convection interdependence 
mechanism (operational in the acinar lung zone) mainly affects the height of the 
S versus TO curve, but hardly contributes to the rate of S increase versus TO. 
Hence, the index of acinar ventilation heterogeneity (S acin ) is computed as the S 
value of the fi rst breath minus a small contribution from the rate of S rise in the 
remainder of the MBW test (S acin  = S( n  = 1) − TO( n  = 1). S cond , where S cond  is given 
below). Convective ventilatory heterogeneity (operational in the conductive lung 
zone) mainly affects the increase of the S versus TO curve, but hardly contributes 
to the initial S value. Hence, the index of conductive ventilation heterogeneity 
(S cond ) corresponds to the regression slope of the S versus TO curve beyond the fi rst 
few breaths (TO > 1.5). Figure  14.4  schematically displays S versus TO curves and 
the behavior of derived S acin  and S cond  in two schematic cases of acinar or conduc-
tive airway structural alterations. Whenever a patient displays an increased S cond , 
this is thought to refl ect an increased heterogeneity in airway lumen or in elastic 
properties of relatively large lung units subtended from the conductive airways. 
Whenever a patient displays an increased S acin , this may be interpreted as result of 
a change in intra-acinar asymmetry either by cross-sectional heterogeneity or by 
changes in subtended volumes.
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  Fig. 14.4    Schematic representation of conductive and acinar structural alteration and its predicted 
effect on normalized phase III slopes ( S ) versus lung turnover (TO) and derived indices S cond  
and S acin        
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   Two advantages of the MBW test are (1) that it involves near-tidal breathing 
above FRC which not only corresponds to lung volumes during natural breathing 
but also avoids the effect of airway closure at residual volume, and (2) that the S 
versus TO curves derived from the MBW are only poorly affected by the blurring 
effect of gravity [ 36 ]. Hence, the MBW indices can be almost entirely attributed to 
intrinsic structural and elastic properties of the lung, which renders this test particu-
larly useful in the clinical context of the lung function laboratory. We summarize 
here the use of the normalized slope analysis of the MBW test in clinical applica-
tions, with Fig.  14.5  displaying average S acin  and S cond  values obtained from the same 
laboratory in either of the study groups described below. These results are then 
placed against other washout data from the literature.

14.2.1       Bronchoprovocation 

 For an average FEV 1  decrease of 26 % after a 2 mg cumulative dose of histamine, 
S cond  was shown to increase by 390 % with no signifi cant change in S acin , indicat-
ing that during provocation large ventilation heterogeneities occur and that the air-
ways affected by the provocation process are situated proximal to the entrance of 
the acinar lung zone [ 26 ]. A methacholine provocation study showed a signifi cant 
but small S acin  increase and a large S cond  increase [ 37 ]. The observed S cond  increase 
likely represents the inequality in response of parallel airways, superimposed on 
global airway narrowing. This could refl ect density differences in muscarine recep-
tors and/or cholinergic innervation between airways located at a given lung depth 
(i.e., airways of more or less the same lung generation) in addition to the reported 
proximal versus peripheral density differences along the bronchial tree [ 38 ]. Since 
the conductive airways (as refl ected in S cond ) constitute the main source of ventila-
tion heterogeneity during bronchoprovocation, and because this component is only 
poorly refl ected in the SBW phase III slope, this could explain the moderate SBW 
phase III slope increases observed by others after provocation e.g., [ 39 ]. Although it 
is intrinsically impossible to determine the contribution from acinar and conductive 
air spaces by only studying the decline in mean expired concentration of an MBW 
test, several such reports in the case of bronchoprovocation [ 40 ,  41 ] did speculate 
on an important contribution from convection-dependent ventilation heterogene-
ity. A comparative study of two aspecifi c bronchoprovocation aerosols revealed an 
apparent paradox of a greater ventilation heterogeneity (largest S cond  increase) for 
the bronchoprovoking agent (methacholine) which induces the least deterioration 
of spirometry, at least in terms of FEV 1   [  42  ] . It was suggested that the differen-
tial action of histamine and methacholine is confi ned to the conductive airways, 
where histamine likely causes greatest overall airway narrowing and methacholine 
induces largest parallel heterogeneity in airway narrowing, probably at the level of 
the large and small conductive airways, respectively. The observed ventilation het-
erogeneities predict a risk for dissociation between ventilation-perfusion mismatch 
and spirometry, particularly after methacholine challenge, as has been observed 
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experimentally by others [ 43 ]. On the basis of SBW phase III slopes with different 
diffusivity gases, it has been suggested that adenosine 5’-monophosphate has an 
even more peripheral effect than methacholine [ 44 ].  

14.2.2     COPD Patients 

 In a group of COPD patients with various degrees of airway obstruction (FEV 1 /
FVC = 52 ± 11(SD) %) and transfer factor (TL CO  = 77 ± 25(SD) %), the relationship 
of S cond  and S acin  to standard lung function indices was evaluated by means of a prin-
cipal component factor analysis [ 24 ], which linked correlated indices to indepen-
dent factors accounting for 81 % of the total variance within the COPD group. S acin  
was linked to the so-called acinar lung zone factor, comprising also diffusing capac-
ity measurements. S cond  was linked to the so-called conductive lung zone factor, 
comprising also specifi c airway conductance and forced expiratory fl ows. The fact 
that S cond  and S acin  were linked to independent factors is a statistical confi rmation of 
the hypothesis that S cond  and S acin  can refl ect independent lung alterations, corre-
sponding to different functional lung units. FEV 1 /FVC was the only variable linked 
to both the conductive and the acinar lung zone factor, indicating a combined con-
ductive and acinar contribution to airway obstruction in these COPD patients.  

14.2.3     Asthmatics 

 Baseline S acin  values were found to be abnormal in asthmatics, despite normal dif-
fusing capacity in this group  [  25  ] ; these S acin  values were intermediate between 
those obtained in normal subjects and in COPD patients. Baseline S cond  was also 
abnormal in the asthmatics but similar to that obtained in the COPD patients. After 
salbutamol inhalations, signifi cant changes in S cond  and S acin  were only observed in 
the asthmatics. These results indicate signifi cant – but partially reversible – acinar 
airway impairment in asthmatics, as compared to the more severe baseline acinar 
airway impairment in COPD patients, none of which was reversible after salbuta-
mol inhalation. The involvement of the peripheral airways in asthmatic patients in 
the baseline condition and after inhaled  β   2  -mimetic drugs has been a subject of 
considerable interest in the past, where the terminology “peripheral airways” actu-
ally covers a large range of airway generations depending on the measurement 
method used [ 45 – 47 ]. Ventilation distribution has also been previously investigated 
in asthmatics in terms of N 2  phase III slope of the SBW [ 47 – 51 ] or in terms of 
decaying concentration curves of the MBW [ 52 ], with a general observation of a 
diminished overall lung ventilation heterogeneity after inhalation of  β   2   - mimetic 
drugs. A modifi ed single-breath washout maneuver employed by Cooper et al. [ 50 ] 
in asthmatic children started the O 2  inhalation from FRC rather than from residual 
volume, a maneuver which was indeed expected to better detect lung structural 
alterations [ 53 ]. Cooper et al. [ 50 ] found that the asthmatic patients with the steepest 
baseline N 2  phase III slopes were also the ones showing the largest decreases 
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following isoproterenol inhalation, and that post-isoproterenol N 2  phase III slopes 
were still elevated with respect to normal values. Using the same SBW maneuver, 
Gustaffson et al. [ 51 ] studied the respective behavior of He and SF 6  phase III slopes 
to detect an intra-acinar contribution to ventilation distribution in asthma patients. 
Ventilation heterogeneity in the conductive airways (S cond ) has been identifi ed as an 
independent contributor to airway hyperresponsiveness in asthma [ 54 ], and recent 
reports have also linked S cond  and S acin  to asthma control [ 55 ,  56 ].  

14.2.4     Smokers 

 An early study in smokers with normal lung function found that S acin  was signifi -
cantly larger than in never-smokers, while S cond  remained unaffected  [  57  ] . While 
being less abnormal than previously reported in COPD patients, S acin  did detect 
signifi cant acinar airway alterations in these asymptomatic individuals. Previous 
reports of the decline in mean expired concentration of an MBW in smokers with 
relatively normal lung function had revealed an impaired ventilation distribution 
[ 58 ,  59 ], without however being able to indicate the location of structural altera-
tions. An MBW study in larger cohorts of smokers with a range of smoking history 
(10–50 pack years) has since indicated structure-function alterations in the lung 
periphery around the acinar entrance affecting both S cond  and S acin ; in smokers with 
emphysema, S acin  was further enhanced [ 60 ]. In a subsequent smoking cessation 
study in smokers without airway obstruction [ 61 ], a transient S acin  decrease and a 
sustained S cond  decrease could be observed over the course of 1 year of smoking ces-
sation.    Previous ventilation distribution studies in smokers that made use of phase 
III slope analysis were essentially derived from the vital capacity SBW maneuver 
[ 1 – 5 ] where increased phase III slopes were often unduly referred to as an indica-
tion of peripheral alterations only. 

 Taken together, we can state that indices S acin  and S cond  can be used for the above- 
mentioned purposes: early detection of lung alterations and monitoring the lung 
periphery. For early detection purposes, it is important to realize that these indices 
also slightly vary with age in normal man, and reference values have now been pro-
duced [ 62 ]. For monitoring, potentially moving into advanced disease stages, care 
has to be taken that the basic assumptions for separating conductive and acinar 
effects are still met [ 35 ].   

14.3     Aerosol Bolus Tests 

 Although gas bolus studies can give interesting information on lung volume depen-
dence of ventilation distribution [ 28 ], they cannot be associated to specifi c locations 
in the bronchial tree. However, this becomes possible with aerosols, as illustrated in 
Fig.  14.6 , because of the very low particle diffusivity. If we consider the symmetri-
cal Weibel model of the lung, a particle bolus followed by a volumetric lung depth 
(VLD) inhalation of air corresponding to the volume of the fi rst 2 generations would 
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bring the particles to generation 3 as represented in Fig.  14.6a . Alternatively, an 
aerosol bolus test with a VLD corresponding to the volume of the fi rst 19 genera-
tions would deliver the particles to generation 20 (Fig.  14.6b ). For a typical aerosol 
bolus test, a subject is instructed to inhale a given volume (e.g., 1,000 ml), and a 
valve system delivers a bolus (e.g., 75 ml) of aerosol at the desired instance of the 
aerosol-free inhalation. Upon exhalation, the non-deposited portion of the aerosol is 
recovered in the form of an aerosol bolus which is dispersed over at least twice the 
inhaled bolus volume.

   Depending on the lung level at which the aerosol is inhaled, the aerosol bolus is 
seen to deposit more and to become more dispersed as it has traveled deeper into the 
lungs, even in normal subjects [ 63 ]. Moreover, it was postulated that in the case of 
lung structural alterations, particularly if these are heterogeneously distributed over 
the lungs, aerosol bolus dispersion would be increased. This hypothesis was con-
fi rmed experimentally in several lung diseases [ 64 ,  65 ]: in patients with cystic fi bro-
sis [ 66 ], emphysema [ 67 ], and asthma [ 68 ] or in heart-lung transplant patients 
suffering a rejection period [ 69 ]. However, increased aerosol bolus dispersion was 
also observed in the case of asymptomatic smokers [ 70 – 72 ], suggesting its potential 
as a marker of lung alterations in the early stages of lung disease. Again, the key 
issue is how structural heterogeneity can affect aerosol bolus dispersion. Indeed, if 
a 75 ml aerosol bolus distributes over a complex structure, but recombines in a per-
fectly reversible fashion, the original aerosol bolus will be restored in its initial 
75 ml volume. Heterogeneity in structural alterations that are perceived differently 
by the aerosol bolus during inspiration than during expiration is expected to intro-
duce an irreversible component of aerosol bolus dispersion. 

 On the basis of the role of heterogeneity, some studies have indeed measured 
indices of gas ventilation distribution (SBW, MBW) alongside indices of aerosol 
distribution (aerosol bolus dispersion). Anderson et al. [ 71 ] found an increased N 2  

A
cr

os
ol

 c
on

c

Inhalation

Conductive airway

z z

Acinar airway Conductive airway Acinar airway

Exhalation

VLD
a b

Volume

A
cr

os
ol

 c
on

c

Inhalation Exhalation

VLD

Volume

0 1 2 3 4 5 14 15 16 17 18 19 20 21 22 23 0 1 2 3 4 5 14 15 16 17 18 19 20 21 22 23

  Fig. 14.6    Principle of the aerosol bolus dispersion test. An aerosol bolus is released at different 
instances during an inhalation, so as to deliver it to the proximal lung, corresponding to a low volu-
metric lung depth ( VLD ) (panel  a ) or to the peripheral lung and corresponding to a high volumetric 
lung depth ( VLD ) (panel  b ). Upon exhalation, the bolus is recovered and its dispersion (e.g., its 
standard deviation) is measured       

 

S. Verbanck and M. Paiva



207

phase III slope of the vital capacity SBW in a smoker group which showed an 
increased dispersion of the most peripherally inhaled aerosol boluses. Also, in an 
effort to relate aerosol- and gas-related measures of convective ventilation heteroge-
neity, Brown et al. [ 73 ] found an association between bolus dispersion and  133 Xe 
washout-derived indices in cystic fi brosis patients. An essential issue which is 
sometimes overlooked in studies comparing gas and aerosol tests of ventilation dis-
tribution on the same subjects is the volume range spanned by the various testing 
procedures. For instance, a vital capacity single-breath washout – including airway 
closure – and an aerosol bolus test involving lung volumes well above residual vol-
ume are bound to only contain partly overlapping information, which may render 
comparisons disappointing. 

    Two studies [ 57 ,  74 ] have compared the specifi c patterns of aerosol bolus dis-
persion and gas washout (MBW) derived indices in two study groups with specifi c 
proximal or peripheral structural alterations. In one study, a group of 10 normal 
subjects underwent a histamine bronchoprovocation test, inducing a conductive air-
way alteration, as evidenced by an increased S cond  after histamine with respect to 
baseline. In the other study, 12 smokers were studied who differed from 12 never- 
smokers in terms of acinar airway alterations only as evidenced by an increased S acin  
in the smokers versus the never-smokers. In the fi rst group, an increased S cond  was 
paralleled by an increased aerosol bolus dispersion of the most shallowly inhaled 
aerosol boluses (Fig.  14.7 ). In the latter group, an increased S acin  was paralleled 
by an increased aerosol bolus dispersion of the most peripherally inhaled aerosol 
boluses (Fig.  14.8 ). Note that the lungs with the more peripheral structural altera-
tion (Fig.  14.8 ) will only affect the dispersion of the most deeply inhaled boluses 
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(largest VLD). By contrast, the lungs with the more proximal structural alteration 
will affect primarily the most shallow boluses but will also affect the more peripher-
ally inhaled boluses to some extent, since all boluses have to pass the most proximal 
structures [ 75 ] on their way to the lung periphery. Hence, in this case, the effect is 
most marked for lowest VLD and fades away toward the higher VLD.

    Finally, a particularity of the tests shown in Figs.  14.7  and  14.8  was that the aero-
sol used for these bolus tests was isotonic saline and not the latex particles or oil 
droplets usually employed for these types of aerosol bolus studies. It was shown 
indeed that if only bolus dispersion – and not bolus deposition – is to be measured, 
saline aerosol boluses disperse to the same extent as a 1 μ latex aerosol bolus. 
Indeed, any potential size change that an isotonic aerosol bolus may undergo in the 
lungs appears to play a minor role in the dispersion of the bolus, and in fact, lung 
structure seems to be the major determinant of bolus dispersion. The possibility of 
using saline instead of latex or oil droplets to detect lung structural alterations may 
be more appealing for the clinical application of this technique. However, if, in 
addition to bolus dispersion, there is a need to quantify bolus deposition, for 
instance, to determine an effective airspace diameter [ 76 ], monodisperse aerosols 
are compulsory.  

    Conclusion 

 Depending on the patient population under study, one may consider using either 
gas- or aerosol-derived noninvasive probes of lung structural alterations. The 
choice of one technique over the other will essentially be made on basis of tech-
nical or practical issues. One practical consideration concerns inhaled volume, 
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  Fig. 14.8    Saline bolus tests (panel  a ) and multiple-breath washout tests (panel  b ) obtained on 12 
never-smokers ( closed symbols ) and 12 smokers ( open symbols ). (Panel  a ) Aerosol bolus test: 
bolus dispersion (±SE) as a function of volumetric lung depth ( VLD ), indicating a structural altera-
tion in the peripheral lung. (Panel  b ) MBW test: normalized phase III slope (±SE) as a function of 
lung turnover, indicating a structural alteration in the acinar airways (S acin  increased; see also 
Fig.  14.4 ) after histamine       
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which should be around 1 L for a proper phase III slope analysis of the MBW 
test. This may be diffi cult to achieve in some patients, and in that case, a protocol 
with aerosol bolus tests that is limited to shallow inhaled boluses – involving 
lesser lung infl ations – may still be meaningful, depending on the lung disease 
under study.     
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15.1  Regional Ventilation: First Studies with Radioactive 
Gases and Preliminary Findings

Classical studies on regional ventilation with lobar spirometry [1, 2] and radioactive 
gases [3, 4] demonstrated regional differences in the distribution of ventilation, 
preferentially toward the lower lung zones. The first quantitative results are reported 
by West and Dollery [3], measuring the removal rate of oxygen15-labeled carbon 
dioxide after a single breath of the radioactive gas by external counting, and by Ball 
et al. [4], who measured regional ventilation by xenon scintigraphy by relating the 
lung count rate after a single breath to that after isotope equilibration throughout 
the lung. These preliminary findings have demonstrated that the lower portion of the 
lung is better ventilated and receives a much greater fraction of the total pulmonary 
blood flow and that the middle and lower portions of the lung are better ventilated 
on the left than on the right during deep inspiration. Subsequent works from Milic- 
Emili and coworkers [5, 6] attributed this behavior to the combined effect of the 
gradient of pleural pressure and the static volume-pressure relation of the lung. 
They have demonstrated that there is a vertical gradient of pleural pressure which 
causes nondependent portion of the lung to be relatively more expanded than the 
dependent. Moreover, these more distended units at the top of the lung are on a flat-
ter part of their pressure-volume curve than the smaller units at the bottom; thus, 
equal pressure increments produce smaller volume increments at the top than at the 
bottom of the lung (Fig. 15.1).
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Multiple investigations followed these preliminary findings, and multiple imag-
ing techniques have been developed for investigating regional ventilation. This 
chapter reviews the development of computed tomography in imaging regional lung 
ventilation.

15.2  Computed Tomography Imaging: Basic Principles

Computed tomography (CT) is currently the main imaging modality for diagnosing 
lung diseases. High-resolution CT scanners generate a three-dimensional view of 
the imaged organs with submillimeter resolution in axial sections. CT provides 
detailed information regarding the lung parenchyma and can delineate structures 
down to the level of the secondary pulmonary lobule, the smallest structure in the 
lung. It is particularly useful for image-based diagnosis since alteration of the lung 
anatomy, caused by a disease, can be clearly seen in a thin-slice CT image [7].

15.2.1  The Evolution of CT

CT was introduced in the early 1970s and has revolutionized not only diagnostic 
radiology but also the whole field of medicine. The introduction of spiral CT in the 
early 1990s constituted a fundamental evolutionary step in the development and 
ongoing refinement of CT imaging techniques. Until then, the examination volume 
had to be covered by subsequent axial scans in a “step-and- shoot” mode. Axial 
scanning required long examination times because of the interscan delays necessary 
to move the table incrementally from one scan position to the next, and it was prone 
to misregistration of anatomic details (e.g., pulmonary nodules) because of the 
potential movement of relevant anatomic structures between two scans (e.g., by 
patient motion, breathing, or swallowing). The most important advancement in 
these CT scanners has been the implementation of X-ray detectors that are physi-
cally separated in the z-axis direction and enable simultaneous acquisition of 
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multiple slices of the patient’s anatomy. Key benefits of multidetector computed 
tomography (MDCT) systems are faster scan speed, improved through-plane reso-
lution, and better utilization of the available X-ray tube power. MDCT also expanded 
into new clinical areas, such as CT angiography of the coronary arteries with the 
addition of ECG gating capability [8, 9]. An 8-slice CT system, introduced in 2000, 
enabled shorter examination times but no improved spatial resolution (thinnest col-
limation 8 × 1.25 mm). In 2001, 16-slice CT systems became commercially avail-
able, with collimations of 16 × 0.5, 16 × 0.625, or 16 × 0.75 mm and faster gantry 
rotation (down to 0.42 s and later 0.375 s) [10]. In 2004, all major CT manufacturers 
introduced MDCT systems with simultaneous acquisition of 64 slices at 0.5, 0.6, or 
0.625 mm collimated slice width and further reduced rotation times (down to 
0.33 s). GE, Philips, and Toshiba aimed at increasing volume coverage speed by 
using detectors with 64 rows, in this way providing 64 collimated 0.5 or 0.625 mm 
slices with a total z-coverage of 32 or 40 mm. Siemens used 32 physical detector 
rows in combination with a z-flying focal spot to simultaneously acquire 64 over-
lapping 0.6 mm slices with a total z-coverage of 19.2 mm, with the goal of pitch- 
independent increase of through-plane resolution and reduction of spiral artifacts 
[11]. With 64-slice CT systems, CT scans with isotropic submillimeter resolution 
became feasible even for extended anatomic ranges. In 2007, an MDCT system 
with 128 simultaneously acquired slices was introduced based on a detector with 
64 × 0.6 mm collimation and double z-sampling by means of a z-flying focal spot. 
Recently, simultaneous acquisition of 256 slices has become available, with a CT 
system equipped with a 128-row detector (0.625 mm collimated slice width) and 
z-flying focal spot. Clinical experience with 64-, 128-, or 256-slice CT indicates 
that the performance level of MDCT has reached a level of saturation, and mere 
adding of even more detector rows will not by itself translate into increased clinical 
benefit [10].

The applied dose is ultimately the limiting factor for the improvement of image 
quality and increase in isotropic resolution. In order to make best diagnostic use of 
the applied dose, sophisticated dynamic dose adaptation techniques to patient size 
and geometry have been developed. A recent study [12] showed that the use of 
additional tin filtration in the high-energy X-ray beam of a dual-source CT system 
provided several benefits for dual-energy CT applications, including a similar or 
lower radiation dose compared with the conventional single energy CT, increased 
dual-energy contrast, and improved image quality of dual-energy material-specific 
(e.g., virtual noncontrast) images. Moreover, the virtual noncontrast imaging of 
dual-energy CT has a potential to reduce the radiation dose by omitting precontrast 
scanning [13].

15.2.2  Radiation Dose

The increasing use of CT has sparked concern over the effects of radiation dose on 
patients, particularly for those who had repeated CT scans. The effective dose [14] 
from a CT scan on average is ~10 mSv [15]. The health risks, mainly cancer 
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induction and mortality, from this level of radiation dose have been considered in 
detail by an expert Committee of the National Research Council of the National 
Academies of the USA and published as BEIR VII Phase 2 report [16].

Various measures are used to describe the radiation dose delivered by CT scan-
ning, the most relevant being absorbed dose, effective dose, and CT dose index (or 
CTDI). The absorbed dose is the energy absorbed per unit of mass and is measured 
in grays (Gy). One gray equals 1 J of radiation energy absorbed per kilogram. The 
organ dose (or the distribution of dose in the organ) largely determines the level of 
risk to that organ from the radiation. The effective dose, expressed in sieverts (Sv), 
is used for dose distributions that are not homogeneous (which is always the case 
with CT); it is designed to be proportional to a generic estimate of the overall harm 
to the patient caused by the radiation exposure. The effective dose allows for a 
rough comparison between different CT scenarios but provides only an approximate 
estimate of the true risk. For risk estimation, the organ dose is the preferred quantity. 
Organ doses can be calculated or measured in anthropomorphic phantoms [17]. 
Historically, CT doses have generally been (and still are) measured for a single slice 
in standard cylindrical acrylic phantoms [18]; the resulting quantity, the CT dose 
index, although useful for quality control, is not directly related to the organ dose or 
risk [19]. The radiation doses to particular organs from any given CT study depend 
on a number of factors. The most important are the number of scans, the tube cur-
rent and scanning time in milliampseconds (mAs), the size of the patient, the axial 
scan range, the scan pitch (the degree of overlap between adjacent CT slices), the 
tube voltage in the kilovolt peaks (kVp), and the specific design of the scanner being 
used. Many of these factors are under the control of the radiologist or radiology 
technician. Ideally, they should be tailored to the type of study being performed and 
to the size of the particular patient, a practice that is increasing but is by no means 
universal [20].

Efforts and measures to reduce noise can be initiated by the examiner by criti-
cally considering the indication and the choice of scanning protocols and parame-
ters for any CT examination and by the manufacturer during the development of 
dose-efficient systems, together with special technical measures and methods. 
Patient dose has to be kept “as low as reasonably achievable” (ALARA principle), 
as postulated by the International Commission on Radiological Protection [21].

15.2.3  CT Images of the Lung

Image gray scale is measured in Hounsfield units (HU), an arbitrary linear scale 
defined as zero for water and approximately −1,000 for air, that results convenient 
for lung imaging as the density of any lung volume may be considered as a combi-
nation of air, at −1,000 HU, and “tissue” (cells, blood, collagen, water), at 0 HU. As 
the lung volume increases, gas volume increases while tissue remains constant. 
Thus, the overall lung density decreases as the lung expands. Changes in CT density 
provide accurate measurements of regional and global lung air and tissue volume as 
well as an indication of the heterogeneity of lung expansion.
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These principles are at the basis of functional pulmonary measurements. Tracer 
techniques for ventilation using a radio-dense gas have the advantage that the accu-
mulation of tracer gas during regular breathing should follow the same gas transport 
principles as respiratory gases. Density-based methods and registration-based tech-
niques require the assumption that the decrease in CT density due to region expan-
sion is caused by only gas influx (Fig. 15.2).

15.3  Xenon-CT Ventilation Imaging

The use of xenon as a contrast agent for ventilation imaging was pioneered by Gur 
et al. [22], but only recently it has been updated, refined, and validated as a research 
tool in animal experiments [23–26]. Xenon is a nonradioactive gas with higher radio-
density than air, resulting in a linear CT density increase with increasing gas concen-
tration. Two Xe-enhanced computed tomography (Xe-CT) techniques for imaging 
regional ventilation have been developed: single-breath and multi-breath technique. 
The single-breath technique [23] is performed by asking the subject to take a single 
breath of a high Xe concentration mixture and comparing Xe-enhanced with unen-
hanced images. Regional ventilation is directly assessed by the Xe enhancement. 
Multi-breath technique measures regional pulmonary ventilation from the wash-in 
and wash-out rates of the Xe gas, as measured in serial CT scans (Fig. 15.3).

The temporal changes in CT density enhancement produced during the wash-in 
and wash-out phases in any region can be exponentially fitted, providing a time 
constant equal to the inverse of the local ventilation per unit volume, i.e., specific 
ventilation in the hypothesis of a single-compartment model (Fig. 15.3).

The quantification of Xe-CT is affected by the variable CT attenuation of the 
lung parenchyma of the scanned subject due to different lung volumes on sequential 
images, thus restricting the first studies to animal model [22–26]. Xenon-enhanced 
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Fig. 15.2 CT-based ventilation imaging
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dual-energy CT has been introduced by Chae et al. [27] to overcome this limitation, 
as the Xe component can be calculated from the dual-energy CT on the basis of the 
material decomposition theory without additional unenhanced acquisition. With 
this approach clinical studies have been performed, indicating dual-energy Xe-CT 
as a promising tool for detecting abnormal pulmonary ventilation [27–30].

The use of Xe-CT has a number of limitations. The anesthetic properties of 
xenon, that limit its use in humans to a maximum concentration around 30–35 % 
[31, 32], limit the maximum CT density enhancement achievable. Xenon is moder-
ately soluble in blood and tissue, and this has been proposed to affect background 
density level and alveolar accumulation rates [26]. Nevertheless, Hoag et al. [33] 
demonstrated that Xe uptake has no significant impact on the measured lung density- 
time curve. Another important limitation is that Xe-CT is time and radiation inten-
sive. Each study requires 20 up to 70 repeated respiratory-gated axial images at each 
location, with repeated scans for volumetric coverage [31].

15.4  Lung Aeration and Recruitment

Over the past 20 years, many experimental and clinical studies have described the 
different CT morphological patterns of acute lung injury (ALI). The pioneering CT 
studies of Gattinoni and coworkers [34–36] have demonstrated that ALI is charac-
terized by significant regional differences in lung aeration and alveolar recruitment 
with tidal volume and positive end-expiratory pressure, and that these regional dif-
ferences determine the local response to different ventilation strategies.

On the basis of the basic CT principles and assuming lung-specific weight equal 
to 1, the volume of gas in any lung region of interest can be related to regional den-
sity as

 

volume

volume volume

meanHU

HU HU
gas

gas tissue gas water+
=

−  

where volumegas and volumetissue are, respectively, the volume of gas and tissue 
within the region of interest, meanHU is the mean density value of the region, and 

Fig. 15.3 Xe-CT with density-time curve for two ROIs of a mechanically ventilated sheep (left) 
and map of regional air content (% air, middle) and specific ventilation (sec-1, right) (Modified 
from Simon [31])
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HUgas and HUwater are, respectively, the density value of gas (−1,000 HU) and water 
(0 HU).

From this simple relation, gas volume, tissue volume, and weight and the ratio 
gas/tissue are derived [35–37]:

 
Volume volume meanHU 1,000gas ROI ROI

ROI_
= / −( )  

 
Tissue weight volume meanHU 1,000ROI ROI ROI_ = − / −1 ( )( )  

Gattinoni et al. [38] proposed to divide the lung in different compartments 
according to their degree of aeration, from unaerated (from 0 to −100 HU) to poorly 
aerated (from −101 to −500 HU), normally aerated (from −501 to −900 HU), and 
hyperinflated (from −901 to −1,000 HU) (Fig. 15.4). Taking CT scans under differ-
ent conditions, it is therefore possible to determine the alveolar recruitment and 
ventilation distribution. Alveolar recruitment, defined as the amount of gas entering 
unaerated tissue when the applied airway pressure increases, is estimated as the 
unaerated tissue change, expressed in grams, under different ventilatory conditions 
[38]. The distribution of ventilation is obtained as the alveolar inflation change 
between end inspiration and end expiration [39].

More recently, Dougherty et al. [40, 41] introduced a new method for mapping 
regional aeration within the lung: by applying deformable image registration at CT 
images acquired in breath-hold at residual volume and total lung capacity in patients 
with severe emphysema. Deformable image registration consists in finding the spa-
tial mapping between corresponding voxels in two images. Therefore, the quantita-
tive change of each voxel across different states of inflation can be determined by 
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image subtraction, and the resulting difference map can be used to visualize and 
quantify regional pulmonary air trapping [40, 41] (Fig. 15.5).

15.5  Specific Volume Change

Simon [42] proposed to quantify regional mechanical properties of the lung from 
CT density changes between pairs of breath-hold CT images. In the hypothesis that 
volume change occurs only because of the addition of fresh gas into the lung with 
inspiration, regional specific compliance (sC; compliance per unit volume) can be 
measured from CT images acquired at two different pressures, from the changes in 
local fraction of air content (F) with changes in inflation pressure (ΔP) as

 
sC = −( ) −( )( )F F F F P2 1 1 21/ ∆  

Specific compliance measured between 0 and 15 cm H2O airway pressures has 
shown good agreement to Xe-CT in two anesthetized mechanically ventilated dogs 
[42]. Thus, it has been proposed as a surrogate for regional ventilation, introducing 
the term specific volume change (sVol; change in volume divided by initial gas 
volume) [31]. Using the relationship between CT density (HU) and air fraction (F), 
specific volume change can be calculated from the density change as

 
sVol HU HU HU HU 1,0002 1 1 2= ( ) +[ ]( )1 000, − /  

However, this relationship is nonlinear and dependent on both initial region den-
sity and the magnitude of the density change. As shown in Fig. 15.6, there can be 
large differences in sVol for the same ROI density change depending on initial 
region density, illustrating why CT density change is a poor correlate for regional 
ventilation [42].

Guerrero et al. [43, 44] pioneered the use of sVol maps from four-dimensional 
CT in lung tumor patients in order to optimize the radiation therapy treatment plan-
ning, avoiding well-ventilated pulmonary regions which could reduce treatment- 
related complications (Fig. 15.7). The main advantage of 4D-CT functional imaging 
in lung tumor patients is that it requires no additional dose or extra cost to the 
patient as 4D-CT is routinely acquired through thoracic radiotherapy treatment 
planning. We would like to clarify some terminological inaccuracy arising from 
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Fig. 15.5 Thoracic CT at total lung capacity (TLC, left), residual volume (RV, middle), and map 
of Hounsfield units difference (right) computed as HURV − HUTLC after registering RV onto TLC
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Guerrero et al. [44], where the term “specific ventilation” was associated to specific 
volume change, which was introduced as a surrogate for regional ventilation [31]. 
Since then, several studies [45–48] developed in the field of radiotherapy reported 
the term “ventilation images” referring to maps of specific volume change obtained 
from 4D-CT lung images. Maps of specific volume change were compared to 
Xe-CT ventilation images in an anesthetized sheep [49] and to single-photon emis-
sion tomography (SPECT) ventilation images in lung tumor patients [45]. Results 
demonstrated high Dice similarity coefficient in regions with matched perfusion- 
ventilation defects but an overall low similarity and a low correlation coefficient 
between the two imaging techniques [45]. Yamamoto et al. [46] investigated spe-
cific volume change in patients with emphysema by correlating specific volume 
change defects with the disease. Further studies quantified the dosimetric impact of 

2.5

2.0

1.5

1.0

S
pe

ci
fic

 v
ol

um
e 

ch
an

ge
0.5

0.0
0

–900 HU
–800 HU
–700 HU
–600 HU
–500 HU

4020

HU difference

60 80 100

Fig. 15.6 Specific volume 
change as a function of 
Hounsfield units difference 
at different initial densities

Fig. 15.7 The 4D-CT ventilation image set of a patient with lung tumor from end expiration up to 
end inspiration and again to end expiration (from left to right). Each image was paired with the 
maximum expiration phase to compute the change in specific volume change with respect to the 
maximum expiration. Volume-rendering (first row), transversal (second row), sagittal (third row), 
and frontal views (fourth row) are reported
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4D-CT functional imaging on treatment planning to avoid well-ventilated lung 
regions during radiation therapy [47]. Vinogradskiy et al. [48] used functional maps 
calculated from weekly 4D-CT data to study ventilation change throughout the 
radiation therapy.

15.6  Specific Gas Volume

Specific volume of gas (SVg) is defined as volume of gas per gram of tissue (ml/g) 
and is derived pixel by pixel from CT images of lung density by converting the HU 
value to a measure of specific volume, which is a more physiologically meaningful 
measure [50–52]. SVg can be calculated pixel by pixel as

 
SV specific volume specific volumetissue&gas tissueg = −( ) ( )  

where specific volume (expressed in ml/g) is the inverse of density (g/ml).
The specific volume of the lung (tissue and gas) is measured from the CT as

 

SV ml
HU mg ml 1,024tissue&gas( ) ( ) =

( ) +
/

,
g

1 024

/  

where the specific volume of tissue was assumed to be equal to 1/1.065 = 0.939 ml/g 
[53].

This method was first introduced by Coxson et al. [51, 54] in studies assessing 
regional lung volumes from CT scans. Figure 15.8 shows the frequency distribution 
for the quantity of gas per gram of tissue, at TLC, present in each CT voxel in a 
group of healthy subjects (N = 10) and in a group of patients with severe emphysema 
(N = 10).

The healthy lung shows a symmetrical distribution with mean, median, and mode 
values closely similar. The severe emphysema group has a flattened distribution that 
is markedly shifted and skewed to the right.
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In recent studies performed on an animal model of airway obstruction [52] and 
in the emphysematous lungs in vivo [55], Salito et al. showed that CT-determined 
SVg,r is sensitive to the extent of regional trapped gas (Fig. 15.9).

Therefore, SVg can be used to evaluate the extent of gas trapping on a regional 
base. SVg is expected to change smoothly as a function of lung volumes. Total spe-
cific gas volume of the lung (SVg) represents an average of all regional specific gas 
volume (SVg,r). A reasonable hypothesis is that in the emphysematous lung, if there 
are regions where SVg,r varies little with lung volume (V) so that the slope of a plot 
of ΔSVg,r versus overall ΔV is smaller than that for both lungs, there must be other 
regions where ΔSVg,r/ΔV is steeper indicating a greater than average decrease in 
SVg,r with decreasing V. In a normal lung there is no gas trapping above closing 
volume so that the spread of values of ΔSVg,r/ΔV should be small, whereas in 
emphysema the considerably larger set of slopes can potentially be used as a mea-
sure of inhomogeneous emptying (Fig. 15.10).

SVg can be calculated for regions of interest, corresponding to different broncho-
pulmonary segments. This was done in healthy volunteers and emphysematous 
patients in whom CT images were taken at high and low lung volumes. Figure 15.11 
shows two examples, one relative to a representative healthy subject and one show-
ing the data of a patient with severe emphysema. In the healthy lung all bronchopul-
monary segments show similar ΔSVg/ΔV slopes, while in emphysema the 
distribution of slopes is larger with more lung regions having low values of  
ΔSVg,r/ΔV and other with higher values. The former can be considered as regions 
in which gas trapping is more pronounced and therefore more feasible for interven-
tions aimed to reduce volume.
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Recently, Aliverti et al. [56] introduced image registration to map regional lung 
function in terms of density and SVg changes between different lung volumes in 
health and emphysema (Fig. 15.12) and showed that ΔSVg is more homogeneously 
distributed within the lungs with no significant gravity dependence. Therefore, 
ΔSVg maps, rather than ΔHU and sVol maps, have the advantage of minimizing the 
dependence of ventilation distribution on gravity. In other words, any heterogeneity 
has to be interpreted as the result of phenomena other than gravity, i.e., the 
disease.

These findings have clinical and physiological implications, not only in the 
assessment of the patient in the different stages of the disease but also to detect 
regional alterations in the lung function (e.g., gas trapping or collateral ventilation). 
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Such possibility would be extremely useful for planning and guiding interventions 
of bronchoscopic lung volume reduction surgery.
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16.1            Background 

 Airways in healthy subjects dilate with each inspiration. This cyclic process is even 
more evident during sighing and deep inspirations to full lung infl ation. This physi-
ological function of the respiratory system is essential in distending airway smooth 
muscle and maintaining airway patency. Deep inspirations can reverse contracted 
airways, and this has been termed “deep inspiration-induced bronchodilation.” It is 
believed that deep inspirations also provide a powerful mechanism of airway pro-
tection from subsequent bronchospastic stimuli. This has been termed “deep 
inspiration- induced bronchoprotection,” and the loss of this function appears to be 
associated with the occurrence of airway hyperresponsiveness [ 1 ]. 

 It is reasonable to hypothesize that deep lung infl ations exert their benefi cial 
effects through radial traction that is applied on the airway wall. Radial traction is 
generated by a network of alveolar attachments around the airway walls. Structural 
alterations of the airway wall (e.g., airway wall thickening) or the lung parenchyma 
(e.g., destruction of alveolar attachments) could impair the effectiveness of the dis-
tending forces, so that a deep inspiration would not be capable of generating enough 
force to stretch narrowed airways or reopen closed airways. In this context, it is 
possible that obstructive lung diseases may also lead to impairment of the benefi cial 
effects of lung infl ation. 
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 As mentioned above, one possible mechanism for limited airway distention 
could be changes in the structure of the airway wall. The airway mucosa is incom-
pressible, so as the airway smooth muscle contracts, the mucosa buckles and folds 
[ 2 ]. The basement membrane is a thin layer of specialized extracellular matrix 
between the epithelium and the stroma, which both supplies mechanical support to 
the airway and also infl uences epithelial cell-specifi c function [ 3 ]. The thickened 
appearance of the basement membrane in asthma results from a marked increase in 
type III collagen and fi bronectin [ 3 ,  4 ]. Histological studies of the airways have 
assumed that the epithelial basement membrane is not distensible [ 5 ]. Therefore, the 
basement membrane is a limiting structure for airway distention [ 5 ,  6 ]. 

 In asthma, epithelial cell damage and infl ammation may be associated with 
wound repair processes in the airways. Wound repair is characterized by the appear-
ance of extracellular matrix components, such as tenascin, which is expressed in 
healing wounds [ 7 ]. A study by Laitinen et al. [ 8 ] found tenascin either absent or 
present only as a thin interrupted line located beneath the epithelium, in control 
subjects. In contrast, the basement membrane layer of every patient with asthma 
showed strong immunoreactivity for tenascin as a broad continuous band [ 8 ]. 
Recently, James et al. [ 9 ] also showed there was an increase in the extracellular 
matrix in both fatal and nonfatal asthma cases. 

 Another component of the airway wall is the airway smooth muscle. Increases in 
the amount of airway smooth muscle, as a result of either hypertrophy or hyperpla-
sia, may lead not only to increased contractility but also to decreased distensibility. 
James et al. [ 9 ] showed that hypertrophy of the airway smooth muscle cells occurred 
in the large airways in both fatal and nonfatal asthma, while airway smooth muscle 
hyperplasia occurred in the large and small airways only in the fatal cases they 
examined. 

 An alternative mechanism that is implicated in the impairment of the benefi cial 
effect of lung infl ations is the reduction in the distending forces. In 1960, Permutt 
and Martin demonstrated that, in healthy humans, lung elastic recoil became signifi -
cantly depressed with increasing age [ 10 ]. In individuals with COPD, lung elastic 
recoil has been demonstrated to diminish as a function of the degree of emphysema 
[ 11 ,  12 ], primarily because of the disruption of the alveolar attachments that are 
responsible for the “stretching effect.” For stretch to be exerted on the airway wall, 
the anatomic and functional interdependence between the lung parenchyma and the 
airways need to be intact. In COPD, alveolar attachments on airway walls are pro-
gressively destroyed and this is expected to impact on the ability of lung infl ation by 
deep inspiration to stretch the airways. In fact, we have previously reported a cor-
relation between loss of alveolar attachments and reduction in the benefi cial effects 
of deep inspiration [ 13 ]. On the basis of all these observations, we reasoned that, in 
subjects with COPD, the ability of deep inspiration to dilate the airways is impaired, 
thus contributing to the occurrence and/or the severity of chronic respiratory symp-
toms. Indeed, using a modifi ed bronchoprovocation methacholine test [ 1 ], we dem-
onstrated that the bronchodilatory effect of deep inspirations is largely impaired in 
individuals with even mild COPD [ 14 ], as opposed to age-matched controls, and it 
decreased with the increasing severity of the disease [ 15 ]. Thus, it would seem that 
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the deep inspiration defect in COPD is due to the loss of airway-parenchyma inter-
dependence resulting from the emphysematous changes that are associated with this 
condition.  

16.2     HRCT Functional Imaging 

 Conventional pulmonary function measurements are unable to assess airway stiff-
ness, based on changes in airway size with lung infl ation (distensibility). However, 
high-resolution computed tomography (HRCT) is unique in that it can be used to 
measure airway distensibility in animals [ 6 ,  16 ,  17 ] and in humans [ 18 – 22 ]. HRCT 
is a direct, noninvasive radiological technique that can accurately and reliably mea-
sure airway luminal area and airway wall thickness in human airways in vivo [ 23 –
 25 ]. HRCT uses thin slices, high spatial frequency reconstruction algorithms, a 
small fi eld of view, and increased kilovoltage and milliamperage to resolve struc-
tures as small as 200 μm [ 26 ]. HRCT is capable of excellent spatial resolution and 
provides anatomic detail of pulmonary structures. 

 Our laboratory was the fi rst to demonstrate the utility of HRCT to study airway 
reactivity [ 23 ]. We have subsequently demonstrated that HRCT is uniquely capable 
of addressing questions about airway responsiveness in vivo that are not answerable 
by other techniques [ 6 ,  16 ,  27 ,  28 ]. HRCT can make repeated airway luminal and 
airway wall thickness measurements of multiple individual airways at different lung 
volumes in vivo. A body of evidence has accumulated to confi rm the relationship 
between airway wall thickness, as assessed by HRCT, and the features of airway 
responsiveness in patients with stable asthma, with and without inhaled steroid 
treatment [ 29 – 38 ]. 

 We can use HRCT to measure airway wall thickness in multiple airways (second 
to eight generation airways) in healthy subjects and in subjects with obstructed air-
ways, both before and after interventions (Fig.  16.1 ). In addition, lung parenchymal 
density on the HRCT scans, expressed by lung attenuation parameters, can provide 
an estimate of parenchymal damage, which can also contribute to our understanding 
of the pathophysiological mechanisms of impaired airway distension.

16.3        Airway Distensibility 

 Although many investigators have studied the relationship between HRCT fi ndings, 
such as airway wall thickness, and airfl ow limitation, or airway remodeling in 
patients with asthma and COPD, the HRCT-assessed dynamic behavior of the air-
ways can provide unique information. The magnitude of the increase in the airway 
luminal area with a deep inspiration from functional residual capacity (FRC) to total 
lung capacity (TLC) represents airway distensibility and is expressed as a percent-
age (% distensibility). This methodology has been extensively used and validated in 
our studies. We previously demonstrated that canine airways do not expand isotro-
pically with the lung [ 6 ]. When airways were completely relaxed, airway size 
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reached a plateau at very low transpulmonary pressure (Ptp), and further increases 
in Ptp caused negligible changes. This is consistent with histological studies of the 
airways that presume that the epithelial basement membrane is not distensible. 
Therefore, changes in the composition of the airway wall can lead to thickening and 
shortening of the basement membrane and limit the distensibility of the airway. 

 Another possible mechanism for limited distention of the airways is changes in 
smooth muscle tone that stiffen the airways. We previously demonstrated in dogs [ 6 ], 
in sheep [ 16 ], and in humans [ 18 ] that when the airways had tone, not only was their 
baseline size reduced, but their distensibility was also decreased [ 6 ,  17 ,  18 ]. Furthermore, 
in asthma, intrinsic mechanisms may be the cause of stiffer airways. Skloot et al. 
showed that excessive airway narrowing in asthma may be caused by an intrinsic 
impairment of the ability of lung infl ation to stretch airway smooth muscle [ 39 ]. 

  Fig. 16.1    Matched HRCT scans from one individual at baseline ( left column ) and after challenge 
with aerosolized methacholine (Mch,  right column ). Images were acquired at low lung volume 
(FRC,  upper row ) and at high lung volume (TLC,  lower row ). The  arrows  show the same airways 
matched under all conditions (Reprinted from Brown et al. [ 18 ]. With permission from American 
Thoracic Society. Copyright © 2012 American Thoracic Society)       
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Moreover, an intrinsic airway abnormality that prevents dilation with lung infl ation 
may become clinically apparent only after a certain degree or duration of airway con-
striction that occurs in individuals with chronic unresponsive obstruction [ 40 ]. 

 Using HRCT, we measured the change in airway size (16–42 airways per sub-
ject, 2.2–17.4 mm in diameter) after complete airway smooth muscle relaxation 
compared to baseline. HRCT scans were performed at FRC at baseline and after 
complete airway smooth muscle relaxation with nebulized albuterol. Figure  16.2  
demonstrates the relationship between chronic airfl ow obstruction and the compo-
nent that is reversible with airway smooth muscle relaxation. Again, we observed 
an inverse correlation between the chronic airfl ow obstruction and the beta-
adrenergic- responsive airway smooth muscle ( p  = 0.02,  r  2  = 0.22). The asthmatic 
subjects with the greatest airfl ow obstruction showed the lowest response to beta-
adrenergic bronchodilation (Fig.  16.2 ). Since the airways in all the asthmatics did 
not bronchodilate to the same degree, factors other than airway smooth muscle 
tone must be involved in the chronic airway obstruction observed in moderate and 
severe asthma.

   The mechanism by which intrapulmonary airways are stretched by inspiration is 
largely attributable to the increased radial traction on the airways exerted by the 
surrounding lung parenchyma [ 41 – 43 ]. It has been proposed that edema in the air-
way wall or in the peribronchial space could decrease the interdependence between 
the airway and the parenchyma, resulting in decreased radial forces acting on the 
smooth muscle with lung infl ation [ 44 ,  45 ]. We demonstrated in dogs [ 28 ,  46 ] and 
sheep [ 16 ,  17 ] that substantial airway wall edema, up to a 50 % increase in airway 
wall area, can be elicited in the airway. Moreover, even this signifi cant amount of 
airway edema did not affect airway distensibility [ 17 ]. Therefore, it is less likely 
that airway edema is a primary cause of unresponsive asthma. 

 Of course, remodeling changes in the airways, such as those observed in asthma 
and COPD, could stiffen the airways, thus opposing the distending forces of a deep 
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  Fig. 16.2    The relationship between bronchodilation and airfl ow obstruction. There was a signifi -
cant correlation between the airfl ow obstruction, as measured by the FEV 1  and the ability to bron-
chodilate the airways as measured by the change in airway area after maximum airway smooth 
muscle relaxation as a percent of baseline ( p  = 0.02,  r  2  = 0.22)       
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inspiratory maneuver. This could explain, for example, the reduced ability to stretch 
the airways that accounts for the loss of bronchodilation in severe asthma. Recently, 
James et al. have shown there is airway smooth muscle hypertrophy in the large 
airways in both fatal and nonfatal asthma and airway smooth muscle hyperplasia in 
the large and small airways in fatal asthma [ 9 ]. However, recent fi ndings [ 47 ] and 
unpublished observations from our group showed that, even while the airway walls 
were thicker, this increased thickness did not appear to impede airway distensibility 
(Fig.  16.3 ). We infer that the infl ammation-induced remodeling processes in chronic 
asthma, which can increase the airway wall thickness, do not appear to change the 
basic passive force-tension dynamics in vivo and, thus, do not appear to make air-
ways more resistant to imposed stretch by deep inspiration.

16.4        Magnitude of Distensibility 

 The bronchodilator effects of a DI have been shown to be impaired in individuals 
with asthmatics and with COPD, compared to healthy subjects. Since the ability to 
generate high transpulmonary pressures (Ptp) at TLC depends on both lung proper-
ties and voluntary effort, we wondered how the response of the airways to DIs might 
be altered if the maneuver were performed at less than maximal infl ation. To exam-
ine the effects on subsequent airway caliber of varying Ptp during the DI maneuver, 
we studied fi ve anesthetized and ventilated dogs during Mch infusion and measured 
changes in airway size after DIs of increasing magnitude over the subsequent 5-min 
period using HRCT. Our results showed that the magnitude of the Ptp was extremely 
important, leading to a qualitative change in the airway response. A large DI (45 cm 
H 2 O) caused subsequent airway dilation, while smaller DIs ( ≤ 35 cm H 2 O) caused 
bronchoconstriction [ 48 ] (Fig.  16.4 ). Furthermore, the duration of the DI also 
affected the subsequent airway caliber. In another study in anesthetized and 
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ventilated dogs during Mch infusion, we measured changes in airway size after DIs 
of the same magnitude with increasing duration over the subsequent 5-min period 
using HRCT. Our results showed that the duration of the DI was also important, 
leading to a qualitative change in the airway response. A long DI (30–60 s) caused 
subsequent airway dilation, while shorter DIs (5–10 s) caused bronchoconstriction 
[ 49 ]. To examine the potential mechanisms for these differences in airway caliber 
after DIs, we investigated the role of nitric oxide (NO) on DI-induced bronchodila-
tion and subsequent airway caliber response in a canine model. In anesthetized and 
ventilated dogs during Mch infusion, we measured changes in airway size after a 
small (25 cm H 2 O) and a large (45 cm H 2 O) DI, before and after administering  N  G -
nitro - l    -arginine methyl ester to block NO synthesis over the subsequent 5-min 
period using HRCT. Our results showed that, consistent with the fi ndings mentioned 
above, a DI to a higher pressure resulted in airway dilation, while a DI to a lower 
pressure lead to airway narrowing. When  N  G -nitro- l -arginine methyl ester was 
administered, both the large and small DIs resulted in subsequent airway constric-
tion. These results support the idea that nitric oxide may be a potential bronchopro-
tective agent in the airways [ 50 ].
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16.5        Airway Distensibility in Asthma 

 The effects of a DI in individuals with asthma differ from those observed in healthy 
subjects. It has been postulated that the benefi cial effect of lung infl ation is mediated by 
airway stretch. One hypothesis to explain the defects in the function of lung infl ation in 
asthma is that a DI may be unable to suffi ciently stretch the airways. This may result 
from attenuation of the tethering forces between the airways and the surrounding 
parenchyma. We used HRCT to examine the ability of a deep inspiration to distend the 
airways of mild asthmatics ( n  = 10), compared to healthy subjects ( n  = 9), at baseline 
and after increasing airway tone with Mch. We found that both at baseline and after the 
induction of smooth muscle tone with Mch, a DI distended the airways of healthy and 
asthmatic subjects to a similar extent, indicating that abnormal interdependence 
between the lung parenchyma and the airways was unlikely to play a major role in the 
loss or in the attenuation of the benefi cial effect of lung infl ation that characterizes 
asthma [ 18 ] (Fig.  16.5 ). Furthermore, we observed that after constriction had already 
been induced by Mch, following a deep inspiration, bronchodilation occurred in the 
healthy subjects, but further bronchoconstriction occurred in the asthmatics [ 18 ] 
(Fig.  16.6 ). Our fi ndings suggest that an abnormal excitation/contraction mechanism in 
the airway smooth muscle of mild asthmatic subjects counteracts the bronchodilatory 
effect of a DI. These results suggest that the mechanism for reduced bronchodilation 
after deep inspirations in mild asthmatics may be intrinsic to the airway smooth mus-
cle. This has been confi rmed by the different dynamic responses of airways and lung 
parenchyma to lung infl ations. When considering the effects of a deep inspiration, an 
implicit assumption is that all of the airways are distending in concert with the lung. If 
the contracted airways had slower dynamic responses than the lung parenchyma, then 
the timing of the deep inspiratory maneuver could affect the airway response. Using 
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  Fig. 16.5    The increase in airway area with a deep inspiration (distensibility) in the nine healthy 
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HRCT, we studied how well-matched the dynamic response of airways was to that of 
the lung parenchyma in dogs. Our results clearly demonstrated that airways contracted 
with Mch dilate at about a four times slower rate compared to the lung parenchyma 
during rapid lung infl ation and defl ation [ 51 ] (Fig.  16.7a, b ). This effect may play a role 
in the unique response of asthmatic subjects to deep inspiration.

     As a next step, we examined the distensibility of the airways of individuals with 
asthma with chronically abnormal airfl ow obstruction. We measured the ability of 
asthmatics with varying degrees of baseline airway obstruction to distend their air-
ways with a deep inspiration. We showed that the reduced ability to distend the 
airways with lung infl ation related to the extent of air trapping and airway smooth 
muscle tone [ 47 ]. 

 There can be many causes of increased airfl ow obstruction in asthma. One likely 
cause in asthmatic subjects is increased airway smooth muscle tone as mentioned 
above. To examine other components in the airways that may lead to airway remod-
eling and decreased distensibility, we measured airway distensibility after complete 
relaxation with the beta-adrenergic bronchodilator, albuterol. As with the airway 
distensibility at baseline, we observed a correlation between the baseline airway 
obstruction and the ability to distend the relaxed airways in the asthmatic subjects 
( p  = 0.02,  r  2  = 0.21). Thus, even after complete airway smooth muscle relaxation in 
the asthmatic subjects, greater baseline chronic airfl ow obstruction was associated 
with lower airway distensibility. These results support the hypothesis that the inabil-
ity of airways to distend with a DI is due not only to increased airway smooth 
muscle tone but also to increased nondistensible components in the airway wall. 

 We found that airway bronchodilation and airway distensibility were related to 
disease severity in individuals with asthma, and that complete relaxation of the air-
way smooth muscle did not entirely relieve the chronic obstruction. Moreover, mea-
surement of airway distensibility may give insight into the pathophysiology, 
progression of disease, and response to therapy in asthmatic patients.  
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  Fig. 16.7    ( a ) Percent changes in lung volume with a step increase and decrease in airway pressure 
averaged over the six dogs. In each animal, the 100 % value is taken as the value after 20 s at an 
airway pressure of 37 cm H 2 O. The absolute mean (± SEM) FRC and TLC in atropine-relaxed 
lungs was 1,190 ml ± 130 and 2,759 ml ± 380, respectively. During the Mch challenge, the absolute 
FRC and TLC were 1,149 ml ± 122 and 2,552 ml ± 265, and these were not signifi cantly different 
from the values with atropine. The mean values for inspiratory capacity with atropine and Mch 
were 1,388 ml ± 230 and 1,347 ml ± 217, respectively (Reprinted with permission of the American 
Thoracic Society. Copyright © 2012 American Thoracic Society. Brown and Mitzner [ 51 ]). ( b ) 
Changes in mean airway area averaged across all dogs, expressed as a percent of maximal area. 
The maximal area for each airway was taken to be the airway area after 20 s at an airway pressure 
of 37 cm H 2 O in animals that were given atropine (Reprinted from Brown and Mitzner [ 51 ]. With 
permission from American Thoracic Society. Copyright © 2012 American Thoracic Society)       
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16.6     Airway Distensibility in COPD 

 In previous studies, we demonstrated that the ability of a series of DIs to dilate con-
stricted airways was largely attenuated or completely lost in individuals with COPD 
[ 14 ]. This was not surprising, given the hypothesized underlying mechanism of the 
loss of parenchymal tethering. Indeed, COPD is characterized by structural, mostly 
nonreversible, changes in the airways (e.g., airway wall thickening) and the sur-
rounding parenchyma (e.g., destruction of alveolar attachments), which may oppose 
the distending forces to various extents. 

 We have shown that the bronchodilatory ability of deep inspiration was lost in 
mild COPD [ 14 ], and we speculated that the absence of deep inspiration-induced 
bronchodilation would contribute to the development and severity of chronic respira-
tory symptoms in COPD. By inducing bronchoconstriction in a standardized proto-
col that assessed the effects of deep inspirations, we measured the ability of deep 
inspiration maneuvers to reduce the degree of bronchoconstriction. We found that the 
bronchodilatory effect of lung infl ation was profoundly impaired in individuals with 
mild COPD [ 14 ]. In addition, the reduced ability to dilate constricted airways was 
associated with the reduction in diffusing capacity of the lung for carbon monoxide 
(DLCO), suggesting that the primary mechanism responsible for the lack of the ben-
efi cial effect of DI on airways lies in the structural alterations of the parenchyma. We 
reasoned that because of the alveolar wall destruction, the loss of airway- parenchyma 
interdependence (mechanical decoupling between airways and parenchyma) resulted 
in diminished airway wall and airway smooth muscle stretch, thus impairing a pri-
mary step in the mechanism of bronchodilation by deep inspiration. 

 To further explore this phenomenon, we extended the use of HRCT to this popula-
tion, with the aim of assessing the degree of airway distensibility at baseline conditions. 
In our study [ 15 ], we provided evidence of a relationship between airway distensibility 
in individuals with COPD, as measured by HRCT, and the Global Initiative for Chronic 
Obstructive Lung Disease (GOLD) classifi cation as well as between distensibility and 
various aspects of baseline lung function, including those refl ective of airfl ow limita-
tion and those refl ective of hyperinfl ation. Indeed, our fi ndings clearly demonstrated 
that the severity of COPD was associated with reduced airway distensibility by deep 
inspiration (Fig.  16.8 ). The magnitude of the effect of airway distensibility was also 
related to indices of airway obstruction, likely associated with structural changes in the 
airways, such as increased airway smooth muscle tone and airway remodeling. In addi-
tion, we found a signifi cant inverse relationship between airway distensibility and 
hyperinfl ation, as measured by RV/TLC, suggesting that the increase in lung volume 
could be one of the factors that affects this process. This is important in COPD, where 
lung hyperinfl ation is a pivotal functional abnormality. Static hyperinfl ation results 
from the loss of elastic recoil and is attributable to the emphysematous damage to the 
lung parenchyma. Recently, Diaz and colleagues [ 52 ] demonstrated that airway disten-
sibility by lung infl ation was largely attenuated in subjects with an emphysema-pre-
dominant phenotype as opposed to those with airway-predominant alterations (intrinsic 
narrowing of the airways due to infl ammation and fi brosis).
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   To further explore the factors that affect the magnitude of deep inspiration- 
induced airway distensibility with HRCT, we tested the degree of distensibility in 
subjects with asthma and COPD who had a comparable degree of bronchial 
obstruction. Two sets of scans were obtained, one at functional residual capacity 
(FRC) and the other at total lung capacity (TLC). The change in airway diameter, 
as measured by airway distensibility, was the main outcome. Airway wall thick-
ness and lung density were measured to evaluate which radiological abnormalities 
could potentially affect the airway distensibility. Lung function variables were 
also obtained. In 12 asthmatics and 8 subjects with COPD, a total of 701 airways 
were analyzed. No signifi cant difference between the two groups were detected 
when airway distensibility was calculated for either all airways (Fig.  16.9 ) or by 
airway size for the small ( p  = 0.27), the medium ( p  = 0.94), and the large ( p  = 0.40) 
airways. These results suggest that the lack of airway distensibility is the main 
cause of persistent airfl ow limitation, regardless of the etiology of the obstructive 
lung disease. However, the major determinants of airway distensibility were dif-
ferent for the two groups. In the asthmatic group, the dynamic ability to alter lung 
volume was the main factor that affected airway distensibility, while, in the sub-
jects with COPD, the static lung volumes infl uenced the degree of airway 
distensibility.

   Thus, it seems that in asthma and COPD, functional alterations can be defi ned 
not only by the degree of bronchial obstruction but also by the magnitude of the 
distensibility of the airways to deep inspirations. Functional imaging of airway dis-
tensibility can contribute to a better understanding of the mechanisms of action of 
deep inspirations and, consequently, to the understanding of the disease processes 
in asthma and COPD. Future studies could explore the role of functional imaging in 
the monitoring of the severity of the disease and the response to treatment.     
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  Fig. 16.8    The extent of 
airway distensibility as 
measured by the percent 
increase in airway area with 
lung infl ation was associated 
with the severity of COPD. 
Individuals with COPD 
GOLD stage III had lower 
airway luminal distensibility 
than individuals with COPD 
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17.1  Background

The ability to regionally assess lung function and/or microstructure has both scien-
tific and diagnostic advantages. For example, it is not well understood why many 
lung diseases are spatially heterogeneous and how alveolar microstructure and 
regional ventilation or gas exchange change with disease onset and progression. 
Imaging assessment of such pulmonary function would elucidate specific physio-
logical aspects of normal lungs in health and disease and has the potential as a bio-
marker for the development and assessment of new treatments, especially those that 
may regionally target the most-diseased bronchopulmonary segments. X-ray CT 
has had extraordinary success as a diagnostic tool for many pulmonary abnormali-
ties, with the greatest advantage being its simplicity as a spatially resolved densi-
tometer. However, X-ray CT does not easily allow regional assessment of either 
function or microstructure. Lung MRI with 1H has very low signal-to-noise ratio 
compared to CT due to multiple air-tissue interfaces in lung parenchyma that 
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generate slight, local magnetic field inhomogeneities at the parenchymal level, 
which reduces the apparent transverse relaxation rate, T2*. Although proton pulmo-
nary MRI provides the advantage of using no ionizing radiation, to date, hardware 
and software limitations have largely limited the applications of 1H MRI because of 
the necessity of short echo time with this technique. New techniques and hardware 
are being developed that may allow pulmonary 1H MRI to rival CT for diagnostic 
value in the coming years.

The advent of hyperpolarized gases has facilitated the generation of macroscopic 
quantities of either helium (3He) or xenon (129Xe) gas with highly nonequilibrium 
magnetizations (105 times larger than Boltzmann equilibrium). These high magne-
tizations allow direct MRI of the gas itself during ventilation or at breath hold, 
despite the low density of the gas compared to tissue. Although this technology 
requires specialized equipment and MRI coils, it currently is capable of acquiring 
either high-resolution (1–3 mm) images covering the whole lung, images with sub- 
second time resolution, or several diffusion-weighted images at multiple gradient 
strengths. The refinement and validation of these techniques has resulted in a wealth 
of new information about lung function and structure, both in health and disease. 
For example, regional inspiration and expiration can be visualized and quantified, 
which provides an avenue for understanding regional ventilation dynamics, 
inspiration- expiration mismatches, and collateral ventilation. Using careful mea-
surements of the longitudinal relaxation time, T1, of 3He that are affected largely by 
oxygen concentration during a breath hold, alveolar oxygen content can be mea-
sured. Using 129Xe, which dissolves very slightly into blood and tissue, gas exchange 
dynamics can be probed by capitalizing on the different chemical shifts of gas and 
dissolved-phase signals. Alveolar geometry and collateral connectivity can be quan-
tified precisely by specific diffusion-weighting schemes to allow precise measure-
ments of microstructural changes with early disease or at different points of the 
breathing cycle. The purpose of this chapter is to detail some, though not all, of 
these topics and review the current state-of-the-art in the use of hyperpolarized gas 
MRI as it relates to the mechanics of breathing.

17.2  Ventilation Imaging with Hyperpolarized Gas MRI

17.2.1  Specialized Hardware and Pulse Sequences

The hardware and pulse sequences involved in hyperpolarizing 3He were described 
in an early tutorial/review [2]. Both 3He and 129Xe can be polarized by spin-exchange 
optical pumping (SEOP) [3–6], as described in a thorough review of the physics of 
this process [7]. Improvements to SEOP have been reported using line-narrowed 
laser-diode arrays [8, 9] and hybrid Cs-Rb pumping [10]. A fascinating chapter 
about understanding the wall relaxation of glass polarization cells found that ferro-
magnetic impurities in the glass played a large role in this undesirable property 
[11–13]. A different scheme, pumping of metastable atoms, is available only for 3He 
[14–16], and 3He also can be stored and transported while polarized over many 
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hours [17]. Although it remains true that 3He can be polarized more easily and to 
higher polarizations than 129Xe, substantial improvements have been made in polar-
izing 129Xe [18–20].

The rf coils used for hyperpolarized gas MRI can be as simple as a Helmholtz- 
like pair, one in front of the chest and the other in back [2, 21]. Multiple-receiver 
coil arrays (phased arrays coils) are available and yield improved signal-to-noise 
ratio (SNR) and rf homogeneity. Such arrays often use a separate, oversized trans-
mitting coil, leading to relatively uniform rf excitation fields, B1, and flip angles. 
Single-turn rf solenoid coils, used by many investigators for small animal studies 
with the animal’s primary axis rotated to be perpendicular to the main magnetic 
field, B0, are easily doubly resonated for both 3He ventilation and 1H anatomical 
(scout) images [22, 23].

In connection with the hardware issues, the use of 3He for neutron detection 
increased remarkably after 2001, such that 3He is now less available and therefore 
more expensive. Although this situation has become more stable in the last 2 years 
[24], the only source of 3He is as the product of tritium decay from national stock-
piles for nuclear weapons. Therefore, the recovery, purification, and reuse of 3He are 
now important to the field to ensure continued availability of 3He for all scientific 
endeavors [25]. The difficulties with the acquisition and use of 3He, however, have 
driven an increased interest in the use of xenon, which is more readily available (it 
is present in the atmosphere). The stable 129Xe (spin-1/2) isotope of xenon is used 
for hyperpolarized MRI.

17.2.2  Static Ventilation Images

Ventilation images were the first application of hyperpolarized gas MRI for the 
lungs [26]. Typically, the subject inhales a 0.5–1.5 L mixture of polarized gas plus 
an inert gas-like N2 to provide a sufficient total volume. Imaging is performed 
dynamically or at breath hold for up to 25 s, depending on the desired resolution 
and extent of coverage of the lung. The imaging pulse sequence is usually a slice- 
selective, small-angle rf pulse gradient echo with Cartesian sampling of k-space. 
The small-angle rf pulses allow a given bolus of spin magnetization to provide 
many lines of k-space data (typically 32–256 phase-encoding values). The result-
ing images show the spatial distribution of the bolus of inhaled polarized gas. This 
approach has been a simple, standard sequence for polarized-gas MRI; diffusion- 
weighted images are often simple modifications of FLASH. Commonly used 
parameters include 25 slices of 10 mm thickness each with 5 × 5 mm in-plane 
dimensions (64 × 64 matrix). More involved sequences include variable flip 
angles, non-Cartesian k-space trajectories, and/or accelerations from parallel 
imaging [27–30].

The use of a single bolus of inhaled spin magnetization has implications for 
optimizing the imaging strategy. For N-phase encodes per slice, one generally aims 
to consume most, but not all, of the spin magnetization. For an rf pulse angle θ, this 
means (cos θ)N ~25 %. Using the small angle approximation, cos θ = 1 − θ2/2, for 
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N = 64 phase encodes the optimum rf flip angle is near 10°. For repeated imaging of 
the same bolus, one would need to decrease the flip angle by the square root of the 
number of image sets. Centric reordering of the phase encodes means that the first 
(and largest amplitude) signals are at k = 0, where most image intensity resides; thus, 
the centric order is generally used.

By varying the rf flip angle throughout the phase encoding, essentially all of the 
spin magnetization can be consumed and the decreasing magnetization can be cor-
rected as a function of time [31, 32]. A limit on this procedure results from the 
somewhat nonuniform rf field amplitude, B1. In essence, spins in different locations 
with different B1 will “use up” their magnetizations at different rates. In any case, 
the variable flip angle method can provide an improvement over the fixed-angle 
compromise.

Three-dimensional (3D) imaging sequences subject any given spin to a greater 
number of rf pulses (the number of in-plane phase encodes times the number of 
“slice-direction” phase encodes). Thus, the correct rf flip angle is further reduced. 
The resulting SNR is then the same in 3D as for multi-slice two-dimensional (2D) 
acquisition. In fact, there is a slight advantage to the 2D method due to reduced 
image blurring from small imperfections in the breath hold.

With small animals, the reduced field of view across the lungs dictates much 
smaller voxels. For SNR reasons, this most often requires the animal to be continu-
ously ventilated on hyperpolarized gas [22, 31–34] which is quite different than the 
single breath hold commonly used with human subjects. If the receiving coil and 
voxel size are scaled by the same volume factor α (α < 1 for smaller animal), the 
SNR varies approximately as √α, with all other factors being equal. To return the 
SNR to its original or large-animal value would then require a number 1/α of signal 
averages. Continuous ventilation brings with it issues of synchronization of the data 
to the breathing cycle. Smaller voxels and requisite larger imaging gradients also 
result in attenuation of the transverse magnetization, due to diffusion through the 
imaging gradients. Thorough discussions of this attenuation have been previously 
published [22, 32]. An elegant solution to minimize the attenuation is to use radial 
scanning, with its very short effective echo time.

17.2.3  Dynamic Ventilation Images

In addition to the described static (breath-hold) ventilation images, hyperpolarized 
gas MRI can also be used to capture the dynamics of the lung filling and emptying. 
One benefit of this dynamic approach is the detection of trapped gas, which is a 
major cause of dyspnea in COPD (chronic obstructive pulmonary disease). Also, 
ventilation nonuniformities upon inhalation may be more evident in dynamic (real- 
time) images compared to breath-hold images, where the imaging gas concentration 
becomes more uniform through diffusion and collateral mixing during the breath- 
hold time, thereby eliminating the nonuniformities.

To accomplish imaging of ventilation dynamics, a fast imaging sequence is 
required. These types of techniques include simple, faster versions of gradient 
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echoes, possibly without slice selection (yielding projection images), radial or spiral 
scans of k-space with sliding-window reconstruction (i.e., the most recent, full set 
of radial spokes of or spiral data are used to form an image whereby the update rate 
can be much larger than the rate of complete k-space coverages), and EPI (echo 
planar imaging).

The EPI technique covers all of 2D k-space after each slice-selected rf pulse 
[35, 36]. The read-out gradient is oscillated at an audio frequency, giving this 
sequence a distinctive sound in the scanner room. In our laboratory, a complete 2D 
image could be formed every 64 ms, approximately. Thus, an entire set of 16 slices 
covering most of the lung with modest resolution could be obtained in 1 s. The dis-
advantage of EPI is that many of the lines in k-space (EPI is Cartesian) occur long 
after the rf pulse, such that the effects of tissue magnetic susceptibility are amplified 
substantially compared to a gradient echo (such as FLASH) with a 2–4 ms echo 
time. The magnetic susceptibility artifacts associated with the lung tissue distort the 
final image. Nevertheless, EPI does allow ciné images to be created that show the 
filling and emptying of the lung at a shorter time resolution compared to typical 
respiratory periods (4 s).

The approach of radial scanning offers improved fidelity with its nearly zero 
echo time. By using the sliding window of reconstruction with this approach, image 
updates can be generated with very high rates, though the true time resolution will 
not be nearly as high [37–39]. The speed of radial scanning can be increased tre-
mendously by 2D scanning and by the use of projection images, which will have 
lower informational content. Impressive work using rapid radial scanning has been 
reported in the past few years [28, 40, 41].

The spiral-scan approach is a sort of “halfway house” between radial scans (a 
single radial spoke of data per rf pulse) and EPI (an entire 2D plane of data per rf 
pulse) [42]. Spiral scans, in 2D or 3D, allow a large subset of k-space to be cov-
ered with each spiral (and each rf pulse). The remaining subsets of k-space are 
obtained in subsequent interleaved spirals with their own rf pulses. By varying the 
pitch of the spiral, one can vary continuously from the pure-radial-spoke extreme 
to the coverage of all the planes of k-space (like EPI). However, in spiral scans 
compared to EPI, the center of k-space is covered first, just after the rf pulse, 
which reduces the susceptibility artifacts. With a reasonable number of inter-
leaves, high-fidelity images at a reasonable rate are obtained. By use of a sliding 
reconstruction window (e.g., for 16 interleaves, the data of the most recent 16 
spirals is used), a very fast update rate can be obtained with reasonable 
resolution.

A new approach to quantifying ventilation centers on the concept of fractional 
ventilation, r, and involves recording an image after one breath, two breaths, etc., 
up to perhaps eight breaths. Following the signal buildup at each voxel, an 
exponential- like increase to an asymptote is generated, thus determining r. At each 
location in the lung, r represents the fraction of gas replaced with freshly inhaled 
gas upon each breath [33, 43]. Although this method can consume a large quantity 
of hyperpolarized gas, it has the advantage of quantifying regional ventilation 
breath by breath.
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17.2.4  Applications of Ventilation Imaging to Disease

Since many lung diseases, including asthma, COPD, and cystic fibrosis (CF), result 
in nonuniform distribution of inhaled gas, ventilation imaging is applicable to many 
diseases. Here, we briefly discuss a few applications of ventilation imaging for 
COPD, which is the focus of our research.

COPD spans the continuum between emphysema (loss of elastic recoil and 
destruction of alveolar tissue) and chronic bronchitis (small airways inflammation 
and excessive mucous). Diffusion MRI of hyperpolarized gas has become a gold 
standard for research characterizing COPD, especially for the quantification of 
emphysema (see later sections of this review).

Simple, static ventilation images can be used to identify large portions of the 
lungs with poor ventilation in patients with COPD [42]. The image in Fig. 17.1 from 
a patient with severe COPD reveals a very nonuniform distribution of the inhaled 
bolus of 3He gas upon breath hold compared to that of a healthy subject. The venti-
lation pattern of asthmatic lungs, an example of which is also shown in Fig. 17.1, 
has been studied in some detail by 3He MRI [39, 44] and often demonstrates wedge- 
shaped defects that often are persistent with time [45]. Ventilation images in asth-
matic patients after methacholine challenge reveal larger defects, as expected, which 
resolve upon full bronchodilation [46]. The effects of bronchodilators upon ventila-
tion defects in COPD also have been reported [47, 48], as have ventilation abnor-
malities in CF and bronchiolitis obliterans [42, 49–51]. In some cases, the size of 
the defects in severe disease comprises most of the lung, which is in keeping with 
the low pulmonary function of these patients [52]. In fact, the volume percentage of 
these defects correlates well with pulmonary function [53], giving rise to the idea of 
regional pulmonary function measures. One additional quantitative measure of ven-
tilation that has emerged is fractional ventilation, which facilitates the gathering of 
regional information on “new” gas supplied by each breath [43].

Time-resolved imaging can reveal real-time ventilation dynamics that are not 
captured by static imaging. A dynamic imaging study via radial-projection MRI 
presents images of one COPD patient and one patient with severe asthma (see 
Figure 6b in [37]). A pronounced mottled appearance early in the inhalation 
becomes smoother at later times, thus demonstrating that dynamic imaging may be 

Healthy Asthma COPD

Fig. 17.1 Axial slices of 3He static ventilation MRI in a healthy volunteer, patient with severe 
asthma, and patient with severe COPD
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more sensitive to regional nonuniformities, alveolar recruitment, and/or collateral 
ventilation than static breath-hold imaging. 3He gas trapping is clearly evident in a 
patient with mild-to-moderate asthma as a region of enhanced 3He signal amplitude 
upon exhalation (see Figure 7 in [39]). These results indicate that images of the 
highest resolution are not required to display many or most of the changes in dis-
ease, which is positive for the field since lower-resolution images require substan-
tially less (or less-polarized) hyperpolarized gas [54].

17.3  Diffusion Lung Imaging

17.3.1  Diffusion Background

Diffusion MRI with hyperpolarized gases is based on measurements of diffusion of 
hyperpolarized gas (either 3He or 129Xe) introduced into the lung airspaces during 
inhalation. The simplest MR measurement of diffusion is the Stejskal-Tanner pulsed 
field gradient (PFG) experiment [55] in which a free-induction decay MR signal is 
acted upon by two opposite-polarity gradient pulses (Fig. 17.2), the so-called 
diffusion- sensitizing gradients. This method is restricted by MRI signal T2* decay 
(on the order of 20–30 ms) and can be used only to study short-range diffusion. 
Measurements of the 3He diffusion coefficient at longer diffusion times (seconds) 
proposed by Owers-Bradley et al. [56] (see also [57–61]) allow exploring the “con-
nectivity” of acinar airways and alveoli, thus providing information on airway and 
alveolar wall integrity (i.e., holes through the walls) and collateral ventilation path-
ways [59, 60].

In the presence of gradient pulses, nuclear spins suffer a net phase shift propor-
tional to their displacement during the diffusion time, Δ, resulting in decreased 
signal amplitude. In the case of unrestricted diffusion, the MR signal S decays as 
S = S0 exp(−bD0). Here, S0 is the MR signal intensity in the absence of 

G(t)

t δ–τ δ
∆ ∆–τ ∆+δ–τ

t
∆+δ

Gm

–Gm

Fig. 17.2 Diffusion-sensitizing pulse gradient waveform employed in diffusion MRI with hyper-
polarized gases at short diffusion times. In this diagram Gm is the gradient lobe amplitude, Δ is the 
spacing between the leading edges of the positive and negative lobes (the diffusion time), δ is the 
full duration of each lobe, and τ is a ramp-up and ramp-down time
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diffusion-sensitizing gradients, and the b-value is determined by the gradient wave-
form shape [62, 63]. For the gradient pulses in Fig. 17.2, the corresponding b-value 
calculation is
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In the presence of barriers such as alveolar walls and walls of lung airways, the 
diffusive motion is restricted and the MR signal decay is often described in terms of 
the ADC using:

 
S = S b ADC0 exp − ⋅( )  (17.2)

Contrary to the free diffusion case where ADC is equal to D0 and depends only 
on the molecular diffusion properties, the ADC for restricted diffusion evaluated 
from Eq. 17.2 also depends on the tissue structure and on the timing details of the 
gradient waveform shape and gradient strength.

17.3.2  ADC Measurements in Lungs

ADC measurements are usually done with two b-values to cover a substantial part 
of the lungs in a single breath hold. Initial reports [63–66] have demonstrated that 
ADC of hyperpolarized 3He gas in the lungs dramatically increases in emphysema 
(compared to normal lungs), suggesting the potential use of this technique as a diag-
nostic tool for clinical applications. Examples of ventilation images (MRI-measured 
distribution of 3He gas inhaled by a subject) and 3He gas ADC maps of normal 
human lungs and lungs with severe emphysema are shown in Fig. 17.3.

The remarkable differences in the ADC values between healthy (0.17 cm2/s) and 
diseased (0.52 cm2/s) lung indicate that diffusion imaging of the lung with hyperpo-
larized 3He could provide a very sensitive tool for clinical evaluation of emphysema. 
Indeed, Fig. 17.4 demonstrates the correlation between ADC and either mean alveo-
lar internal area (AIA) in rats with elastase induced emphysema [68], mean chord 
length (MCL) in elastase-induced emphysematous rabbit lungs [69], mean linear 
intercept (Lm) in healthy and emphysematous human lungs with data obtained at 
different diffusion times [70], or mean linear intercept (Lm) in healthy human lungs 
and lungs with severe emphysema [71].

In addition to the correlation with histology as seen in Fig. 17.3, ADC in healthy 
subjects has been correlated with lung inflation level [72], subjects’ age [72–74], 
and spirometric indices [66]. Although most of these studies were based on 3He gas 
measurements, several authors also have reported measurements of 129Xe-based 
ADC in healthy and emphysematous lungs [69, 75–80]. Kirby et al. [78] demon-
strated a significant correlation between 3He ADC and 129Xe ADC as well as between 
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ADCs and CT measurements. In healthy lungs, 3He ADC and 129Xe ADC were 
found to be ~0.20 cm2/s and ~0.055 cm2/s, respectively. In lungs with COPD, the 
corresponding values are ~0.55–0.6 cm2/s and ~0.07–0.09 cm2/s. In another study, 
the mean 129Xe ADC in healthy volunteers was reported to be ~0.04 cm2/s [77]. 
Such a difference in 129Xe ADC could be explained by different experimental condi-
tions, including concentration of 129Xe in gas mixtures.

17.4  In Vivo Lung Morphometry: Evaluation of Lung 
Microstructure by Diffusion Measurements

A fundamental question needs to be answered to advance diffusion measurements 
to research and clinical practice. What aspects of lung microstructure are being 
measured by 3He or 129Xe ADC? To obtain quantitative information on lung micro-
structure at the acinar level, geometrical parameters describing the lung microstruc-
ture should be related to the parameters extracted from MR measurements 
independent of pulse sequence parameters and/or gas concentration. Obviously, 
such a complicated structure as the lung cannot be analyzed without some simplifi-
cations and assumptions. To date, numerous models for lung microstructure have 
been explored to simulate diffusion-attenuated MRI signal using the Monte Carlo 
approach or finite difference methods. A modified Weibel model [81, 82] has been 
used [1, 63, 83–85]. Other examples include a porous media approach proposed by 
Mair et al. [86, 87], a cylindrical model with semi-spherical alveolar shape and 

Fig. 17.3 Images of normal and emphysematous human lungs. Left to right: proton MRI, 3He 
ventilation maps, 3He gas ADC maps, and histological slices (the latter adapted from West [67]). 
First row: normal lungs. Second row: emphysematous lungs. ADC in a normal lung is rather homo-
geneous, except for large airways (trachea and its first branches), and is ~0.17 cm2/s. In the emphy-
sematous lungs, 3He gas penetrates only into ventilated regions (lower portion of the lung in this 
case) and has an ADC ~3× larger (~0.55 cm2/s) than the ADC in the normal lung
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two- dimensional grape-like structures used by Fichele et al. [88], the Kitaoka et al. 
model (three-dimensional labyrinth filling a cubic volume [89]) used by Grebenkov 
[90], and tree-like branching structures used by Verbanck et al. [91, 92], Perez-
Sanchez et al. [93], Conradi et al. [94], and Bartel et al. [60]. Models based on 
morphological images or high-resolution X-ray tomography were used by Miller 
et al. [95] and Tsuda et al. [96]. A geometrical model utilizing Voronoi meshing 
techniques [97] was simulated by Plotkowiak et al. [98]. All of these publications 
provide important insights into gas diffusion properties in lung airways, and some 
of them were discussed in detail by Plotkowiak et al. [98].

For any of these approaches to become a useful research and clinical tool in study-
ing lungs in health and disease, they need to provide a solution of the inverse 
 problem—evaluation of lung geometrical parameters from specially designed MRI 
experiments. Currently there is only one such approach, in vivo lung morphometry [1, 
63, 83–85]. The theory behind this approach captures the salient features of gas diffu-
sion in lung airways in the millisecond diffusion time range and its microscopically 
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Fig. 17.4 Correlation between ADC and (a) mean alveolar internal area (AIA) in rats with 
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anisotropic but macroscopically isotropic nature. In vivo lung morphometry is based 
on the well-established lung model developed by Weibel and colleagues [81, 82], in 
which the lung acinar airways (where 90 % of gas resides) are treated as cylindrical 
passages covered with alveolar sleeves (see schematic structure, Fig. 17.5). Anisotropic 
diffusion in a single acinar airway is described by two distinct diffusion coefficients, 
parallel or perpendicular to the airway axis. While diffusion in each airway is aniso-
tropic, it is practically isotropic on a macroscopic scale since each imaging voxel 
contains a multitude of acinar airways with a nearly isotropic distribution of direc-
tions. This fundamental property of gas diffusion in lung acinar airways, confirmed by 
experimental measurements in humans [1, 63, 99, 100], canines [101], mice [23, 102], 
and rats [103, 104] using hyperpolarized 3He gas, was recently confirmed using 
hyperpolarized 129Xe gas in both humans [100] and rats [80].

The experimental and theoretical framework for 3He lung morphometry in 
humans was worked out by deriving a set of empirical equations based on computer 
Monte Carlo simulations of gas diffusion in acinar airways connecting the multi-b 
diffusion MR signal to lung geometrical parameters (main radius of acinar airways, 
R, and depth of alveolar sleeve, h) for a specific diffusion time interval Δ of 1.6–
1.8 ms [1, 83]. It is important to emphasize that the diffusion time Δ used for the 
lung morphometry technique is a crucial parameter, and only a specified diffusion 
time interval should be used in experiments. This diffusion time is selected such that 
diffusing gas atoms are expected to diffuse away from single alveoli but remain 
mostly in the same alveolar duct or sac throughout the duration of the bipolar 
diffusion- sensitizing gradient pulse (i.e., a short diffusion time, but not too short). 
For 3He, this restricts the diffusion time Δ in human lungs to about 2 ms [1, 84] and 
for 129Xe, with its smaller free diffusivity, to about 15 ms [85]. In small animal 
lungs, where the alveolar ducts and sacs are shorter, the diffusion time Δ should be 
much shorter, a fraction of a millisecond [23, 85, 102, 104]. This constraint recog-
nizes acinar airways (respiratory broncheoli, alveolar ducts, and alveolar sacs) as 
the elementary geometrical units contributing to the gas diffusion MR signal. Also, 

L
2R

2r
r

R

h

Fig. 17.5 Left panel: schematic structure of two levels of acinar airways. Open spheres represent 
alveoli forming an alveolar sleeve around each cylindrical airway. Right panel: cross section of the 
acinar airway model [1] with two main parameters—external radius, R, and internal radius, r. The 
other parameters, the depth of alveolar sleeve, h, and the alveolar length, L, are h = R − r, L = 2R 
sin(π/8) = 0.765R (8-alveolar model)
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under these conditions, effects of the branching structure of acinar airways play 
little role in diffusion MR signal formation [84].

Theoretical parameters used in this approach also allow calculation of standard 
lung morphological parameters analogous to those extracted from direct histologi-
cal measurements, such as alveolar surface area, Sa, lung volume per alveolus, Va, 
alveolar number density, Nv, which is the number of alveoli per unit lung volume, 
and the mean linear intercept, Lm, hence the term “in vivo lung morphometry” [1]:
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The MRI-based measurements of lung morphometric parameters were validated 
in explanted human lungs against direct invasive morphometric measurements [1], 
which is the current gold standard. The results demonstrate images of Lm in healthy 
lungs and lungs with different levels of emphysema (mild, moderate, and severe) 
and an excellent agreement between direct histological and 3He-based measure-
ments of Lm (Fig. 17.6). It should be noted that the MRI experiment provides for 
much higher statistical power since the data are collected from thousands of voxels 
as compared to very few regions (20–40) from histological cores.

Osmanagic et al. [102] employed the lung morphometry technique with hyper-
polarized 3He diffusion MR to study explanted lungs in mice. The MR protocol and 
empirical relationships relating diffusion measurements to geometrical parameters 
of lung acinar airways were adjusted to accommodate the substantially smaller 
 acinar airway length in mice and acquire data with much shorter diffusion times as 
compared to humans. These measurements yielded mean values of lung 
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Fig. 17.6 Left panel, upper row: examples of the Lm (in mm) maps obtained from normal human 
lung (left) and lungs with different stages of emphysema (mild, middle; and severe, right). Left 
panel, lower row: examples of histological slices obtained from the same lungs as shown above. 
Right panel: plot of mean linear intercept obtained by means of lung morphometry with hyperpo-
larized 3He diffusion MRI vs. direct measurement (Adapted from Yablonskiy et al. [1])
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surface-to- volume ratio of 670 cm−1, alveolar density of 3,200 per mm3, alveolar 
depth of 55 μm, and mean chord length of 62 μm, all consistent with various results 
from the literature obtained by stereological analysis of mouse lungs [105–113]. 
The technique was further implemented by Wang et al. [23] for in vivo lung imaging 
in mice with results indicating agreement between in vivo morphometry via 3He 
MRI and microscopic morphometry after sacrifice.

Quirk et al. [99] used the in vivo 3He lung morphometry technique to quantita-
tively characterize early emphysematous changes in lung microstructure of current 
and former smokers. Thirty subjects with over 30 pack-year histories and mild or no 
abnormalities on pulmonary function tests (PFT) were studied. The results were 
compared against the clinical standards of PFT and low-dose computed tomography 
(CT). The results demonstrate the noninvasive 3He lung morphometry detected 
alterations in acinar structure in smokers with clinically normal PFTs (Fig. 17.7). 
Compared to smokers with the largest FEV1/FVC values, those with COPD had 
statistically significantly reduced alveolar depth (0.07 mm vs. 0.13 mm) and 
enlarged acinar ducts (0.36 mm vs. 0.30 mm). The mean alveolar geometry mea-
surements in the healthiest subjects were in excellent quantitative agreement with 
literature values obtained using invasive techniques (R = 0.30 mm, h = 0.14 mm, at 
1 L above FRC [81]). Importantly, 3He lung morphometry detected greater abnor-
malities than either PFT or CT, and one feature of all of these maps was the relative 
homogeneity in normal lungs compared to significant disease-related heterogeneity 
in even early emphysema. In the latter case, a clear contrast is seen between the 
central portion of the lung and the lung periphery.

Hajari et al. [114] used in vivo lung morphometry to study the mechanisms of 
lung inflation and deflation in humans. In spite of decades of research, there is little 
consensus about whether lung inflation occurs due to the recruitment of new alveoli 
or by changes in the size and/or shape of alveoli and alveolar ducts. In this study, the 
average alveolar depth and alveolar duct radius was measured at three levels of 
inspiration in five healthy human subjects to calculate the average alveolar volume, 
surface area, and total number of alveoli at each level of inflation. The results indi-
cated that during a 143 ± 18 % increase in lung-gas volume, the average alveolar 
depth decreases 21 ± 5 %, the average alveolar duct radius increases 7 ± 3 %, and the 
total number of alveoli increases by 96 ± 9 % (results are means ± SD between sub-
jects), and that in healthy human subjects the lung inflates primarily by alveolar 
recruitment and, to a lesser extent, by anisotropic expansion of alveolar ducts.

17.5  Long-Range Diffusion

All of the methods discussed have used diffusion times of approximately 2 ms, cor-
responding to free displacements below 1 mm. Thus, most gas atoms start and end 
the diffusion interval (determined by the gradient pulse) in the same acinar airway. 
Additional information about lung airways is available from long-range ADC 
(LRADC) measurements.
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Diffusion over longer distances (e.g., 1–3 cm) requires much longer diffusion 
time intervals (several seconds) than the intravoxel T2* of approximately 20 ms at 
1.5 T, which determines the lifetime of transverse magnetization in gradient-echo 
images. The solution is to let the longitudinal spin magnetization Mz carry the posi-
tion information. To achieve this, a sequence of two π/4 rf pulses is used, separated 
by a gradient pulse in the x-direction [57]. The Mz is modulated from relative value 
1 to 0 as a function of x,
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Fig. 17.7 Examples of the maps of acinar airways geometric parameters obtained with 3He lung 
morphometry and CT images (bottom row) for a GOLD 0 former smoker (left, FEV1 = 93 % pre-
dicted, FEV1/FVC = 80 %), a GOLD 0 smoker (middle, FEV1 = 94 % predicted, FEV1/FVC = 71 %), 
and a GOLD 2 former smoker (right, FEV1 = 62 % predicted, FEV1/FVC = 56 %). These images 
illustrate the heterogeneity of disease across the lungs and the significant increases in R and Lm and 
decreases in h and Nv with COPD. Red pixels on the CT images indicate regions of emphysema 
(attenuation less than −950 HU) (Adapted from Quirk et al. [99])
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where the wavelength of modulation λ is determined by the area of the gradient 
pulse, λ = 2π/γGt. A small-flip angle inspection image taken afterward in the XY 
plane reveals a stripe pattern superimposed on the lung image.

An example of stripe images with unilateral elastase-induced emphysema is 
shown in Fig. 17.8. Brownian motion (diffusion) of the gas will mix the bright 
(magnetized) and dark (unmagnetized) spins, leading to a decay of the spatial mod-
ulation [56]. That is, the stripes fade without losing average intensity, as in Fig. 17.8. 
To reveal only the effect of diffusion on the stripes, a normalizing scheme that cor-
rects for overall T1 decay of the signal as well as consumption of Mz by the rf imag-
ing pulses usually is used [57, 58, 93].

Woods et al. [57] determined that in healthy canine lungs, the average LRADC 
was 0.015 ± 0.004 cm2/s, which is about ten times less than the average measured 
value for the traditional short-range ADC measured over milliseconds and hundreds 
of microns. In the emphysematous lung, the average LRADC varied from animal to 
animal, with significant increases from the normal lung in four of five animals. An 

Fig. 17.8 Time sequence of tagged images in a canine with emphysema in the right lung only 
(right side of each image). The images have a tagging wavelength of 3 cm and were acquired 
0–4.1 s after tagging, in equal increments of 1.36 s. The LRADC map at lower right is calculated 
from the decay rate of the fractional modulation on a pixel-by-pixel basis and shows a substantial 
difference in LRADC between the two lungs. The fast diffusion is evident from the rapid disappear-
ance of the modulation in the right lung. An ADC map of short-range diffusion is also shown for 
comparison; note the different scales for LRADC and ADC (Adapted from Woods et al. [57])
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average increase in LRADC by a factor of 2.7 in the emphysematous canine lungs 
implies that the technique may be used as a measure of tissue destruction, airway 
connectivity, and collateral ventilation over large distances.

The relevant length scale for diffusive motion is λ/2, approximately 1–1.5 cm 
[57]. In healthy lungs, the airways form a network of bifurcating paths over approxi-
mately 23 levels [115]. Thus, the airways are singly connected with a unique path 
between any two points. For example, a journey from one location at level 21 to 
level 22 at a point 1.5 cm away necessarily requires going from one acinus to 
another, since the acini have maximum linear dimensions of approximately 7 mm. 
Therefore, the atom must move from level 21 to at least level 16 (the level where the 
acini commence and interconnect) and back to level 22. At each of the many junc-
tions, the atom must make the correct turn if it is to leave its starting acinus, and this 
tortuous path will make the long-range ADC quite small (0.02 cm2/s has been mea-
sured in vivo in normal human lungs [58]) if gas motion is restricted along the air-
way tree. Further discussion of the diffusion physics behind LRADC measurements 
can be found in previous reports [59, 60, 91, 92, 94].
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       The chest wall consists of the rib cage and the diaphragm – abdomen. Actions of the 
inspiratory and expiratory respiratory muscles belonging to these compartments 
alternatively displace themselves resulting in pressure change of the pleural space, 
which yields respiration. As each compartment moves with a single degree of free-
dom in normal subject [ 1 ], the linear displacement or the cross-sectional area change 
of the rib cage and the abdomen obtained from the body surface has been measured 
with the magnetometer or the respiratory inductive plethysmograph in the analysis 
of chest wall mechanics[ 1 ,  2 ]. However, abnormal chest wall motions such as a 
biphasic motion of the abdomen during inspiration, the rib cage (abdomen para-
dox), or a phase difference    between the rib cage and the abdomen were also observed 
in patients with COPD using these devices [ 3 ,  4 ]. 

 There are limitations in interpretations for these curious phenomena, because the 
action of the diaphragm as the principal inspiratory muscle within the body is unable 
to estimate precisely with those tools. In fact, we found that the anterior part, the 
center (or dome), and the posterior of the diaphragm in patients with severe emphy-
sema during breathing efforts analyzed by serial roentgenograms did not move as a 
simple piston as in normal, but did with a phase shift between the anterior and the 
other two parts. Some patients showed that the relationship between the 
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diaphragmatic length and peeling off the zone of apposition during inspiration was 
quite different between the right and left sides [ 5 ]. 

 Magnetic resonance imaging (MRI) during rest has a potential advantage to pro-
vide a clearer shape of the diaphragm than other imaging modalities [ 6 ,  7 ]. 

 As patients with emphysema feel dyspnea on exertion rather than during rest, 
MR images during breathing, namely, dynamic MRI, is a more preferable modality 
to study pathophysiology and mechanics of dyspnea in these patients. Dynamic 
MRI provides information regarding with not only chest wall motion but also move-
ments of intrapleural structures such as the trachea, heart, great vessels, and pulmo-
nary vascular trees. In terms of the latter aspect, opening during inspiration and 
folding during expiration of the pulmonary vascular trees suggest regional ventila-
tion of the lung. In this chapter, we present some results obtained from the patients 
with severe emphysema who underwent lung volume reduction surgery (LVRS) [ 8 ] 
or giant bullectomy and show that dynamic MRI is a powerful modality in diagnosis 
and treatment for patients with emphysema. 

18.1     MRI Instrument and Method 

 Dynamic MRI of the chest and the upper abdomen in the mid-coronal slice and the 
midsagittal slice were obtained with an MR instrument (1.5 T Signa-Advantage, G 
E) using fast spoiled GRASS method. The operating conditions were as follows: 
repetition time of 9.9 ms, echo time of 2.5 Fr, fl ip angle of 45°, scan thickness of 
10 mm, and fi eld of view of the image in the sagittal and coronal directions of 450 
or 480 mm. One image was made every 1.4 s while a subject was asked to repeat 
a slow and deep breathing starting from the resting expiratory lung volume through 
the residual volume (RV) and the total lung capacity (TLC) lasting for approxi-
mately 30 s for one cycle [ 9 ].  

18.2     PartI Chest Wall Motion and Configuration 
of Patients with Emphysema 

18.2.1     Subjects and Measurements 

 We studied six patients with emphysema who underwent bilateral LVRS and two 
patients undergoing unilateral LVRS via median sternotomy and 5 normal subjects 
who were recruited from our hospital personnel. The average age, height, and forced 
expiratory volume in one second (FEV1) of the patients were 69 ± 2 (SE) year, 
162 ± 2 cm, 0.52 ± 0.06 L, respectively. The average of age and height of the normal 
subjects were 34 ± 4 year and 169 ± 2 cm. Dynamic MRI were obtained before and 
1–6 months after LVRS in the patients group. In the mid-coronal slices, the zone of 
apposition (Di,zone) facing the lower rib cage, the part of the diaphragm dome fac-
ing the lung (Di,dome), and the transverse diameter of the lower rib cage at the 
upper point of the zone of apposition were measured at RV and TLC according to 
the method of Braun et al. In the midsagittal slices, the part of the diaphragm facing 
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the lung(Di,dome), the anterior and posterior zones of apposition (Zone,app), and 
the anteroposterior diameter of the lower rib cage at the xiphoid process were mea-
sured at RV and TLC [ 10 ].  

18.2.2     Results and Discussion 

18.2.2.1     Coronal Slice 
 The relationship between the average of the sum of the right and left Di,dome and 
the average of the sum of the right and left Di,zone of the patients and the normal 
subjects at RV and TLC were shown in Fig.  18.1 . Although the zone of apposition 
at TLC is not always zero [ 6 ], we plotted Di,zone at TLC on the line of zero in order 
to show its change from RV to TLC. The sum of the Di,dome of the both sides in the 
normal subjects increased while the sum of Di,zone decreased substantially from 
RV to TLC as shown in normal subjects [ 5 ,  9 ]. In contrast, Di,dome in the patients 
before LVRS started from a signifi cantly longer point at RV than normal and reached 
a shorter point at TLC in the opposite way of normal. The average change from RV 
to TLC of Di,zone in the patients was approximately 40 % of normal. After LVRS, 
the change in Di,dome and that in Di,zone from RV to TLC returned to normal pat-
tern, and the amounts of these changes were more than half of those in normal 
subjects.

   This paradoxical pattern of change in Di,dome seen in the patients before LVRS 
could be explained as follows. In normal subjects the rib cage is conical so that the 
Di,dome increases from RV to TLC [ 11 ]. 

 Although we did not measure Di,dome continuously through RV to TLC, we 
would expect that the lower rib cage of the patient with severe hyperinfl ation 
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expands laterally so that the fl attened diaphragm descends from a lower position at 
RV than normal and reaches a near point of an anatomical insertion to the rib cage 
of the diaphragm at TLC via a level of a maximum transverse diameter of the lower 
rib cage with excessive peeling off of the zone of apposition as shown in the stable 
patients with emphysema in the other study [ 5 ]. Decrease of lung volume after 
LVRS allowed the diaphragm to start a longer position at RV and to be a better 
shape of its dome, in other words, a longer zone of apposition. An increase of maxi-
mum lateral expansion of the lower rib cage from 4 ± 3 to 10 ± 3 mm (mean ± SE) 
( p  < 0.05) before and after LVRS supported this explanation. Two patients showed 
decreasing lateral diameter during inspiration before LVRS, so-called    Hoover’s sign, 
and this abnormal motion disappeared after LVRS.  

18.2.2.2     Sagittal Slice 
 Figure  18.2  shows the relationship between the average of the sum of the right 
Di,dome and the average of the sum of the anteroposterior diameter of the right 
lower rib cage at the xiphoid process in the normal subjects and the patients before 
and after LVRS. The xiphoid process of the patients at RV before LVRS shifted 
already to a similar position of the normal subjects at TLC due to hyperinfl ation 
resulting in shorter Di,dome of the patients. It was a striking fi nding that the antero-
posterior diameter of the lower rib cage in the patients before LVRS could increase 
from that point to a higher point by 2 cm at TLC though the anterior zone at RV was 
almost zero. Actually, the anterior and posterior zones of apposition of the 
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preoperative patients were 3 ± 2 and 36 ±6 mm (mean ± SE), while those of the nor-
mal subjects were 52 ± 6 and 89 ± 5 mm, respectively. These results suggest that the 
rib cage expansion of the patients before LVRS is almost provided by strong recruit-
ment of the rib cage muscles and the muscles in the neck whose recruitments tightly 
relate dyspnea sensation during respiratory loading [ 12 ,  13 ]. The point of the 
xiphoid process at RV, at which the diaphragm connected, descended after LVRS 
and gained more reserves for excursion that the anterior zone of apposition increased 
from 3 ± 2 to 14 ± 10 mm by LVRS ( p  < 0.05).

   We found geometrical changes not only in the diaphragm and but also in the rib 
cage in the patients before LVRS from both slices. In addition, the abdominal wall 
was fl attened rather than round as in normal, which suggested a passive tension 
would work on the abdominal muscles. Taking these fi ndings    into account, the 
upward shift of the xiphoid process, which is the junction of these three compart-
ments, and the fl atted abdomen would restrict the motion of the anterior part of the 
diaphragm and induce a phase shift between the anterior, center, and posterior parts 
of the diaphragm (Fig.  18.3 ). We reported previously dis - coordination among the 
anterior, center, and posterior parts of the diaphragm and the upper and lower rib 
cages in a similar group with emphysema that were studied during effort breathing 
with serial roentgenograms [ 14 ]. In this study dynamic MRI was obtained during a 
slow and deep breathing, but similar discoordination among the chest wall compo-
nents was seen before LVRS and was improved after LVRS (Fig.  18.4 ).

    In summary, lung volume reduction surgery (LVRS) for patients with advanced 
emphysema improved the chest wall pump function by returning the position of the 
respiratory muscles of the chest wall compartments to near original positions, which 
results in improvement of their mechanical property and the relationships among 
the compartments as well.    

Exp

Exp

Insp

Insp

xiphoid process

Th12-L1, 2

: Normal

: Emphysema

  Fig. 18.3    Confi guration of the rib cage, diaphragm, and abdomen in normal ( dotted line ) and 
patient with emphysema ( straight line )       
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18.3     Part 2: Patient Selection for LVRS 

 It is essential for successful outcome to select proper patients who might benefi t 
from LVRS. Imaging modalities and physiological examinations show important 
roles in this process. Hyperinfl ation estimated by imaging and functional examina-
tion is mandatory. Heterogeneity of emphysematous lesions in CT scan and perfu-
sion scan is necessary [ 8 ,  15 – 17 ], and the so-called worst or target area to be reduced 
in the upper lobe [ 8 ] has been a good predictor. Following these fi ndings obtained 
from case studies, LVRS has been proved as a safe, effective, and durable treatment 
which improves life-span, exercise tolerance, QOL, and dyspnea in patients with 
severe COPD selected appropriately by distribution of emphysema (upper lobe vs. 
non-upper lobe) and exercise capacity (low vs. high) through National Emphysema 
Treatment Trial, NETT [ 18 ]. 

 In addition to static imaging modalities noted above, we have been utilizing 
dynamic MRI to identify the target area which could be expressed as “airoma” char-
acterized by trapped excessive air and poor perfusion since we started this treatment 
in 1995. Airoma holds intrinsic PEEP due to a longer time constant in ventilation 
and reduces pulmonary circulation as a resistance. This concept came from our 
clinical experience in the treatment of patients with emphysematous giant bullae as 
follows. In order to predict the outcome of bullectomy, we analyzed not only the 
diaphragm-rib cage motion but also regional ventilation with serial roentgenograms 
during breathing efforts in the supine posture before operation (Fig.  18.5 ) [ 19 ].

   From the latter analysis, we found that the patients with giant bullae were subdi-
vided into three groups according to relationship between the diaphragmatic motion 
as a representative of ventilation of adjacent normal lung and the change of the size 
of the giant bulla as follows: 
 1. Synchronized type   : patients whose bullae changed the size in phase with the 

diaphragmatic excursion complained breathlessness after bullectomy rather than 
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improvement while FEV1 dropped postoperatively, and returned to the preopera-
tive values approximate 1 year after bullectomy. 

 2. Paradoxical type: patients whose bullae reached a maximum size at the end-
expiration, in other words, showing a 180° phase shift with the diaphragmatic 
motion. It is suggested that no changes in the size of bulla mean little ventilation 
through the bulla. Those benefi ted from bullectomy from early postoperative 
period because of improvement of breathlessness and spirometry. 

 3. Intermediate type: patients whose bullae reached maximum size at early expira-
tion showed an intermediate pattern between the two groups. 
 These results suggest that a patient who has a less ventilated, more air-trapped 

emphysematous part in the lung might get improvement soon after the resection of the 
part. Although we could not defi ne a clear line like a bulla to estimate local area ventila-
tion in patients with diffuse emphysema, we were able to utilize opening and closing 
motions of vascular trees during breathing with dynamic MRI which would refl ect 
regional ventilation because the pulmonary arteries run along the bronchiole. We defi ned 
little changes of vascular trees of a region of the lung as little ventilation to the region. 
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18.3.1     Coronal Slice 

 The amplitude of the right and left diaphragmatic motion was simple and useful 
information about ventilation of each lung. We found a phase shift between the two 
hemi-diaphragms in some patients. The most impressive sign of more air trapping 
of either lung was that the heart was pushed to the opposite side during expiration 
by the lung (Fig.  18.6a ,  b ). Similar shifts of the trachea or the superior vena cava 
were seen in these patients. It was easy to detect the worse side with these fi ndings. 
For qualitative estimation of the air trapping in the interested lung, we measured the 
ratio of lung area at RV to that at TLC as a ventilation fraction (VF).

a b

c d

  Fig. 18.6    Dynamic MRI in the coronal slices at TLC ( a ) and RV ( b ), and the left sagittal slices at 
TLC ( c ) and at RV ( d ) before LVRS of a 60-year-old male patient whose FEV1 was 0.28 L. The 
left lung pushes the heart to the right during expiration before LVRS ( b ). Ventilation fraction of the 
right and left lung before LVRS were 25 and −3 %, respectively. The vascular trees of the left upper 
lobe in the sagittal slices changed few during breathing ( c ,  d ), and VF of the left upper lobe was 
only 5 %. It was 21 % for the lower lobe       
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   In the coronal slices it was easy to evaluate the respiratory changes of the vascular 
trees during breathing for the upper lobe, but not always for the middle or lower lobes.  

18.3.2     Sagittal Slice 

 Dynamic MRI in the sagittal slices gave us more information than that in the coro-
nal slices. By identifying each lobe by interlober fi ssure with the absence of vascu-
lar structures, we could measure VF for each lobe and defi ne the severity of air 
trapping. A representative case who had the worst part in the left upper lobe and the 
second worst part in the right upper lobe is showed in Figs.  18.6  and  18.7 .

a b

c d

  Fig. 18.7    Dynamic MRI in the coronal slices at TLC ( a ) and RV ( b ), and the left sagittal slices at 
TLC ( c ) and at RV ( d ) 7 months after LVRS. VF of the right and the left lung were 30 and 8 %, 
respectively, in the coronal slices. VF of the upper lobe and the lower lobe were 21 and 28 %, 
respectively. VF of the whole lung increased from 12 to 19 % in the coronal slices, and that of the 
left lung increased from 13 to 25 % by LVRS. Confi guration of the chest wall was remarkably 
improved after LVRS. Vital capacity, FEV1, and 6-min walk increased from 1.9 to 2.9 L, from 0.28 
to 0.34 L, and from 220 to 338 m, respectively, and RV decreased from 5.66 (385 %) to 3.52 L 
(243 %) after LVRS       
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18.3.3        Clinical Results 

 Thirty-one patients were selected for LVRS between October 1995 and June 2003. 
Their characteristics and mean values in function testing were as follows: a mean 
age of 68 year (range 52–80), BMI of 18 Kg/m 2  (15–23), %FEV 1  of 27 % (11–46), 
%RV of 263 % (178–385), and 6 MWD of 287 m (75–450). We defi ned airoma in 
the upper lobes of 12 patients, in the lower lobes of 12 patients, in both lobes of 6 
patients, and in the middle lobe of 1 patient. Bilateral LVRS through median ster-
notomy were performed in 17 patients, while unilateral procedure by video-assisted 
thoracoscopic surgery or thoracotomy was done in others. All patients were fol-
lowed ranging from 1.8 to 9.5 years (median 6.5 years). There was no in-hospital 
mortality. Two patients underwent reexploration for air leak. Two patients needed 
mechanical ventilation for a few months after LVRS and recovered. All patients 
except one reported decrease in dyspnea and were satisfi ed with surgery. Patient 
selection based on functional imaging gave us promising early results. 

 Eleven patients out of 22 patients who underwent LVRS by Dec 1999 survived 
more than 5 years. Survival ratio at 1,2,3,4,and 5 years with Kaplan-Meier method 
were 97, 94, 90, 72 and 49 %, respectively. Respiratory failure and newly founded 
cancer were two major reasons of mortality. There was no difference between sur-
vival ratios in patients with upper lobe airoma and those with lower lobe airoma. 
Lung volume reduction surgery for patients with emphysema selected by functional 
imaging modalities produces symptomatic improvement in early term, and better 
survival for at least 3 years. Lung volume reduction surgery is a good and promising 
palliative treatment for patients with advanced emphysema wherever the airoma is 
located [ 20 ].   

18.4     In Conclusion 

 Dynamic MRI with two dimensions has limitation unable to infer something about 
the whole respiratory system. However, it provides not only insights about the inter-
action between the chest wall motion and regional ventilation of the lung but also 
reliable information to select the patients who might benefi t from LVRS.      

    Case Presentations by Dynamic MRI and Brief Summary 
of Clinical Results 

    Normal: 49-Year-Old Male 

 Coronal slice: Both diaphragms move in coordinated fashion. The motion of the 
lower rib cage and the diaphragm expressed as a widening piston is well understood 
(Video  18.1 ). 
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 Sagittal slice: The diaphragm and the rib cage move in phase (Videos  18.2  
and  18.3 ).  

    Patient with Severe COPD: 60-Year-Old Male 

     1.    Before left LVRS
    Coronal slice  (Video  18.4 )  
   Sagittal slice  (Video  18.5 )      

   2.    After left LVRS
    Coronal slice  (Video  18.6 )  
   Sagittal slice  (Video  18.7 )        
 Details about this patient were described in the text. See Figs.  18.6  and  18.7 .  

    Patient with Bilateral Giant Bullae: 41-Year-Old Male 

 He underwent bilateral bullectomy 15 years ago. He felt dyspnea during walking 
and was referred to our hospital.
    1.    Before left bullectomy 

 Coronal slice: It is suggested that the left giant bulla was more air trapped 
than the right giant bulla because it pushes the heart and the trachea to the right 
side during end-expiration phase. 

 Left sagittal slice: The left giant bulla compressed the hilum structures sig-
nifi cantly. The areas of the bulla at end-inspiration and at end-expiration were 
183 and 187 cm 2 , respectively. No changes in area of the bulla meaning little 
connection to the main airway was concise with the operative fi ndings that the 
bulla remained in its shape by intrinsic PEEP of 3 cmH 2 O within the bulla when 
the left bronchus opens to atmospheric pressure.   

   2.    6 months after left bullectomy 
 Coronal slice: The right lung remained giant bulla and in turn compressed the 

left lung signifi cantly. 
 Left sagittal slice: The left vascular trees were restored well.     

 As signifi cant improvement both in exertional dyspnea and functional examina-
tions were obtained after left bullectomy, he returned to his job. 

 Vital capacity (% predicted), forced vital capacity, forced expiratory volume in 
one second, and residual volume before left bullectomy were 2.7 L(68), 2.49 L(62), 
0.77 L(21), and 4.47 L(292), respectively. Those 6 months after operation were 
3.5 L(88), 3.22 L(81), 1.72 L(48), and 2.69 L(177), respectively. Exercise capability 
improvements were as follows: 6-min walk distance and exercise tolerance in Bruce 
protocol ECG were 380 m and 4 min before bullectomy, and those increased to 
440 m and 10 min after left bullectomy. He subsequently underwent right giant bul-
lectomy 8 months after the left bullectomy.
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a

c

b

  Fig. 18.9    Chest CT after right bullectomy. ( a - c ) The pulmonary vascular beds were well recov-
ered by sequential giant bullectomies       

a b

c

  Fig. 18.8    Chest    CT before left bullectomy. ( a - c ) The giant bullae of the both sides presented 
through the apex to the bottom of the pleural space, and compressed the lungs. The left lung par-
enchyme was more preserved than the right       
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19.1  Introduction

In most diseases of the lung, both function and structure are spatially heteroge-
neous. As a result, global measures of lung function obtained from measurements at 
the mouth may be insensitive to localized pathological changes in the lungs and 
usually fail to detect the true extent of the functional impairment. With the develop-
ment of imaging methods capable of providing detailed information in three dimen-
sions, the field of functional imaging has emerged to fill these gaps.

Pulmonary functional imaging can be broadly defined as the quantitative topo-
graphical assessment of functional, mechanical, and structural characteristics of the 
lung and its local responses to environmental stress, injury, and infection (Table 19.1). 
Topographically, each of these parameters can be affected differently by disease and 
may be assessed by imaging modalities such as X-ray computerized tomography (CT), 
positron or single-photon emission tomography (PET and SPECT), and magnetic res-
onance imaging (MRI). Functional parameters include, but are not limited to, regional 
ventilation sVA

( ) , perfusion Q( ) ,  V QA /  ratio, and shunt fraction  Qshunt r/ Q( ) , 
among others. Mechanical characteristics include parameters such as airway pathway 
resistance, regional tissue elastance and viscoelasticity, airway wall distensibility that 
can be estimated by a combination of imaging, and measured mechanical variables at 
the airway opening such as pressure. Structural parameters characterize the airway 
wall by its luminal area (Ai) or radius (ri) and its wall thickness aspect ratio (wall 
thickness to total diameter, ω) and the parenchyma by its degree of fractional air con-
tent (Fgas) and tissue content. Finally, the regional response to infection or injury can be 
characterized by parameters such as vascular permeability, extravascular lung water, 
and cellular inflammatory responses measured mostly with PET.
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Because of the short half-life of many of the isotopes used in PET, and its exquisitely
high sensitivity to detect isotopes in trace concentrations, this imaging modality is suit-
able for imaging most of the physiological parameters mentioned above, all within a 
short period of time and without physically affecting the process being measured.

This chapter is an expansion of a recent article but is not a comprehensive review 
of the functional imaging field. Instead, it is limited to presenting examples of PET 
and PET-CT applications in pulmonary functional imaging, developed and vali-
dated in our lab over the past two decades. For more detailed and broader descrip-
tions on these topics, the reader is referred to recent reviews in the imaging and 
physiologic literature [20].

19.2  PET and PET-CT (the Basics)

19.2.1  Physical Principles

PET imaging is based on the characteristic of certain isotopes that, upon radio-
active decay, emit a positron (the antimatter counterpart of an electron), thus 
their name: positron-emitting isotopes. Where it can interact with surrounding 

Table 19.1 Imaging Parameters used to characterize lung function, mechanics, structure and 
response to injury

Parameter Symbol Imaging method
Functional Regional ventilation or 

ventilation per unit volume VA  or s A
V

PET [1]
CT [2]
MRI [3]

Regional perfusion
Q

PET [4]
CT [5]
MRI [6]

Ventilation-perfusion ratio
 V QA /

PET [7]
MRI [8]

Regional shunt fraction
 Q Qshunt r/

PET [7, 9]

Mechanical Airway pathway resistance Rp PET [10]
Tissue elastance Etiss CT [2]
Airway wall distensibility CT [11]

Structural Airway luminal area or radius Ai or ri CT [12]
MRI [13]

Wall thickness or aspect ratio tor w = t/ri CT [14] 
Fractional air content Fgas PET [15]

CT [2]
MRI [16]

Response to 
injury

Vascular permeability PET [17]
Extravascular lung water PET [18]
Inflammation PET [19]

J.G. Venegas et al.



285

atoms for a short distance (typically less than 1 mm in solid tissue, but could 
be ~3 mm or more in the lung), it looses kinetic energy to the point where it 
interacts with an electron. This encounter annihilates both electron and posi-
tron, producing a pair of gamma photons, moving in almost exactly opposite 
directions (due to conservation of momentum), that, when detected in opposing 
photon counters simultaneously, are counted as a true “coincidence event” by 
the PET scanning device, and the source of radiation is known to have occurred 
in the path between the detectors [21]. After correction for photon energy atten-
uation by surrounding tissues and other factors [22], the local concentration of 
an isotope-labeled substance within the body can be recovered in 3D by recon-
struction of the local decay coincident events collected over a period of time. In 
PET-CT attenuation correction is based on the density data from CT scan of the 
imaged area.

19.2.2  Temporal and Spatial Characteristics of PET-CT

Modern PET-CT scanners provide spatial resolutions as small as 1 mm3 for 
small animal micro-PET [23] and <0.25 cm3 in clinical scanners that is comple-
mented by the much higher resolution of CT <1 mm3. More importantly, PET-CT 
can provide spatial and temporal co-registered 3D images of structure and func-
tion. PET-CT scanners consist of the two imaging devices mounted next to each 
other. First a CT scan is used to collect a short (~15 s for a full high-resolution 
chest scan) scan, and then the imaged part of the body is moved to the PET 
gantry to collect a series of dynamic scans that can be as short as a few seconds 
each but typically take several minutes. To exploit the high spatial resolution of 
CT and avoid blurring by motion, the CT scan is acquired during a breath-hold. 
In contrast, most PET scans, due to their longer imaging time, have to be 
acquired during breathing, thus degrading their spatial resolution to ~1 cm3 for 
images of the lung. Although newer PET and CT scanners allow imaging to be 
gated by breathing to reduce motion blurring of the data, in clinical studies this 
is rarely done because of increased radiation dose and/or prolonging scanning 
time. Instead, spatial misregistration errors, resulting from combining the static 
CT scan with breathing PET scans, can be minimized by acquiring the CT at a 
lung volume equivalent to that of the average volume during breathing. In our 
studies we use impedance plethysmography [1] to estimate a mean lung volume 
during a period of breathing prior to imaging. We present this value, and an 
instantaneous lung volume signal, to the subject via video display goggles for 
visual feedback during imaging (Fig. 19.1). Using this system, the subject is
coached to stop breathing at a mean lung volume during the CT image acquisi-
tion. For positron emitters of short half-life, PET-CT allows acquisition of serial 
3D data sets of multiple parameters of lung physiology and aerosol deposition
during relatively short periods of time including airway tree structure at high 
resolution (Fig. 19.2).
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Fig. 19.1 Lung volume display during PET-CT imaging. A signal of dynamic lung volume is
obtained with an impedance plethysmograph (SomnostarPT, Sensormedics Corp, Yorba Linda,
CA) and displayed in real time on the screen of a laptop and presented to the subject on video 
display goggles. The computer calculates the average lung volume during breathing and displays 
a line on the screen to guide the subject to stop breathing at that volume during the CT scan. In this 
manner, the high-resolution CT data is collected at a volume equivalent to the average lung volume 
during breathing, and thus similar to that during the acquisition of the PET imaging scan

Pulmonary Imaging and Bioengineering Lab. MGH

Fig. 19.2 Three-dimensional imaging data merging the residual Nitrogen-13 gas after a washout 
period of 2 minutes collected with PET, and the high-resolution structure obtained with CT. 
Because the PET imaging field is limited to a length of 20 cm, the PET data does not include the
most caudal part of the lung. Color code for the PET scan is yellow for the highest tracer concen-
tration and black for the lowest concentration. Note the patchy distribution of tracer residual dem-
onstrating large regions of the lung with very low ventilation surrounded by well ventilating lung 
(Pulmonary Imaging and Bioengineering Lab. MGH)
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19.3  PET Imaging of Lung Function and Aerosol Deposition

19.3.1  N13-Saline Imaging of Ventilation and Perfusion

19.3.1.1  The Basics
Nitrogen-13 is a positron-emitting isotope of nitrogen that can be produced in 
gas form (13N-N2) or as part of other compounds such as ammonia (13N-NH3). In 
this application 13N is used in gas form and, as N2, is highly insoluble in water, 
blood, and lung tissues (partition coefficient of N2 in water at body temperature 
~0.98). The nitrogen-13-labeled gas is dissolved into degassed saline and
injected into a peripheral vein. Once carried to the pulmonary circulation, upon 
reaching gas- containing alveoli, the isotope will diffuse into the airspaces of the 
lung with minimal absorption by other tissues. Because of its low solubility, we
had to develop methods such that 13N-N2 could be forced into saline solution at 
concentrations that yield adequate activity for imaging. For this purpose we 
built an automatic device [24] including quality control and injection safety 
features (Fig. 19.3). Once in saline solution, the tracer is injected intravenously 
during a breath-hold. The isotope is carried by venous blood, and, when it 
reaches the capillary bed, it diffuses across the thin alveolar membrane into the 
airspace at first pass. Then, in the gas phase the tracer remains at a plateau con-
centration until ventilation is restarted. Since the isotope is transported by blood 
flow, the local plateau concentration of 13N-N2 during the breath-hold is propor-
tional to the fraction of blood flow (perfusion, Q ) feeding that region (Fig. 19.4). 

Fig. 19.3 Front view and details of a three generation apparatus for labeling processing and 
injecting Nitrogen-13 in saline solution SALSA-3G. The system is based on a modern Stelant
MEDRad injector and, under computer control, purifies the gas sent by a cyclotron, mixes it with
degassed saline and injects it to the patient [24]

19 Pulmonary Functional Imaging with Positron Emission Tomography



288

As breathing is restarted, the tracer is ventilated out of the lung, and its regional 
washout rate is proportional to regional alveolar ventilation per unit of gas vol-
ume s A

V( ) . For a single-compartment model (uniform s A
V  and Q  within the 

resolution element), the area under the concentration- time plot, normalized by 
the plateau value, is proportional to the ratio of perfusion to specific ventilation 
 Q / s AV( ) , an index of gas transport efficiency. Although this model applies 

well to the healthy lung, it does not work well in disease. Analysis of local 
washout kinetics in a bronchoconstricted lung shows the existence of multi- 
compartment behavior suggesting important ventilation-perfusion mismatch 
within the resolution of imaging (sub-resolution heterogeneity) [25, 26]. This 
type of behavior can be modeled assuming that the local blood flow is distrib-
uted between a slow and a fast sub-resolution compartments that substantially 
improved gas exchange predictions [7] (Fig. 19.5).
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Fig. 19.4 Quantification of regional ventilation and perfusion with PET from the tracer kinetics 
of Nitrogen-13. The plot represents the local concentration of the tracer gas versus time following 
a bolus intravenous injection during apnea. Due to the low solubility of nitrogen in blood and tis-
sues, upon arrival to the pulmonary capillary bed it diffuses to the alveolar air space and remains 
at a plateau level during the apnea. The tracer concentration at the plateau level, Ao, is proportional 
to the regional perfusion ( Q ) reaching that region. After a short apnea, the subject begins to 
breathe and the tracer is washed out with a concentration following a single exponential function, 
if the ventilation is uniform within the region. The time constant (t?) is inversely proportional to 
the regional ventilation per unit of gas volume ( s V ). It can thus be shown that the area under the 
washout curve is proportional to the ratio of  Q / sV   Thus, from the injection of a single isotope, 
one can obtain co-registered images of Q , sV  and  Q V/
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19.3.1.2  Pulmonary Shunt
In diseased or injured lung, areas of edematous tissue, alveolar flooding, or atelec-
tasis involve blood flow that does not contact aerated spaces. This blood, therefore, 
does not participate in gas exchange and is said to shunt.

Within any region of the lung, shunting can be visualized with the 13N-saline infu-
sion/washout technique (Fig. 19.6). The total tracer content has two components: (1) 
tracer that is carried by blood that reaches aerated alveoli, redistributes into the airspace, 
and is retained during apnea and (2) tracer that is carried by blood reaching collapsed or 
flooded regions, in which the tracer passes rapidly through the lung, arriving and leaving 
without the retention of the tracer caused by a preferential partition coefficient.
During apnea, local tracer content rapidly reaches a peak whose magnitude is pro-

portional to the total perfusion to the region (QR). Thereafter, its concentration falls as 
tracer carried in shunting blood is removed from the lung. The level to which the content 
falls at the end of apnea1 is proportional to the blood flow to aerated lung (QA).

1 If the duration of the apnea is very short, the kinetics may not exhibit a plateau. In this case, QA 
can be estimated by extrapolating an exponential function fitted to the apnea curve.
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Fig. 19.5 Two-compartment analysis of VQ: In regions of the lung where ventilation is not uni-
form, the kinetics during the tracer washout do not follow a single exponential function. Instead, 
the data can be approximated by a double compartment with a fast compartment that washes out 
early; and a slow compartment that washes out at a lower rate. With this analysis the fraction of the 
blood flow from each compartment can be estimated
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The local shunt fraction can thus be deduced as 1 − (QA/QR). As with normal 
lung, the ventilation of aerated lung is given by the tracer washout rate.

The description given above is based on an idealized model of the lung and tracer 
kinetics, which has several deficiencies: for example, the infusion of tracer is implic-
itly assumed to be instantaneous; mixing in the heart is not modeled; the time- 
averaging effect of the PET scanner is not accounted for.

Improved parameter estimates can be made by matching the PET data to the 
output of a more complete model of the cardiopulmonary system [24]. In the model 
shown in Fig. 19.7, the heart is considered to be a single, well-mixed chamber; the 
effective heart volume (VH) implicitly includes mixing effects in the vena cava and 
pulmonary artery. The tracer is convected through the pulmonary artery, modeled 
with a time delay (ΔtTD), and reaches the lungs, which are divided into a number of 
regions of interest (ROIs). The blood flow to each ROI is considered to enter one of 
two parallel compartments: the first compartment is aerated and retains tracer dur-
ing apnea; in the second compartment, tracer shunts through the lung. The contribu-
tion of both compartments is added to describe the kinetics of the tracer through the 
region. Finally, since the PET scanner essentially measures mean tracer concentra-
tion over an imaging period, this effect is incorporated into the model.
Using nonlinear optimization techniques, the model parameters are adjusted to

provide an optimal fit to the experimental data. For each region of the lung, the follow-
ing parameters are estimated: perfusion to aerated compartment (QA), perfusion to 
shunt compartment (QS), and specific ventilation of the aerated compartment s A

V( ) .
Regional s A

V  and Q  of normal lungs and animal models with heterogeneous 
disease were analyzed using these methods [25] (Fig. 19.8). The analysis gave 
excellent correlations between measured blood gases and those predicted from cal-
culations using the imaged values of regional ventilation, perfusion, and shunt 
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(Fig. 19.9). The study also demonstrated that if the sub-resolution heterogeneity 
was ignored, the correlations were poor [25], indicating that in diseased lungs s A

V  
to Q  mismatching, at length scales smaller than the spatial resolution of PET, is 
substantial but can be recovered by analysis of the temporal information of the data.

19.3.1.3  Patchy Ventilation in Asthma
Using a similar analysis it was shown that methacholine-induced bronchoconstric-
tion resulted in patchy and bimodal distributions of regional ventilation (Fig. 19.10) 
in animals [26], in asthmatic subjects [27, 28], and in normal lungs [29]. Of interest 
was the substantial, although incomplete, attempt of the lung to maintain VQ match-
ing in the presence of severe bronchoconstriction [27].

Such a patchy distribution is also observed with MR hyperpolarized gases [30] 
and is consistent with a mathematical model of the lung that includes its bronchial 
structure and short and long distance interactions between the airway wall and its 
surrounding parenchyma [31]. Predictions from that model have been consistent 
and unified several apparently paradoxical observations such as dilation of some 
airways following MCh inhalation [32] or worsening of airway constriction with 
deep inhalations or after albuterol administrations (described below).
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Camera

Shut Compartment Tracer Content vs Time

Aerated Compartment Tracer Content vs Time

QT
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Fig. 19.7 Enhanced model of the lung including regional shunt. The injected tracer is mixed in 
the heart of volume VH and convected to the lung with a time delay (∆tTD). Each region of interest 
is composed of two compartments, one aerated and the other pure shunt. Finally, the effect of PET 
imaging is included. An equivalent model can be formulated to evaluate regions with heteroge-
neous ventilation
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Fig. 19.8 Examples of data from sheep showing the regional distributions of Perfusion (first 
column from the left), tracer retention at end washout (second column), the tracer kinetics in a 
semi-log plot (third column), and the distribution of V/Q in terms of fraction of ventilation or frac-
tion of perfusion. Data from a normal lung in the prone position (first row from the top) shows rela-
tively linear tracer kinetics and narrow uni-modal distribution of VQ. The data from a model of 
pulmonary embolism, also in the prone position (second row), shows regions with perfusion 
defects and some broadening of the V/Q distributions but no shunt and minimal tracer retention. 
For the model of Acute Lung Injury caused by saline lavage (third row) imaged in the supine posi-
tion, the image of perfusion is collected at the end of the breath hold, and shows dependent regions 
with reduced tracer due to an elevated shunt. Note some tracer is also retained in regions of the 
lung and there is a broadening of the V/Q distribution. Finally, for a bronchoconstricted prone 
animal following inhalation of methacholine (fourth row), the data exhibits regions of elevated 
tracer retention showing ventilation defective patches and a multi-exponential washout curve. The 
V/Q plot shows clear bimodal distributions (Vidal Melo et al. [7])

Fig. 19.10 The regional distribution of ventilation in bronchoconstricted lungs is patchy and 
bimodal. The top figure is 3D rendering of the chest wall (gray), airways (brown), and ventilation 
defects (magenta). The bottom plots are distributions of mean-normalized ventilation of a subject 
with asthma at baseline (left) and after Mch Challenge (right). Note that both at baseline and Post 
challenge the distributions are bimodal. At baseline there is a small fraction of voxels ventilated 
with less than one tenth of the ventilation in the rest of the lung. Post Mch, the fraction of hypoven-
tilated voxels is substantially increased (greater area under the low ventilation mode)
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Fig. 19.9 Values of blood gases estimated from PET imaging data (x-axis) plotted against mea-
sured blood gases in animals with severe gas exchange impairment shown in Fig. 19.8, show excel-
lent correlation. Excellent correlations where obtained when the imaging data was analyzed with 
the multi-compartment model of Figs. 19.5 and 19.7. The correlation was lost when the data was 
analyzed with the single compartment model, suggesting that a large fraction of the gas exchange 
impairment is caused by sub-resolution heterogeneity in V/Q (Taken from Melo Ref [7])
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Although not well characterized, the impact of a patchy distribution of ventila-
tion on peripheral distribution and airway deposition of an inhaled medication was 
intuitively understandable. Indeed, given that the primary transport mechanism for 
aerosol particles is convection along the inhaled gas stream, one can expect that (1) 
the transport of aerosol particles into severely hypoventilated regions of the lung 
periphery should be reduced and (2) to compensate for the reduced airflow through 
airways leading to patches of ventilation defective alveoli, there should be an eleva-
tion of airflow through airway leading to the well-ventilated regions; thus from 
mathematical modeling it can be inferred that deposition of the aerosol in those 
airways will be increased by inertial effects [33]. One could therefore theorize that 
delivery of an aerosol to a patchy lung may cause exaggerated bronchoreactivity if 
the aerosol contains an agonist or has reduced effectiveness if the aerosol contains a 
bronchodilator [34]. The following examples illustrate how a preexisting patchy V  
distribution can affect the regional response to inhaled bronchoactive aerosols.

19.3.1.4  Sequential Methacholine (MCh) Challenges
We reasoned that if a first bronchial challenge by MCh aerosol produced a patchy 
distribution of ventilation, a second challenge, by depositing the agonist on prefer-
entially ventilated regions, should dramatically alter the pattern of ventilation het-
erogeneity. In this example, we imaged with PET ventilation distribution in one 
asthmatic after each of two consecutive MCh challenges, both at the same PC20
concentration determined days before the scanner. The first challenge was used to 
create an initial patchy ventilation distribution, and the second challenge was given 
30 min later to evaluate the effects on ventilation heterogeneity.

In this case, ventilation defects formed in the dependent part of each lung after the 
first challenge (Fig. 19.11, top left panel). Note that although the left lung ventilation 
defect retained a lower fraction of activity than that of the right lung at the end of the 
washout (0.30 vs. 0.40), the rest of the lung had a residual activity of only 3 % of the
initial one. In contrast, after the second challenge the previously poorly ventilated 
dependent region of the right left lung showed not only an increase in perfusion but 
also a substantial reduction in tracer retention fraction compared with that following 
the first challenge (from 0.3 to 0.02). The ventilation defect of the right lung also
reduced its tracer retention (from 0.4 to 0.16), although not as much as the left lung.
This illustrates how the reduced ventilation in those regions, after the first challenge, 
partially protected them from receiving the second dose of the agonist compared 
with the rest of the lung that tripled its fraction of tracer retained (from 0.03 to 0.09).
Since the sequential challenges were given separated by 30 min of each other, it is
possible that the regional degree of constriction of the lungs, including its dependent 
parts, may have spontaneously decreased. However, this would not explain why the
less-ventilated regions increased ventilation while the rest of the lung decreased it. 
Instead, the result is consistent with previous observations in bronchoconstricted 
sheep [26] and supine human subjects [28] where regions that became ventilation 
defects with methacholine were being preferentially ventilating prior to the aerosol 
challenge. This result also supports the hypothesis that bronchoprovocation in the 
presence of heterogeneous V  distribution, by concentrating the agonist in well- 
ventilated areas, can exaggerate a regional hyperreactive response [35].
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19.3.1.5 Methacholine (MCh) Challenge of an Initially Patchy Lung
A similar effect can be seen following an MCh challenge to a subject originally 
showing with mild but visible ventilation defects (Fig. 19.12). In this case, the MCh 
inhalation results in increase of ventilation and blood flow in regions that were 
poorly ventilated at baseline and a reduction of regional ventilation and blood flow 
in well-ventilated regions at baseline (Fig. 19.13).

19.3.1.6 Paradoxical Effects of Albuterol
Opposite effects can be expected if a bronchodilator is delivered to a heteroge-
neously constricted lung. The following example illustrates such a case, where 
regional changes in ventilation and increased global measures of obstruction were 
observed in a spontaneously bronchoconstricted asthmatic after inhalation of alb-
uterol aerosol. In this case, mild obstructive symptoms were noted prior to the base-
line study, and the 13N-saline scans showing substantial ventilation defects scatter 
within the lung (Fig. 19.14 left). For this reason, instead of methacholine, the sub-
ject was then given inhalation of albuterol in a 13N-NH3-labeled saline solution 
(2.5 mg in 0.5 ml) with a standard jet nebulizer during normal tidal breathing. Local
deposition of the isotope-labeled aerosol was imaged with PET (Fig. 19.14 right). 

0.3 0.4

0.02 0.16

0.03

0.09

Initial activity
(perfusion)

At end of
washout

Sequential MCh challenges

First
challenge

Second
challenge

Fig. 19.11 The effect of heterogeneous distribution of ventilation during aerosol injalation can be 
seen from the changes in regional perfusion and ventilation following sequential methacholine 
challenges. The figure shows the distribution of tracer concentration, in a transverse slice of the 
thorax following IV injection during the apnea (perfusion, left column) and after a 3 min period of 
ventilation (tracer retention, right column). The upper images were obtained following an initial 
methacholine challenge, and the lower images after a second agonist challenge. The regions with 
low ventilation (high tracer retention) after the first challenge are circled by a green line and num-
bers show the average fraction of tracer remaining in them and in the rest of the lung at end wash-
out. Note that the regions with low ventilation following the first challenge increased their 
ventilation after the second challenge at the expense of the rest of the lung. This clearly demon-
strates how the initial heterogeneity of ventilation can modify the local effects of an inhaled bron-
choconstrictive agent
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Twenty minutes after albuterol inhalation, a second set of 13N-saline PET scans 
were conducted (Fig. 19.14, middle).

From the 13N-saline PET scan (Fig. 19.14), it can be seen that the anatomical loca-
tion, and extent, of tracer-retaining regions at baseline, of this spontaneously con-
stricted patient, was not noticeably different from those observed in asthmatics with 
MCh-induced bronchoconstriction after the second challenge of MCh (Fig. 19.11). 
Furthermore, after albuterol inhalation, this subject had a paradoxical reduction in 
FEV1 of 14 %, an increase of 12 % in the heterogeneity in V  assessed as the mean-
normalized standard deviation of regional V , and an increase of 22 % in low-fre-
quency airway resistance (Rlow) and of 91 % in low-frequency tissue elastance (Elow), 
both measured with the forced oscillatory flow technique. In addition, from the 3D
rendering of the ventilation defective regions (Fig. 19.14), it is clearly visible a strik-
ing peripheral shift of regions of low V  at the expense of central regions. This shift 
correlated with the mostly central deposition of the albuterol inhaled from a jet nebu-
lizer during shallow tidal breathing. Simultaneous to the paradoxical deterioration in 
FEV1, the fraction of volume occupied by ventilation defects (VDef’s Vol) increased
by 44% and their ventilation relative to that of the rest of the lung VDef/out  was reduced 
by 18 %. This example illustrates how a patchy V  distribution during bronchocon-
striction can result in unexpected results due to a heterogeneous deposition of the 
bronchodilator, a mechanism that could provide an explanation for paradoxical clini-
cal observations [36]. The study also underlines the usefulness of combining imaging 
of aerosol deposition with imaging of lung function for interpreting global measures 
of airway function such as FEV1 or airway resistance.

Perfusion

Baseline

End-washoutBreath-hold

Tracer retention

h010 h010

Fig. 19.12 Cross-sectional images of regional perfusion (left) and tracer retention after 2 minutes 
of washout (right) of an asthmatic subject at baseline. Starting from top to bottom, and left to right, 
are tomograms from the cranial to the caudal direction. The yellow arrow points at regions of lower 
perfusion on the left lung that coincide with areas of mild tracer retention
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After inhalation of agonist (Mch)

Perfusion

End-washoutBreath-hold

h010 h010

Tracer retention

Fig. 19.13 Cross-sectional images of regional perfusion (left) and tracer retention (right) of the 
same asthmatic subject of Fig. 19.12 after a metacholine (Mch) challenge. The yellow arrow points 
at the same regions of Fig. 19.12, but this time shows high blood flow and no tracer retention on 
the left lung. This illustrates how the regions of high ventilation at baseline, became hypo venti-
lated, while the regions of ventilation defects at baseline were protected from the agonist and 
became well ventilated

Paradoxical effects of aluterol

FEV1/TLC –12

Rlow 22

Elow 91

•

•

12

–18

VDef’s Vol. 44

VDef/Out

cov V

Contol
Post
albuterol

Distrib.
albuterol

% change

Fig. 19.14 Paradoxical response to a broncho-dilator. Representative tomographic slices of tracer 
retention and the corresponding 3D rendering of ventilation defects at control condictions (Left) 
and after inhalation of albuterol (Center), and the distribution of the bronchodilator (right). The 
table shows the percent change caused by the albuterol on: Forced exhaled volume during the first 
second devided by functional residual capacity (FEV1/TLC), Lung resistance (Rlow) and elastance 
(Elow) measured with forced oscillations at 0.2 Hz, the heterogeneity of ventilation covV, the ratio 
of specific ventilation between the ventilation defective regions and the rest of the lung, and the 
relative volume covered by the ventilation defects. For explanation see text
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Direct clinical implications of these examples may not be critical for inhalation
of short-acting bronchodilators, given that elevated doses of these drugs may be 
effective in most cases to relieve obstructive symptoms with minor side effects. 
However, the mechanism of heterogeneously distributed aerosol medication may
explain why inhaled therapies tend to fail in severe asthma attacks and intravenous 
bronchodilators may be required. More relevant could be the potential implications 
of these results for inhalation of long-acting bronchodilator medications. It is not 
difficult to envision how, if these medications are repeatedly given into a heteroge-
neous lung with ventilation defects, systematically constricted regions that are 
deprived of the drug could over time undergo airway remodeling or become chroni-
cally constricted [37]. Although the well-ventilated lung would be kept dilated 
under treatment, a sudden exacerbation could result in severe bronchoconstriction 
of the ventilating lung with a reduced capacity to dilate the remodeled regions. This 
could explain the observed increase in mortality in subjects receiving inhaled long- 
acting bronchodilators without corticosteroids [38] and the persistence of ventila-
tion defects over time regardless of disease severity or treatment [30, 39].

19.4  PET-CT Imaging of Aerosol Deposition

Previous PET imaging studies had evaluated [18F] fluorodeoxyglucose (18F-FDG)-
inhaled aerosol to provide detailed 3D quantification of the intrapulmonary distribu-
tion of aerosol deposition [40]. Similar information, although at reduced spatial 
resolution, can be obtained from SPECT-CT imaging [41]. The short half-life of 
13NNH3 (10 min) as a tracer, compared with that of 18F-FDG (110 min) or SPECT
agents (6 h), opens the possibility of sequential imaging of aerosol deposition in the 
same subject at short intervals and substantially reduced (approximately one-tenth) 
radiation dose compared with 18F-FDG. 13NNH3, as a tracer, is currently limited to 
imaging saline-based aerosols (Fig. 19.15). Longer half-life isotopes may be needed
to assess aerosol deposition from other therapeutic inhalers such as MDIs or DPIs
that require special loading of the agent. PET can also be used for imaging the depo-
sition and bio-distribution of directly labeled drugs and examine the resulting clini-
cal correlates [42].

19.5  PET-CT Provides the Link Between Global Mechanical 
Obstruction and Airway Constriction

Global airflow obstruction and heterogeneities in airway constriction and ventila-
tion distribution are prominent features of asthma. However, the mechanistic link
between these global and regional features had not been defined. Based on simulta-
neous studies of oscillatory mechanics and regional ventilation distribution, it was 
theorized that heterogeneous peripheral airway resistance was responsible for 
mechanical obstruction in asthma [43, 44]. That hypothesis was recently tested 
using a combination of PET, to image the distribution of regional ventilation, and 
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CT, to obtain detailed parenchyma and airway morphology [45]. Subjects with and 
without asthma were imaged before and after MCh challenges, and global obstruc-
tion was assessed with spirometry. Image-derived structure, analyzed using Apollo 
software (VIDA, Iowa City, IA, USA), and ventilation data measured with PET
(Fig. 19.16) were used as inputs to a subject-specific computational model of lung 
mechanics. The model estimated the anatomical distribution of peripheral resis-
tance that was consistent with the measured distribution of ventilation and the global 
degree of airway obstruction measured by spirometry. Results from this study 
(Fig. 19.17) show that peripheral specific conductance (sG = G/Vgas) in both groups 
was substantially lower than that from central airways (diameter >2 mm), and the 

Fig. 19.15 3D renderings of
the central airways tree and 
aerosol depostion.The 
peripheral deposition of the 
aerosol is seen as a cloud 
following the direction of the 
airways. Note the substantial 
amount of tracer in the 
esophagus and the spot of 
high deposition on the right 
upper lobar bronchus

Central airways

Gas velocity and flow rate
Pathway Resistance
Airway deposition dose
Wall thickness
Airway distensibility

Ventilation and Perfusion
Volumes (Gas, tissue, blood)
Peripheral Resistance
Tissue Elastance
Aerosol Deposition
Inflammation

Lung periphery

Location

Fig. 19.16 (Pulmonary Imaging and Bioengineering Lab. MGH)
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reduction in conductance due to MCh was much greater in peripheral airways than 
in central ones. It was thus concluded that peripheral airways are mostly responsible 
for the elevation in airway resistance during bronchoconstriction confirming previ-
ous theoretical predictions [46].

19.5.1  Imaging of Pulmonary Inflammation with 18F-FDG

Florine-18-labeled fluorodeoxyglucose (18F-FDG) is an analog of glucose mostly
used as a PET radiotracer to detect elevated metabolism of cancerous tumors. When 
injected intravenously, the uptake of the 18F-FDG radiotracer by normal lung tissues
is low, but it is elevated within inflamed tissues by ventilator-induced lung injury 
[47, 48, 49] (Fig. 19.18), smoke inhalation [50], infection [51], or allergic reaction 
[52]. This elevated uptake rate (Ki, min−1) is mostly localized on high metabolically 
active leukocytes, but other cells may also be involved [49]. In a model of unilateral 
cigarette smoke inhalation [50], we imaged regional Ki in addition to regional gas 
content (Fgas), ventilation ( Vr ), and perfusion (Qr) (Fig. 19.19) and derived Ki and 
V Qr r/  distributions for each lung for one of the animals (Fig. 19.20). These distri-

butions showed lower V Qr r/  and higher Ki for the smoke-exposed lung, with con-
sistent higher spread in both distributions for that lung. However, although all
animals were given the same cigarette dose to the left lung, there was a substantial 
variability in both the Ki and V Qr r/  distributions between animals (Fig. 19.21). The 
variability in response to smoke inhalation between animals unveiled important cor-
relations between the shunt fraction for each lung and the maximal values of 
Ki (Ki, max), defined as the mean plus the standard deviation of the distribution. 
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Fig. 19.17 Changes in the mean value of specific pathway conductance for central (left) and periph-
eral (right) airways resulting from a methacholine challenge (Base vs Post), measured from a group of
eight nonasthmatic (NA) and one of seven asthmatic (AS) subjects. For explanations see text * p<0.05,
** p<0.005
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Fig. 19.18 Neutrophilic inflamation imaged in a sheep with unilateral (left lung) ventilation 
induced lung injury (VILI). The tomography images seen from head to tail (left lung on the right
side of the prone sheep) show elevated 18F-FDG uptake. The graph on the right shows the ele-
vated uptake rate (Ki) of the 18F-FDG on the left (injured) lung, measured from the slop of the
plot
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Fig. 19.19 Regional lung function and inflammation following unilateral (left lung) tobacco 
smoke inhalation. The images show a representative slices of a gas fraction (Fgas), regional ventila-
tion (Vr), regional Perfusion Qr, and FDG uptake rate Ki seen from tail to head (left lung on the right 
side) of this prone sheep. Color code is defined for each image (Schroeder et al. [50])
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In other words, this correlation demonstrated the connection between the degree of 
functional gas exchange impairment and the degree of inflammation (Fig. 19.22). 
The data also showed a strong correlation between the mean-normalized variance of 
log /V Qr r( )  of the control lung and of the smoke-exposed lung (Fig. 19.23). It is 
reasonable to assume that the heterogeneity in V Qr r/  measured from the control 
lung represents the degree of heterogeneity preexisting before the exposure to 
smoke. Based on this assumption, the correlation between cov /2

V Qr r( )  of control 
and exposed lung would be consistent with the hypothesis that the degree of preex-
isting heterogeneity in the lung may be responsible for the variability in its response 
to cigarette smoke inhalation.
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19.6  Relationship Between Airway Inflammation, Airway 
Hyperresponsiveness, and Lung Function in Asthma

These following paragraphs illustrate a method for assessment of these relation-
ships noninvasively in human subjects and demonstrates that 18F-FDG Ki can serve 
as a biomarker of eosinophilic inflammation and local lung function [52]. In sub-
jects with demonstrated atopic asthma, we used PET-CT to assess regional Q , s A

V , 
fractional gas content (Fgas), airway wall thickness aspect ratio (ω), and regional Ki, 
after 10 h of segmental allergen challenge to the right middle bronchus. These
parameters, measured on the allergen-challenged lobe, were compared to those on 
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the right upper lobe, where diluent only was applied as a control. Wall thickness 
aspect ratio, ω, of the allergen-challenged airway was compared to those of simi-
larly sized airways from unaffected areas of the lung. The ratio in local Ki between 
allergen and diluent segments was compared to the ratio in cell counts obtained, 
24 h after the allergen challenge, by bronchoalveolar lavage of the respective seg-
ments (Fig. 19.24).

The data showed systematic regional reductions in Q , s A
V , and Fgas and increased 

ω and Ki in challenged versus controlled regions in all subjects (Fig. 19.25). 
Figure 19.26 shows that the ratio of eosinophil count (allergen/diluent) was linearly 
related with the ratio in 18F-FDGKi (R2=0.9917, p<0.001). What is remarkable about
this strong correlation is that the variables were measured 14 h apart, suggesting that 
the Ki ratio predicts the degree of eosinophilic cellular infiltrate into the alveoli many 
hours later. This may be because the Ki signal comes from marginating eosinophils 
(that are activated and avidly taking up plasma 18F-FDG), and these cells then migrate
into the alveolar compartment over the ensuing hours. Also evident from this data was 
that the absolute Ki in a region was not correlated to the absolute eosinophil count. 
Instead Ki and eosinophil counts were correlated when normalized by the values from 
the diluent lobe. This suggests that there might be a generalized inflammatory response 
that is variable among individuals, which is amplified by the allergen-specific 
response. The data suggests that regional Ki, may be a noninvasive and highly predic-
tive biomarker of eosinophilic airway inflammation and its functional effects in 
asthma. The method may serve to help understand the mechanisms of allergic inflam-
mation and to test the therapeutic effectiveness of novel drugs or treatments.

RB3

RB5 LB+5

Fig. 19.24 Left: Bronchial Allergen Challenge in Atopic Asthma. Airway tree and lung lobes
from one subject’s HRCT scan showing the segmental allergen challenged segment (Lower airway
segment, RB5) and the dilluent segment RB3. Right: Samples of BAL fluid from one of the subject
studied. Bal from the diluent-challenged segment is moderately cellular; but clear while the BAL
from the allergen challenged segment is cloudy and highly cellular
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19.7  Summary

The examples presented in this chapter demonstrate that the functional effects of 
inhaled medications or inflammatory agents can be substantially different depend-
ing on the heterogeneity of ventilation and/or the type of inflammatory stimuli. The 
imaging techniques described here are powerful tools to evaluate quantitatively and 
noninvasively these processes, both in animal models and in humans. Moreover, 
imaging of respiratory structure and function has the potential of yielding sensitive 
biomarkers of disease to aid in drug discovery and in the evaluation of effectiveness 
of novel therapies.
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        Pharmacological treatment is a key component of integrated COPD management. 
Over the last decade, many overviews and treatment guidelines have been published, 
including those by the ATS/ERS, UK National Institute for Health and Care 
Excellence (NIHCE) and the Global initiative for chronic Obstructive Lung Disease    
(GOLD) [ 1 ,  2 ,  3 ]. Updated advice relative to these last two documents is now avail-
able [ 4 ,  5 ]. This chapter considers aspects of COPD treatment in relationship to their 
impact on lung mechanics and examines whether other treatments, without a direct 
mechanical effect on the lungs, can also benefi t patients suffering from COPD. 

20.1     Lung Mechanics and COPD Treatment 

 Although the defi nition of COPD has been modifi ed over time, all recent versions 
emphasise the role of persistent and usually progressive airfl ow obstruction, as a 
defi ning feature. Hence, abnormalities in lung mechanics lie at the heart of COPD 
and explain many, but not, of the problems experienced by these patients. 

 Although defi ned in terms of airfl ow limitation, COPD diagnosis relies not only 
on the presence of a reduced FEV 1 /FVC ratio but also on the absolute reduction in 
FEV 1  which is normally reported in terms of the post-bronchodilator value. This 
approach has been widely adopted in clinical trials of COPD treatment, but to be 
accepted as clinically useful, treatments must also modify outcomes other than 
objectively measured lung function, as measured in Table  20.1 . Many studies refl ect 
the excellent reproducibility and effort independence of this measurement. 
Unfortunately, the relationship of the FEV 1  to the degree of reported symptoms is 
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relatively weak. This is because symptoms relate not primarily to the presence of 
airfl ow obstruction but to changes in other physiological variables.

   The earliest mechanical change in COPD is a rise in residual volume, which 
refl ects the onset of expiratory fl ow limitation and/or airway closure in the peripheral 
airways [ 6 ]. Reductions in mid-expiratory fl ow and an increased gradient between 
the total and peripheral respiratory system resistance may detect these abnormalities 
when spirometry is still relatively normal, but problems with between- subject repro-
ducibility have made these diffi cult techniques to apply in clinical trial populations. 
As residual volume rises, so does end-expiratory lung volume (EELV) and this 
refl ects the impact of both static and dynamic changes in lung mechanics [ 7 ]. 
Certainly, dynamic hyperinfl ation during exercise is an important determinant of 
symptoms, as illustrated elsewhere in this volume. Studies with anticholinergic bron-
chodilator drugs, at the early stages of COPD, have shown that the absolute degree 
of dynamic hyperinfl ation at any point during exercise can be modifi ed, although this 
does not necessarily translate into important changes in exercise capacity [ 8 ]. 

 In practice, bronchodilator treatment is not used regularly until the patient begins 
to report more persistent symptoms, by which time more signifi cant deteriorations 
in lung mechanics have occurred. 

 As EELV increases, the inspiratory capacity falls, and in consequence, the end- 
inspiratory volume during tidal breathing more readily approaches the inspiratory 
reserve volume, particularly during exercise. As a result, inspiratory muscle function is 
compromised and more effort is required to generate a smaller volume change, which 
translate into a rapid rise in the patient’s breathlessness. This has been well documented 
during exercise [ 9 ,  10 ], but similar factors are likely to apply during exacerbations 
when both static and dynamic increases in lung volume occur [ 11 ,  12 ]. 

   Table 20.1    Pharmacological management of COPD exacerbations   

 Drug  Setting  Route  Dose  Comment 
 Bronchodilator 
(SABA/SAMA) 

 O.P.  Inhaled  2 puffs every 
3–4 hours    

 Frequency of use 
should decrease over 
48 h or seek help 

 Bronchodilator 
(SABA/SAMA) 

 I.P.  Inhaled  Salbutamol 2.5 or 5 mg 
and ipratropium 500 
mcg every 6 hours 

 Nebulised till 
symptoms resolve 

 Corticosteroids  O.P. and 
I.P. 

 Oral  Prednisolone 30 mg  Give for 7–10 days and 
stop 

 Antibiotics  O.P.  Oral  Drug with appropriate 
sensitivity 

 Give for 5–7 days in 
patient with worse 
cough and sputum and 
dyspnoea 

 Antibiotics  I.P.  Oral  Drug with appropriate 
sensitivity 

    Give for 5–7 days in 
patient with worse 
cough and sputum and 
dyspnoea. Parenteral 
route seldom needed 

   O.P.  outpatient,  I.P.  hospitalised inpatient or ER attendee 
 For other abbreviations, see text.  
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 Bronchodilator drugs both decrease residual volume and increase inspiratory 
capacity at rest, which means that a larger tidal volume is possible and/or exercise 
can continue for longer, before critical levels of breathlessness develop [ 13 ]. 

 There are now good studies that have shown these effects with all classes of 
bronchodilators, irrespective of their duration of action [ 14 ,  15 ]. It is likely that 
the reduction in symptoms seen after bronchodilator treatment during an exacer-
bation is due to this effect. This has been noted even under resting conditions in 
severe COPD patients with marked hyperinfl ation, who were given both beta-
agonists and anticholinergic [ 16 ]. In this setting, where tidal expiratory fl ow 
limitation is present, there is little evidence that is modifi ed by the bronchodila-
tor drugs, although lung volume decreases [ 17 ]. Studies using the forced oscilla-
tion technique have shown that in fl ow-limited COPD patients, bronchodilators 
have much more impressive effects on inspiratory rather than expiratory respira-
tory system resistance [ 18 ] (Fig.  20.1 ). In practice, the respiratory system prefers 
to reduce dynamically regulated EELV rather than expiratory fl ow limitation pre-
sumably because the volume changes are directly sensed symptomatically and 
infl uence the breathing pattern. From the above, it is clear that bronchodilators 
can have important effects on both breathlessness and exercise tolerance by shift-
ing the critical choke points of fl ow limitation more proximally and aiding lung 
emptying, before the onset of fl ow limitation.
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   The effects of bronchodilator drugs in the prevention of exacerbation are more 
subtle but again are more likely to be related to their actions on lung mechanics. At 
present, exacerbations are considered to be sustained, symptomatically defi ned 
events, which may (or may not) require the use of additional medical treatment [ 19 ]. 
By increasing inspiratory capacity, a larger lung volume change is possible before 
symptoms (the defi ning feature of the exacerbation event) develop. Hence, regular 
long-acting inhaled bronchodilator treatment is associated with episodes which are 
reported as exacerbations, and hence, exacerbation frequency is lower in studies 
where effective bronchodilatation is given [ 20 ,  21 ]. As health status is infl uenced 
both by the number of exacerbations [ 22 ] and the degree of exercise limitation, 
sustained-acting bronchodilators will also improve this outcome. 

 Effects on gas exchange are more complex. In some studies, particularly those 
using short-acting beta-agonists have shown that there is deterioration in ventilation- 
perfusion matching, possibly by local relief of hypoxic vasoconstriction [ 23 ]. The 
result in changes in arterial oxygen percentage is small and not likely to be clini-
cally signifi cant, and at present, this effect of these drugs is not one that seems to 
restrict their use or be associated with safety hazards. The close interactions between 
lung volumes and pulmonary artery pressure mean that bronchodilators can produce 
apparent reductions in the degree of pulmonary hypertension seen in COPD [ 24 ]. 
Whether this is a real effect on intravascular pressure or simply a consequence of the 
way in which pulmonary artery is measured and the effects of lung volume on trans- 
pulmonary arterial wall pressure gradient is less clear. 

 While bronchodilators have predictable effects on lung mechanics, this is much 
less true for anti-infl ammatory treatment. Trials with both inhaled corticosteroids 
(ICS) and PDE4 inhibitor rofl umilast have shown small but consistent increases of 
FEV1 over 12 months of treatment [ 25 ,  26 ]. This is refl ected in treatments of quality 
of life, at least with ICS, especially when they are combined with long-acting beta- 
antagonists (LABA) [ 27 ]. Exercise tolerance can be increased by adding an anti- 
infl ammatory to a beta-antagonist [ 28 ]. These changes refl ect the small but important 
reductions in lung volumes secondary to control of airway infl ammation. Whether 
the same change explains the decrease in exacerbation frequency seen with anti- 
infl ammatory drugs is less clear. Recent data about a combination of a once-daily 
inhaled corticosteroid and LABA showed that exacerbation rates can be reduced 
even in the absence of changes in FEV1 [ 29 ], suggesting that anti-infl ammatories 
may not simply work by modifying lung mechanics.  

20.2     Current Treatment Approaches in COPD 

 The pharmacological management of acute exacerbations has not changed over the 
last decade. Patients received increased doses of both short-acting beta-antagonists 
and antimuscarinic often given from a wet nebuliser when they attend a hospital. 
Oral corticosteroids accelerate the rate of recovery from the exacerbation and reduce 
the chances of early relapse [ 30 ,  31 ] with doses of 30 mg prednisolone or equivalent 
being given for 7–10 days. Antibiotics in patients reporting cough and increased 
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sputum volume and breathlessness reduce the duration of the events, irrespective of 
the background treatment [ 32 ]. However, adding parenteral theophylline has no 
benefi cial effects and may be harmful. 

 Approaches to chronic management have changed and are no longer driven exclu-
sively by relating treatment to the FEV 1 , although lung function remains an important 
consideration in treatment choices. Two rather different management algorithms have 
been proposed. The GOLD group now suggests that patients should be classifi ed by 
combining information about the intensity of their symptoms (normally evaluated by 
the MRC breathlessness score and/or the COPD assessment test [CAT]), together with 
information about the risk of future events (assessed by the post-bronchodilator FEV1 
and the prior exacerbation history). This scheme is described in Fig.  20.2 .

   By contrast, NICE (like the ATS/ERS guidelines [ 1 ] and using formal evidence- 
based review) proposes that patients should be stratifi ed by whether their initial 
FEV 1  is above or below 50 % of predicted and therapy assigned accordingly. 

 In practice, the fi rst-line choices of the different approaches are very similar and 
can be summarised as:
    GOLD group A  – Short-acting inhaled bronchodilators to relieve symptoms. This is 

equivalent to the fi rst step in the NICE guidelines.  
   GOLD group B  – Long-acting inhaled bronchodilators as monotherapy. This cor-

responds to the second step in NICE for patients with an FEV 1  above 50 % pre-
dicted. There are now good data to suggest that once-daily tiotropium is better 
than twice-daily salmeterol [ 21 ], but whether this is a pharmacological effect or 
simply the result of the longer duration of action of tiotropium is unclear. This 
issue is likely to be resolved when more data about truly once-daily LABAs such 
as indacaterol, which has already been shown to produce equivocal changes to 
tiotropium in lung function [ 33 ], becomes available.  

   GOLD group C  – These patients with relatively few symptoms but worse lung func-
tion and/or exacerbation history appear to be infrequent in hospital practice [ 34 ] 
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but form a signifi cant component of the COPD population in the community. 
Here, either type of inhaled long-acting bronchodilator would be appropriate, 
with a marginal preference for LAMA.  

   GOLD group D  – This forms the commonest group in hospital practice, and here 
either LAMA or a combination of LABA and ICS would be fi rst-line treatment. 
There is somewhat more evidence in favour of combination treatment based on 
secondary outcomes and the one clinical trial which conducted a head-to-head 
comparison in this group of patients [ 35 ].     

20.3     Practical Issues 

 Although there are good data to support all of the above approaches, no therapy for 
COPD abolishes symptoms and/or exacerbations in every subject. In general, treat-
ment decreases the magnitude of these problems, as is shown by data with rofl umi-
last, which illustrates the conversion of frequent exacerbators to individuals who are 
less frequent exacerbators [ 36 ]. Realistic alternative treatments in patients, who 
continue to have troublesome symptoms, have been recommended by NICE. For 
patients with an FEV 1  of above 50 % predicted, they advise adding a second inhaled 
bronchodilator. The evidence for this was initially rather weak but recently has been 
strengthened by data with a new once-daily combination of indacaterol and glyco-
pyrronium, which improves lung function better than either of the components of 12 
weeks [ 37 ] and which is better than either of its component drugs at preventing 
exacerbations in more severe disease [ 38 ]. In patients with an FEV 1  up to 60 % 
predicted, reanalysis of the TORCH data has shown benefi ts of an LABA/ICS com-
bination on both lung function and the rate of exacerbations [ 39 ]. For those patients 
whose FEV 1  is below 50 % predicted, but still have problems, triple treatment with 
an LAMA/LABA and ICS is associated with few exacerbations and morning symp-
toms [ 40 ]. Whether rofl umilast helps this group of patients is less clear and a clini-
cal trial to resolve this issue is under way [ 41 ]. However, for patients who do not 
wish to use inhaled corticosteroids and have a history of bronchitis, this PDE4 
inhibitor is a useful alternative treatment [ 42 ]. 

 Why treatment is unexpectedly ineffective has been little studied. The interaction 
between the behaviour of the chest wall and lungs is likely to be signifi cant, at least 
in terms of bronchodilator actions. In general, patients with COPD increase the 
EELV during exercise as a result of the increased breathing frequency and the pres-
ence of tidal fl ow limitation. In most patients, the chest wall also hyperinfl ates to 
accommodate the increased lung volume [ 43 ]. This is not the response of the chest 
wall during exercise in healthy subjects where volume tends to decrease [ 44 ]. We 
have shown that some subjects who decrease their lung volumes after bronchodila-
tors seem to adopt a more normal chest wall response, which is disadvantageous, 
because they still show lung hyperinfl ation [ 45 ] (Fig.  20.3 ). Whether this pattern of 
behaviour persists, or the patient adapts to it with repeated dosing, has not been 
established, but it does explain why some patients report that they are not helped by 
the bronchodilator treatment, even though the lung function appears to improve. 
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Other patients unresponsive to bronchodilators include those whose exercise perfor-
mance is limited by leg fatigue [ 46 ] refl ecting the importance of interaction of 
hyperinfl ation and intrinsic cardiac disease and cardiac function. Other treatment 
approaches directed at these exercise-limiting problems are more likely to be effec-
tive than simply relying on improving lung function.

   All drug classes have adverse effects, which are well appreciated. The inhaled 
route is preferred for bronchodilators, as it signifi cantly decreases the incidence of 
side effects, but beta-antagonists are still associated with tremor, if used excessively, 
particularly in elderly subjects where they can produce palpitations. Dry mouth and 
even urinary retention have been reported with regular tiotropium treatment [ 47 ]. 
The inhaled route mitigates many of the anticipated side effects of corticosteroids, 
particularly osteoporosis and cataracts [ 48 ], but pneumonia is more common in 
patients who take inhaled corticosteroids, particularly those corticosteroids belong-
ing to the fl uticasone group [ 49 ,  50 ]. This risk does not seem to be associated with 
an increase in mortality rate [ 27 ] but may refl ect the poor resolution of previous 
COPD exacerbations [ 50 ]. This area merits further research if pneumonia is to be 
effectively prevented. 

 Despite concerns about the cardiovascular safety of beta-antagonists, the most 
recent data is reassuring and suggests that use of this class of agents may be benefi -
cial, even in those with a history of myocardial infarction [ 51 ]. Similar concerns are 
being raised around antimuscarinic drugs, but the data reported by the large 4-year 
UPLIFT study is reassuring [ 52 ]. Recent further anxieties about cardiovascular 
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mortality have been discussed in connection with the soft mist inhalation device 
used to deliver tiotropium [ 53 ]. A large clinical trial to assess the safety of this treat-
ment is due to report in 2003 [ 54 ].  

20.4     Future Developments 

 Despite hopes for more dramatic disease-modifying treatments in COPD, none of 
the candidate drugs have so far progressed to large-scale clinical trials. At present, 
most attention has been focused on once-daily inhaled treatments, with members of 
the existing bronchodilator classes, alone or in combination or together with corti-
costeroids. Additionally, the twice-daily drug aclidinium bromide also shows prom-
ise [ 55 ] and is now being tested in combination with formoterol. Small improvements 
in overall outcomes appear possible with these treatments, although the gains com-
pared with earlier treatments are likely to be modest. Exacerbation prevention with-
out modifying lung mechanics is possible by giving long-term antibiotics such as 
azithromycin [ 56 ], but whether this drug should be used widely is uncertain, given 
the potential impact on antimicrobial resistance. 

 New agents such as MAP kinase antagonists and biological treatments are under 
tests at present and may yet change our approaches to COPD management. However, 
for the time being, we are likely to get most gains by effectively using the treatments 
which have already been developed, rather than seeing new agents, with which to 
manage this disease.     
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21.1            Introduction 

 Chronic obstructive pulmonary disease (COPD) is a multisystemic disease where 
exercise intolerance is a common feature and has a profound impact on the quality 
of life. Exercise intolerance in patients with COPD results from a complex inter-
play of central and peripheral factors in which both respiratory [ 1 ] and limb [ 2 ,  3 ] 
muscle dysfunction could signifi cantly contribute. Dysfunction of respiratory and 
limb muscles is recognized as a major systemic manifestation of COPD [ 4 ]. 
Interestingly, adaptation of limb muscles in response to COPD differs from adapta-
tion of respiratory muscles [ 5 ]. The aim of this chapter is to summarize the current 
knowledge on the structural and functional adaptations of both muscle groups in 
response to COPD.  

21.2     Structural and Functional Alterations in Respiratory 
and Limb Muscles 

 Several structural and functional alterations affect both respiratory and limb mus-
cles. It should be noted that most of the data published on the skeletal muscle adap-
tations in COPD have been obtained by studying the diaphragm and the  vastus 
lateralis . This section will therefore focus on the adaptations reported in these two 
muscles and, when data are available, will provide insights on the situation observed 
in other muscles. 
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21.2.1     Structural Alterations 

21.2.1.1     Muscle Mass 
 Approximately 15 % of COPD patients present a reduced whole body muscle mass, 
as defi ned by a fat-free mass index (FFMI) <14.62 m 2  in women and <17.05 kg/m 2  
in men [ 6 ]. The reduction in muscle mass is more frequent in the severe stage of the 
disease but can be observed as early as in GOLD I stage [ 6 ]. Muscle mass decline 
may occur independently of body mass index (BMI), since a proportion of COPD 
patients exhibit lowered FFMI despite a normal BMI [ 6 ,  7 ]. 

   Respiratory Muscles 
 Diaphragm muscle mass is diffi cult to quantify directly in living human subjects. 
Diaphragm fi ber cross-sectional area (CSA) is reduced by 40–60 % in patients with 
severe COPD [ 8 ]. Patients with mild-to-moderate COPD present a 30 % reduction in 
myosin heavy chain content isolated from diaphragm samples [ 9 ], suggesting that an 
atrophic process or at least a change in the morphology of this muscle is occurring early 
in the development of COPD. The CSA of type I diaphragm fi bers is decreased in 
patients with COPD compared to subjects with normal lung function [ 10 ]. This fi nding 
is not universal to all respiratory muscles since parasternal intercostal muscle does not 
present a decreased fi ber size in COPD [ 11 ]. However, patients with COPD and fre-
quent exacerbations (4 or more in the past 12 months) exhibit a decline in the intercos-
tal and abdominal muscles’ CSA, as measured by computed tomography, when 
compared to patients with COPD without frequent exacerbations (fi rst hospital admis-
sion) [ 12 ]. Finally, sternocleidomastoid muscle CSA is equivalent when patients with 
severe COPD are compared to age-matched subjects with normal lung function [ 13 ].  

   Limb Muscles 
 It is reported that 15–20 % of moderate COPD patients present a reduced mid-thigh 
CSA when compared to age-matched controls [ 14 ,  15 ]. Similarly, about 20–25 % of 
 vastus lateralis  muscle fi bers present a reduced CSA in COPD patients [ 16 ]. 
Quadriceps  rectus femoris  CSA is also reduced in all the severity stages of COPD 
when compared to age-matched healthy controls [ 17 ]. This decreased fi ber CSA can 
be observed in all muscle fi ber types [ 18 ], although type IIa and IIx fi bers appear to 
be preferably impaired [ 16 ,  19 ].   

21.2.1.2     Shift in Fiber-Type Distribution 

   Respiratory Muscles 
 A muscle fi ber-type shift, in favor of type I fi bers, is observed in the diaphragm of 
severe COPD patients [ 8 ]. The increased proportion of type I fi bers is correlated 
with disease severity [ 10 ] and can be observed even in mild-to-moderate COPD 
patients [ 20 ]. A fi ber-type shift is also observed in accessory respiratory muscles. In 
fact, parasternal intercostal muscles exhibit increased proportion of type I fi bers in 
COPD patients [ 11 ] while external intercostal muscles present increased proportion 
of type II fi bers. However, this latter fi nding is not universal, since others have 
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reported a similar myosin heavy chain isoforms proportion in external intercostal 
muscle when comparing severe COPD patients and control subjects [ 21 ].  

   Limb Muscles 
 A shift in fi ber-type proportion is consistently observed in the quadriceps of patients 
with COPD. Whereas healthy subjects present a decreased proportion of type II 
fi bers with aging [ 22 ], patients with COPD exhibit a decreased proportion of oxida-
tive type I fi bers in favor of type IIx glycolytic fi bers [ 18 ,  23 ]. The magnitude in this 
fi ber shift reported in quadriceps correlates with disease severity [ 24 ]. Interestingly, 
this fi ber shift is not observed in the deltoid, an upper body muscle [ 25 ].   

21.2.1.3     Capillarization 
 Capillarization is an essential component of the body’s oxygen delivery system. 
Adequate capillary network ensures proper blood distribution throughout muscle 
tissue and, ultimately, adequate oxygen delivery to individual myofi bers. Suffi cient 
oxygen delivery is essential to ensure an optimal muscle function. 

   Respiratory Muscles 
 The capillary network is expanded in the diaphragm of patients with COPD as sup-
ported by the observation of an enhanced number of capillaries per fi ber on all fi ber 
types in these individuals [ 20 ].  

   Limb Muscles 
 In absolute number, the amount of capillaries is decreased in the  vastus lateralis  of 
patients with COPD [ 18 ]. However, when considering the number of capillaries per 
fi ber, the ratio is typically comparable between healthy subjects and patients with COPD 
[ 18 ]. Interestingly, patients with COPD who develop quadriceps muscle fatigue after a 
submaximal exercise exhibit fewer capillaries per fi ber in the  vastus lateralis  compared 
to patients with COPD that do not experience fatigue in the same conditions [ 26 ].   

21.2.1.4     Contractility 

   Respiratory Muscles 
 It is unclear if a defect in the contractile apparatus is present in the diaphragm of 
patients with COPD. The average and maximal tensions produced by isolated dia-
phragm fi bers are similar when patients with COPD of all GOLD stages and healthy 
subjects are compared [ 10 ]. On the contrary, a reduced passive tension is reported 
in diaphragm muscle fi bers isolated from patients with mild COPD [ 27 ]. In the 
same line, these fi bers display a reduced sensitivity to calcium, a parameter that 
likely results in a reduced force generation [ 9 ].  

   Limb Muscles 
 Muscle bundles isolated from the  vastus lateralis  of patients with COPD and healthy 
subjects exhibit similar maximum tetanic tensions, indicating that its contractile 
properties are preserved in COPD [ 28 ]. In support of this fi nding, the ratio of 
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quadriceps strength over muscle CSA is preserved in COPD when compared to 
healthy subjects [ 14 ]. This may not be the case in patients chronically exposed to 
systemic corticosteroids [ 29 ].   

21.2.1.5     Metabolic and Mitochondrial Alterations 

   Respiratory Muscles 
 In accordance with the predominance of type I fi ber proportion in the diaphragm of 
patients with COPD, an increase in oxidative enzyme activity along with a decrease 
in glycolytic enzyme activity are reported [ 20 ,  30 ]. In patients with moderate [ 31 ] 
and severe [ 21 ] COPD, increased mitochondrial respiratory chain capacity has been 
observed in the diaphragm when compared to healthy subjects. This fi nding is also 
reported in external intercostal muscle of patients with severe COPD [ 21 ].  

   Limb Muscles 
 The activity of a number of oxidative enzymes is decreased in the  vastus lateralis  of 
patients with COPD. Although confl ictual data exist concerning cytochrome c oxi-
dase activity [ 32 ,  33 ], hydroxyacyl-coenzyme A dehydrogenase (HADH) and 
citrate synthase enzymatic activities are all lower in COPD when compared to 
healthy population [ 34 – 36 ]. Interestingly, oxidative enzyme activities are reduced 
in type IIa fi bers isolated from the  vastus lateralis  of patients with COPD compared 
to healthy subjects [ 37 ]. Glycolytic enzyme activity is not clearly modulated in the 
 vastus lateralis  in COPD, but when oxidative-to-glycolytic enzymatic ratios are 
considered, a glycolytic-dominant metabolism is observed in COPD [ 34 ,  36 ]. 

 A reduction in the number of mitochondria per μm 2  of fi ber is found in the  vastus 
lateralis  and the  tibialis anterior  of patients with COPD when compared to age- 
matched controls [ 24 ]. Furthermore, a decreased expression of mitochondrial tran-
scription factor A (TFAM) and proliferator-activated receptor-γ coactivator 
(PGC-1α), two important contributors in mitochondria biogenesis, is found in the 
 vastus lateralis  of patients with COPD [ 38 ]. Interestingly, the respiratory properties 
of individual mitochondria isolated from the  vastus lateralis  are similar between 
patients with COPD and healthy individuals [ 39 ], indicating that the impaired oxi-
dative capacity of the  vastus lateralis  is the result of a decrease in the density of the 
mitochondria rather than a functional defect in these organelles.    

21.2.2     Functional Alterations 

 Strength, endurance, and resistance to fatigue, the main muscle function compo-
nents [ 40 ], are commonly decreased in patients with COPD [ 4 ], but there are sub-
stantial differences between respiratory and non-respiratory muscles. 

21.2.2.1     Respiratory Muscles 
 Respiratory muscle dysfunction is a cardinal feature of acute and chronic respiratory 
failure and is frequently observed in patients with COPD [ 41 – 43 ]. Hypercapnic respira-
tory failure due to respiratory muscle weakness [ 2 ,  44 ] is associated with morbidity in 
patients with COPD [ 45 ], and maximum inspiratory pressure is an independent 
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determinant of survival in these patients [ 46 ]. Moreover, respiratory muscle dysfunction 
has been associated with an increased risk for repeated hospital admissions [ 47 ]. 

 Due to increased lung resistance and elastance, as well as an amplifi ed ventila-
tory demand in COPD, the diaphragm and the accessory inspiratory muscles face 
chronic increased load. Given its role as the primary inspiratory muscle, the major-
ity of studies have focused on the diaphragm. However, when the ventilatory 
demand increases as a result of aging, respiratory diseases, and/or exercise, the 
accessory respiratory muscles, such as the intercostal and scalene muscles, contrib-
ute in a progressive manner to the breathing effort [ 48 – 50 ]. Despite their relevance, 
limited data on accessory respiratory muscle function are available. 

 Patients with COPD generate lower maximal inspiratory and transdiaphragmatic 
pressures through voluntary maneuvers but also when induced by phrenic nerve elec-
trical or magnetic stimulation when compared to healthy subjects [ 42 ,  43 ,  51 – 53 ]. 
The decrease in diaphragmatic force has been attributed to two main factors. First, 
hyperinfl ation-induced diaphragm shortening places the diaphragm at a mechanical 
disadvantage [ 1 ]. Second, a shorter length of the diaphragmatic fi bers [ 54 ] makes the 
diaphragm contracting on the ascending branch of its length-tension relationship. 
However, when corrected for reduced muscle length, diaphragm strength production 
is preserved or even increased in patients with severe COPD [ 42 ]. 

 Whether the respiratory muscle endurance is altered in COPD is still unclear and, 
because of technical diffi culties, limited data are available. Given the mechanical 
impairment of inspiratory muscles in COPD, decreased endurance has been suggested 
to take place in this disease [ 55 ]. However, inspiratory muscle endurance during 
repeated maximal voluntary contractions was found to be slightly superior in patients 
with severe chronic airfl ow limitation when compared to healthy subjects [ 51 ]. 
Adaptive response to the chronic respiratory load and the shorter duty cycle was evo-
cated to explain the relative preservation of inspiratory muscle endurance [ 56 ]. This is 
in line with greater oxidative capacity [ 8 ,  57 ,  58 ] and higher resistance to fatigue of 
the diaphragm [ 59 ,  60 ]. A qualitative systematic review [ 61 ] has shown that overload-
ing of the inspiratory muscles by diverse methods (such as inspiratory resistive load-
ing, whole body exercise, and hyperpnoea under normocapnic, hypoxic, or hypercapnic 
conditions) can induce muscle fatigue in patients with COPD. However, the extent of 
muscle fatigue varies widely between studies, ranging from 5 to 67 %, and the func-
tional signifi cance of inspiratory muscle fatigue is still unclear [ 61 ]. 

 Although expiration is normally a passive process, air exhalation can be facili-
tated by the contraction of other muscle groups, including those of the abdominal 
wall and the internal intercostal muscles. Patients with COPD exhibit a relatively 
preserved [ 62 ] or decreased [ 41 ,  63 ] expiratory muscle strength, as well as reduced 
expiratory muscle endurance [ 64 ]. The latter is decreased proportionally with dis-
ease severity in patients with COPD [ 64 ].  

21.2.2.2     Limb Muscles 
 A decrease in muscle strength and/or endurance is common in patients with COPD 
[ 2 ,  14 ,  65 – 67 ]. A 15–25 % decline in upper and lower limb muscle strength is usu-
ally observed when compared to age-matched healthy subjects [ 2 ,  14 ,  68 ,  69 ]. The 
degree of weakness and reduced endurance vary among muscle groups: Strength 
and endurance of the upper limb muscles is better preserved than that of the lower 
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limb muscles [ 14 ,  51 ,  68 ,  70 – 72 ]. This heterogeneity in muscle dysfunction between 
various limb muscles suggests a role for disuse in the development of limb muscle 
dysfunction in COPD. The similar muscle strength/CSA ratio between patients with 
COPD and healthy subjects [ 14 ] supports the notion that muscle atrophy is the main 
mechanism of weakness in this disease. However, under certain circumstances such 
as chronic or repeated exposure to systemic corticosteroids, a reduction in strength 
that is out of proportion with the degree of atrophy may occur [ 14 ,  29 ]. 

 Quadriceps fatigue is observed in up to 50 % of patients with COPD after a localized 
exercise [ 73 ] or cycling exercise [ 3 ,  74 ,  75 ]. Although susceptibility to muscle fatigue 
has been mostly reported in the quadriceps after cycling exercise [ 75 ], it has also been 
observed in plantifl exors and dorsifl exors of the ankle after walking tasks [ 69 ]. Muscle 
fatigue after exercise is not abnormal in itself; the concern in COPD is that fatigue 
occurs at a much lower intensity than in age-matched healthy subjects [ 69 ,  74 ]. 

 Interestingly, quadriceps strength and muscle CSA are positively correlated with 
FEV 1  [ 14 ]. In addition, quadriceps strength also correlates with exercise capacity 
and 6 min walking distance [ 2 ,  14 ]. Consequently, along with impaired lung func-
tion, patients with COPD have to deal with weaker and fatigue-prone muscles to 
perform their daily tasks. This situation has direct implications for exercise toler-
ance. Premature leg fatigue [ 3 ,  69 ,  76 ], early muscle acidosis [ 77 ,  78 ], and height-
ened perception of leg fatigue [ 14 ,  79 ] are all mechanisms through which lower 
limb muscle dysfunction may lead to exercise intolerance in COPD. Moreover, 
muscle weakness is also associated with other relevant clinical consequences of the 
disease such as decreased quality of life [ 80 ], impaired functional status [ 14 ], rate 
of hospitalization, and utilization of healthcare resources    (Table  21.1 ) [ 81 ].

   Table 21.1    Evidence of limb and respiratory muscle dysfunction in COPD   

 Limb  Diaphragm 
  Structural adaptations  
 Muscle atrophy 
   Muscle mass  Muscle mass 
 Morphological changes 
   Proportion of type I fi bers   Proportion of type I fi bers 
    Proportion of type IIx fi bers atrophy of type I 

and IIa fi bers 
  Proportion of type IIx fi bers 

   Capillarization   Capillarization 
 Altered metabolic capacity 
   Intramuscular pH   Oxidative enzyme activities 
   ATP concentration   Glycolytic enzyme activities 
   Muscle lactate concentration   Mitochondrial enzyme activities 
   Ionosine monophosphate 
   Mitochondrial enzyme activities 
  Functional adaptations  
  Strength   Inspiratory and transdiaphragmatic 

pressures 
  Endurance  Preserved or  endurance 
  Fatigability  Fatigability unclear 
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21.3          Etiology of Muscle Dysfunction in COPD 

21.3.1     Muscle Disuse 

 Patients with COPD are less active than age-matched healthy controls [ 82 ,  83 ], and 
the sedentary lifestyle is already present early in the course of the disease [ 84 ]. 
Inactivity initiates structural and functional modifi cations that are similar to what is 
seen in COPD limb muscles, including a decrease in type I muscle fi bers, a reduc-
tion in oxidative enzymatic capacity, and muscle atrophy [ 85 ]. In contrast, the 
increased activity observed in respiratory muscles is in agreement with the increased 
type I muscle fi ber proportion observed in the diaphragm of patients with COPD. In 
addition to disuse, multiple evidences support the existence of a myopathy in COPD 
that could act in synergy with inactivity to further worsen muscle function. For 
example, training does not improve muscle fi ber typing in COPD patients [ 18 ], and 
muscle function is weakly correlated to physical activity level and physical fi tness 
in these patients [ 86 ], suggesting that mechanisms other than inactivity are involved 
in the development of limb muscle dysfunction. 

 This section proposes a quick overview of the possible implication of the infl am-
matory response, oxidative stress, medication, hypoxia, low anabolism, and ciga-
rette smoking in the development of muscle dysfunction in COPD.  

21.3.2     Inflammatory Response 

 COPD pathogenesis is associated with a severe infl ammatory response in the air-
ways and lungs [ 87 ]. Review articles have concluded that the reduction in lung 
function in COPD is associated with increased levels of circulating infl ammatory 
markers (circulating leukocytes, serum tumor necrosis factor alpha, fi brinogen, and 
c-reactive protein) [ 88 ]. Infl ammation by itself can induce skeletal muscle modifi ca-
tions such as atrophy and impaired contractility [ 89 ,  90 ]. Furthermore, systemic 
infl ammation is a risk factor for limb muscle weakness and exercise intolerance in 
COPD [ 91 ,  92 ]. Interestingly, exacerbation events in COPD are associated with a 
worsening in systemic infl ammatory response [ 93 ]. These periods of exacerbation 
could therefore represent critical events in the progressive development of muscle 
dysfunction in COPD. At the muscle level, it is not clear whether infl ammation is 
present [ 94 ,  95 ]. Perhaps exacerbation episodes could be key moments where local 
infl ammation is increased.  

21.3.3     Oxidative Stress 

 Oxidative stress results from an imbalance between reactive oxygen species pro-
duction and the level of antioxidant defenses. Evidence of oxidative stress is 
found in the  vastus lateralis  and the diaphragm of patients with COPD [ 96 – 98 ]. 
Oxidative stress can be deleterious for muscle tissue. For instance, it is known to 
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promote protein catabolism [ 99 ], a key cell event in skeletal muscle atrophy 
development, and is also directly associated to muscle endurance in patients with 
severe COPD [ 96 ].  

21.3.4     Medication 

 Prolonged usage of systemic corticosteroid is known to induce myopathy [ 100 ]. 
In COPD, the steroid-induced myopathy is associated with peripheral and respira-
tory muscle weaknesses, as well as a reduction in quadriceps fi ber CSA when 
compared to healthy subjects and patients with COPD not chronically using cor-
ticosteroids [ 101 ].  

21.3.5     Hypoxia 

 Chronic exposure to a hypoxic atmosphere induces a signifi cant reduction of the 
mid-thigh CSA and the  vastus lateralis  muscle CSA in human subjects [ 102 ]. 
Impaired tissue oxygenation or decreased PaO 2  in COPD is associated with lower 
body weight [ 103 ,  104 ]. Moreover, patients with hypoxemic COPD exhibit evi-
dences of increased oxidative stress in the  vastus lateralis  when compared to non- 
hypoxemic COPD after a knee extension exercise protocol [ 105 ]. In addition, 
hypoxia can induce an infl ammatory response [ 106 ,  107 ] and may promote protein 
degradation while reducing protein synthesis [ 5 ].  

21.3.6     Low Anabolism 

 Low levels of testosterone have been reported in patients with COPD [ 108 , 
 109 ]. However, the impact of low testosterone on muscle dysfunction develop-
ment is unclear since hypogonadism does not further alter limb muscle strength 
and endurance in patients with COPD [ 110 ]. Testosterone can promote muscle 
hypertrophy by stimulating protein synthesis [ 111 ]. When combined to a train-
ing program, testosterone therapy appears to increase lean body mass in COPD 
patients [ 112 ].  

21.3.7     Cigarette Smoking 

 Cigarette smoking is the main causal agent of COPD [ 113 ]. Interestingly, vastus 
lateralis muscle specimens sampled from non-COPD smokers exhibit decreased 
type I fi ber proportion along with an increase in glycolytic enzymatic activity [ 114 ]. 
These data show that skeletal muscle from smokers could be already impaired prior 
to development of COPD. 

 Figure  21.1  summarizes the main factors involved in muscle adaptations 
in COPD.
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21.4         Muscle Dysfunction Reversibility 

 Exercise training does not improve lung function. As a result, other physiological 
adaptations have to be invoked to explain improvements in exercise capacity and 
health status occurring after exercise training in COPD. Limb and respiratory mus-
cle adaptations are among these positive modifi cations. 

 Exercise training is a powerful intervention to improve limb muscle strength and 
fatigue susceptibility [ 115 ,  116 ]. This therapy may also prevent further worsening in 
limb muscle function during an acute exacerbation of the disease [ 117 ]. Although most 
of the studies have focused on lower limbs, emerging literature demonstrates that upper 
limb muscle training is also effi cient in COPD [ 118 ,  119 ]. The response to exercise 
training is nevertheless heterogeneous in patients with COPD and is commonly smaller 
compared to what is observed in healthy subjects [ 120 ]. Response to exercise at the 
cellular level is a complex and highly regulated process. Recent literature elegantly 
demonstrates that metabolic responses [ 121 ] and regulation of the cellular stresses after 
exercise [ 122 ,  123 ] are distinct in lower limb muscle of patients with COPD when 
compared to healthy subjects. In addition, regenerative capacity could be altered in 
patients with severe disease and muscle atrophy [ 124 ]. Knowledge about the molecular 
response to exercise training in COPD is at its infancy, but further development on this 
topic will be instrumental to better understand the impact of COPD on muscle tissue 
adaptation to training and in designing better training programs. 

 Various others interventions such as nutritional support, growth hormone and its 
analogs, antioxidants, and vitamin D supplementation have been investigated for 
their potential ability to improve muscle mass and function [ 4 ]. The actual clinical 
effi cacy and application of these interventions are still uncertain.  

    Conclusion 
 Muscle dysfunction is a common manifestation in patients with COPD. 
Mechanical imbalance due to increased preloads and hyperinfl ation constitute the 
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  Fig. 21.1    Main factors involved in muscle adaptations in COPD       
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main factors contributing to respiratory muscle dysfunction, whereas decon-
ditioning due to reduced physical activity appears to be a signifi cant driver of limb 
muscle dysfunction. Although disuse plays an important role in muscle dysfunc-
tion, it cannot fully explain the muscle adaptations observed in this disease. Many 
mechanisms including local and systemic factors are likely to be involved in this 
process. Interestingly, muscle dysfunction is, at least, partially reversible with 
exercise training. Because of its relevance in chronic respiratory diseases, it is 
crucial to be able to recognize, characterize, and promote interventions aimed to 
maintain adequate function in respiratory and limb muscles in these patients.     
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        Chronic obstructive pulmonary disease (COPD) currently ranks as the fourth cause 
of death in the United States and the world [ 1 ,  2 ]. Its prevalence has increased as 
overall mortality from myocardial infarction and cerebrovascular accident, the two 
organ systems (heart and brain) affected by the same risk factor (namely, cigarette 
smoking), has decreased. Once diagnosed, COPD is progressive and leads to dis-
ability usually due to dyspnea, at a relatively early age (sixth or seventh decade). 
Limitation to airfl ow occurs as a consequence of the destruction of lung paren-
chyma or the alterations in the airway itself. This chapter integrates the pathological 
changes of COPD with the known adaptive and maladaptive consequences of those 
changes. Knowledge of these factors should help us understand the rationale behind 
the different therapeutic strategies aimed at decreasing the symptoms and address-
ing the complications of patients with COPD. 

22.1     Definition 

 COPD is a disease state characterized by the presence of airfl ow obstruction due to 
emphysema or intrinsic airway disease. The airfl ow limitation is associated with an 
abnormal infl ammatory response to inhaled particles or noxious gases (mainly ciga-
rette smoking). The obstruction is generally progressive, may be accompanied by 
airway hyperactivity, and may be partially reversible. Patients with COPD also suf-
fer from important comorbidities. However, in this monograph, we shall concen-
trate on the pulmonary consequences of COPD. 

 Emphysema is defi ned pathologically as an abnormal permanent enlargement of 
the air spaces distal to the terminal bronchioles, accompanied by destruction of their 

        B.  R.   Celli ,  MD      
  Department of Pulmonary and Critical Care Medicine ,  Brigham 
and Women’s Hospital ,   75 Francis Street ,  Boston ,  MA   02115 ,  USA   
 e-mail: bcelli@partners.org  

  22      Pathophysiology of Chronic 
Obstructive Pulmonary Disease 

                Bartolome     R.     Celli     

mailto:bcelli@partners.org


340

walls, without fi brosis. Chronic bronchitis is defi ned clinically as the presence of 
cough and/or sputum production for at least 3 months in 2 years. Its pathological 
expression is enlargement of the mucosal glands and infl ammatory infi ltration of the 
airways. In most patients both emphysema and airway infl ammation coexist simul-
taneously [ 1 – 4 ]. The disease does not affect all portions of the lung to the same 
degree. This uneven distribution infl uences the physiologic behavior of the different 
parts of the lung.  

22.2     Pathophysiology 

 Biopsy studies from the large airways of patients with COPD reveal the presence of 
a large number of neutrophils [ 5 ]. This neutrophilic predominance is more manifest 
in smoking patients who develop airfl ow obstruction compared to smoking patients 
without airfl ow limitation [ 6 ]. Interestingly, biopsies of smaller bronchi reveal the 
presence of large number of lymphocytes, especially of the CD8+ type [ 7 ]. The same 
type of cells, as well as macrophages, have been shown to increase in biopsy that 
include lung parenchyma [ 7 ,  8 ]. Taken together, these fi ndings suggest that cigarette 
smoking induces an infl ammatory process characterized by intense interaction and 
accumulation of cells, which are capable of releasing many cytokines and enzymes 
that may cause injury. Indeed, the level of interleukin 8 (IL-8) is increased in the 
secretions of patients with COPD [ 9 ]. This is also true for tumor necrosis factor [ 10 ] 
and markers of oxidative stress [ 11 ]. In addition, the release of enzymes known to be 
capable of destroying the lung parenchyma, such as neutrophilic elastase and metal-
loproteinases (MMPs) by many of these activated cells, has been documented in 
patients with COPD [ 12 ,  13 ]. Therefore, an increasing body of evidence indicates 
that the anatomic alterations of COPD, such as airway infl ammation and dysfunction 
as well as parenchymal destruction, could result from altered cellular interactions 
triggered by external agents such as cigarette or environmental smoke (Fig.  22.1 ). 
Whatever the mechanisms, the disease distribution is not uniform, so in one single 
patient areas of the lung with severe destruction may coexist with less affected areas.

   Functionally, COPD is characterized by a decrease in airfl ow, which is more 
prominent on maximal efforts. Like the pathological distribution, the airfl ow limita-
tion is not uniform in nature. This causes uneven distribution of ventilation and also 
of blood perfusion [ 14 ,  15 ]. This in turn results in arterial hypoxemia (decreased 
PaO 2 ) and, if overall ventilation is decreased, in hypercarbia (increased PaCO 2 ). In 
those patients with an important component of emphysema or bullous disease, total 
lung volume increases resulting in hyperinfl ation. Each of these interrelated ele-
ments is important in the adaptive changes observed in patients with COPD and 
helps explain the clinical manifestations of the disease. 

 The relationship between structure and function in COPD is not well understood. 
Whether due to loss of attachments or tethering forces and/or due to infl ammation 
and mucous secretion, patients with COPD have decreased airfl ow. In spite of this, 
there is no good correlation between the currently used scoring system of either 
emphysematous or bronchitic changes and the degree of airfl ow obstruction. 
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Therefore, it is practical to describe the patient by the degree of physiologically 
determined airfl ow limitation. The severity of airfl ow limitation expressed by the 
value of post-bronchodilator forced expiratory volume in 1 s (FEV1) continues to 
be a good predictor of morbidity and mortality in COPD [ 16 ]. However, other vari-
ables that can be clinically measured do contribute to better predict the outcome in 
these patients. Of these, some have been known for a long time such as age and 
FEV 1  [ 16 ,  17 ]. That data is relatively old and by and large precedes the advent of 
low fl ow oxygen, modern long-acting bronchodilators, and mechanical ventilation. 
Indeed, the presence of hypoxemia and hypercapnia is also important in that they 
are predictive of mortality, once the patient has moderate to severe airfl ow limitation 
[ 18 ]. On the other hand, the FEV1 is a better predictor; when its values fall below 
50 % of predicted, mortality begins to increase [ 17 ]. 

 Over the last two decades, other clinical variables have been explored and found 
to be better predictors of mortality than the FEV1. The cardinal symptom of COPD 
is dyspnea [ 1 ,  19 ]. This sensation is the consequence of the interaction between 
cognitive and non-volitional neural processes and respiratory mechanics including 
airway obstruction. Dyspnea often limits functional activity and frequently causes 
the patient to seek medical attention [ 20 ,  21 ] and has been shown to predict 
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  Fig. 22.1    Cigarette smoking induces infl ammation. The interaction of different cells results in the 
release of cytokines that further perpetuate the infl ammatory state and cause tissue injury.  IL-8  
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mortality in large cohorts [ 22 ]. Similarly, the functional capacity measured as either 
the peak oxygen uptake during an exercise or the capacity [ 23 ] to walk over 6 min 
has also been validated as a predictor of survival [ 24 – 26 ]. Importantly, the combina-
tion of several of these variables into single multidimensional index such as the body 
mass index (B), obstruction (O), dyspnea (D), and exercise capacity (E) or BODE 
index has been shown to better predict mortality than either variable alone [ 27 ], sup-
porting the concept that COPD is a complex disease, diffi cult to evaluate with a 
single measurement. With this as a background, we shall concentrate on the respira-
tory component of COPD because this is the primary locus of the disease and the 
one more closely related to the perceptive sensations of patients with the disease.  

22.3     Airflow Limitation 

 To move air in and out of the lungs, the bellows must force air through the conduct-
ing airways. The resistance to fl ow is given by the interaction of air molecules with 
each other and with the internal surface of the airways. Therefore, airfl ow resistance 
depends on the physical property of the gas and the length and diameter of the air-
ways. For a constant diameter, fl ow is proportional to the applied pressure. This 
relationship holds true in normals for inspiratory fl ow measured at fi xed lung vol-
ume. In contrast, expiratory fl ow is linearly related to the applied pressure only 
during the early portion of the maneuver. Beyond a certain point, fl ow does not 
increase despite further increase in driving pressure. This fl ow limitation is due to 
the dynamic compression of airways as force is applied around them during forced 
expirations. This can be readily understood in the commonly determined fl ow- 
volume expression of the vital capacity (Fig.  22.1 ). As effort increases, expiratory 
fl ow increases up to a certain point (outer envelope) beyond which further efforts 
result in no further increase in airfl ow. During tidal breathing (inner tracing), only a 
small fraction of the maximal fl ow is used, and therefore fl ow is not limited under 
these circumstances. In contrast the fl ow-volume loop of patients with COPD is 
markedly different. The expiratory portion of the curve is carved out. This shape is 
due to the smaller diameter of the intrathoracic airways which decreases even more 
as pressure is applied around them. The fl ow limitation can be severe enough that 
maximal fl ow may be reached even during tidal breathing. A patient with this degree 
of obstruction (a not uncommon fi nding in clinical practice) cannot increase fl ow 
with increased ventilatory demand. As we shall review later, increased demands can 
only be met by increasing respiratory rate which in turn is detrimental to the expira-
tory time and causes dynamic hyperinfl ation (Fig.  22.2 ), a signifi cant problem in 
patients with COPD.

         The precise reason for the development of airfl ow obstruction in COPD is not 
entirely clear, but it may very likely be multifactorial [ 28 – 30 ]. Because airfl ow 
obstruction is physiologically evident during exhalation, COPD has been thought to 
be a problem of “expiration.” Unfortunately, inspiration is also affected because 
inspiratory resistance is also increased and, importantly, the inability to expel the 
inhaled air coupled with parenchymal destruction leads to hyperinfl ation [ 31 ,  32 ].  
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22.4     Hyperinflation 

 As the parenchymal destruction of many patients with COPD progresses, the distal 
air spaces enlarge. The loss of the lung elastic recoil resulting from this destruction 
increases resting lung volume. In a pervasive way, the loss of elastic recoil and air-
way attachments narrows even more the already constricted airways. The decrease 
in airway diameter increases resistance to airfl ow and worsens the obstruction. 
Decreased lung elastic recoil therefore is a major contributor of airway narrowing in 
emphysema [ 30 ]. Because in most patients the distribution of emphysema is not 
uniform, portions of the lung with low elastic recoil may coexist with portions with 
more normal elastic recoil property. It follows that ventilation to each one of those 
portions will not be uniform. This helps explain some of the differences in gas 
exchange. It also explains why reduction of the uneven distribution of recoil pres-
sures by procedures that resect more affl icted lung areas results in better ventilation 
of the remainder of the lung and improved gas exchange. 

 Increased breathing frequency worsens hyperinfl ation [ 31 ,  32 ] because the expi-
ratory time decreases, even if patients simultaneously shorten their inspiratory time. 
The resulting “dynamic” hyperinfl ation is very detrimental to lung mechanics and 
helps explain many of the fi ndings associated with higher ventilatory demand, such 
as exercise or acute exacerbation.  

22.5     Alteration in Gas Exchange 

 The uneven distribution of airway disease and emphysema coupled with the uneven 
perfusion due to gravitational forces explains the change in blood gases. The lungs 
of patients with COPD can be considered as consisting of two portions: one more 
emphysematous and the other one more normal. The pressure-volume curve of the 
emphysematous portion is displaced up and to the left compared to that of the more 

Volume

Flow

EELV -
rest

EELV -
exercise

 Fig. 22.2    Patients with severe 
COPD manifest fl ow limitation 
during tidal breathing. Increases in 
ventilatory demand (i.e., exercise 
and acute exacerbation) can only 
be met by increase in breathing 
frequency. This results in air 
trapping as expiratory time is 
shortened. The consequence of 
these changes is the development 
of dynamic hyperinfl ation and 
associated dyspnea  
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normal lung. At low lung volume the emphysematous (more compliant) portion 
undergoes greater volume changes than the more normal lung. In contrast, at higher 
lung volume the emphysematous lung is overinfl ated and accepts less volume 
change, per unit of pressure change, than the normal lung. Therefore, the distribu-
tion of ventilation is nonuniform, and overall, the emphysematous areas of the lung 
are underventilated compared with the more normal lung. Because perfusion is even 
more compromised than ventilation in the emphysematous areas, they have a high 
ventilation/perfusion ratio and behave as dead space. Indeed, this wasted portion of 
ventilation (VD/VT) corresponding to approximately 0.3–0.4 of the tidal breath of 
a normal person has been measured to be much higher in patients with severe 
emphysema [ 33 ]. At the same time, narrower bronchi in other areas may not allow 
appropriate ventilation to reach relatively well-perfused areas of the lung. This low 
ventilation/perfusion ratio will contribute to venous admixture (V/Q) and hypox-
emia [ 34 ,  35 ]. The overall result is the simultaneous coexistence of high VD/VT 
regions with regions of low V/Q match. Both increase the ventilatory demand, 
thereby taxing even more the respiratory system of these patients. 

 As ventilatory demand increases, so does the work of breathing, so the patient with 
COPD must attempt to increase ventilation in order to maintain an adequate delivery of 
oxygen. Alveolar ventilation must also be suffi cient to eliminate the produced CO 2 . If 
this does not occur, PaCO 2  will increase. Indeed, the arterial blood gas changes over 
time in patients with COPD parallel this sequence. Initially PaO 2  progressively decreases 
but is compensated by increased ventilation. When the ventilation is insuffi cient, the 
PaCO 2  rises [ 36 ,  37 ]. This is consistent with the observation that patients with COPD 
who develop severe hypoxemia and hypercarbia have a very poor prognosis [ 17 ].  

22.6     Control of Ventilation 

 For gas exchange to occur, it is necessary to move air in and out of the lung. This is 
achieved by the respiratory pump which is composed of the respiratory centers, the 
nerves that carry the signals from those centers, the respiratory muscles which are 
the pressure-generating structures, and the rib cage and abdomen. These compo-
nents are linked and ordinarily function in a well-orchestrated manner whereby ven-
tilation goes unnoticed and utilizes very little energy [ 38 ,  39 ]. 

 The central controller or respiratory center is located in the upper medulla and 
integrates input from the periphery and other parts of the nervous system [ 40 ]. The 
output of this generator is modulated not only by mechanical, cortical, and sensory 
input but also by the state of oxygenation (PaO 2 ), CO 2  concentration (PaCO 2 ), and 
acid–base status (pH). Once generated, the output is distributed by the conducting 
nerves to the respiratory muscles which shorten and deform the rib cage and abdo-
men and generate intrathoracic pressures. These pressure changes displace volume 
and air moves in and out depending on the direction of the pressure change. 

 The relation between “drive” and inspiratory pressure or volume is referred to as 
“coupling.” Coupling is usually smooth and occurs with minimal effort. That is the 
reason why breathing is perceived as effortless. Whenever the act of breathing 
requires effort, this “effort” is perceived as “work” which we defi ne as the 
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unpleasant sensation of dyspnea. The interaction between the central drive (control-
ler output) and the fi nal output (ventilation) is complex and involves many compo-
nents [ 41 ,  42 ]. This complexity renders it very diffi cult to ascribe dyspnea to a 
dysfunction in any individual portion of the system. The ventilatory control can be 
assessed at different levels. The simplest is the minute ventilation (VE) which 
refl ects the fi nal effectiveness of the ventilatory drive. Further insight can be 
obtained by measuring the two contributors to VE, the tidal volume (VT) repre-
sented by the volume of air inhaled in a breath and the respiratory frequency. 

 Analysis of these variables in COPD reveals that as the disease progresses, VE 
increases [ 42 ]. This is expected, as the need to keep oxygen uptake and CO 2  removal 
constant is challenged by the changes in lung mechanics and ventilation-perfusion. 
The increase in VE is achieved fi rst by an increase in VT; but as the resistive work 
due to airfl ow obstruction worsens, tidal volume decreases. The respiratory rate 
responds in a more linear fashion, increasing as the obstruction progresses [ 43 ]. The 
VE can also be expressed in terms of the mean inspiratory fl ow rate. This is obtained 
by relating the VT to the inspiratory time (VT/Ti) and the fractional duration of 
inspiration or (Ti/Tot). VT/Ti refl ects drive and Ti/Ttot refl ects timing. In COPD, 
both are altered by the need to increase VE. The Ti/Ttot, which normally has values 
of close to 0.38, shortens somewhat while the VT/Ti increases more in order to 
accommodate the increase in respiratory rate and shortened Ti/Ttot. 

 A relatively noninvasive way to measure central drive is the mouth occlusion 
pressure measured 0.1 s after the onset of inspiration (P0.1) [ 44 ]. With increased 
central drive, the increase in P0.1 is higher than that of VT/Ti [ 45 ]. This is due to 
airfl ow impedance that decreases mean inspiratory fl ow measured at the mouth 
while air is moving. The P0.1 is much less affected in COPD, because it is measured 
in conditions of no airfl ow, as the airway is temporarily obstructed. Mouth occlu-
sion pressure or P 0.1 has been shown to increase as the degree of obstruction wors-
ens irrespective of the alteration in arterial blood gases. The central drive increases 
as the degree of airfl ow obstruction progresses, reaching its maximum in patients 
with respiratory failure [ 37 ,  46 ]. The drive is effectively “coupled” to increased VT 
in the early stages of obstruction, but VT actually drops as the work to move air 
becomes very high. The only alternative is to increase respiratory rate. This also 
occurs, but as determined by the fl ow limitation characteristics of these patients, this 
adaptive phenomenon may result in further hyperinfl ation. As described earlier, 
hyperinfl ation displaces diseased portions of lung higher in their pressure-volume 
relationship. This effectively turns many portions of the lung into “restrictive” tis-
sue. At this point, respiration is less demanding (in terms of work or pressure 
changes) when a fast and shallower ventilatory pattern is adopted. Indeed, this is the 
observed breathing strategy in patients with the most severe COPD [ 47 ].  

22.7     Respiratory Muscles 

 As noted before, breathing depends on the coordinated action of different groups of 
muscles. The respiratory muscles can be divided into those that help infl ate the lungs 
(inspiratory) and those that have an expiratory action. In addition, there are upper 
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airway muscles (tongue and muscles of the palate, of the pharynx, and of the vocal 
cords), the function of which is to contract at the beginning of inspiration and hold 
the upper airways open throughout inhalation. Although very important in normal 
function, they play a limited role in pure COPD and will not be discussed further. 

 The diaphragm and the other inspiratory muscles are innervated by a wide array 
of motor neurons that range from cranial nerve 11 (C-11) which provides neuronal 
input to the sternomastoid to lumbar roots L2–L3 which innervate the abdominal 
muscles. The respiratory cycle is regulated by a complex series of centrally orga-
nized neurons, which maintain rhythmic breathing that goes usually unnoticed, that 
can be voluntarily overridden by the cortex. 

 The most important inspiratory muscle is the diaphragm [ 48 ]. It is well suited to 
perform its work due to its anatomic arrangement and histochemical composition. 
Its long fi bers extend from the noncontractile central tendon and are directed down 
and outward to insert circumferentially in the lower ribs and upper lumbar spine. 
This concave shape allows the muscle its lifting action as it contracts. The dia-
phragm can shorten up to 40 % between full expiration and end inspiration [ 49 ]. 
During quiet breathing, it accounts for most of the force needed to displace the rib 
cage. Other inspiratory muscles are also agonists during quiet breathing and con-
tribute to inspiratory effort. They are the scalene and parasternal intercostal mus-
cles. There are yet other muscles (truly accessory in nature) that are not active 
during quiet breathing in normals but may contribute to ventilation in situations of 
increased demand. Muscles such as the sternomastoid, pectoralis minor, latissimus 
dorsi, and trapezius are some of these truly “accessory” muscles [ 38 ,  43 ]. The 
abdominal muscles are expiratory in action, since their contractions will decrease 
lung volume [ 50 ]. Inasmuch as that they provide tone to the abdominal wall, they 
help the diaphragm, because they contribute to the generation of the gastric pressure 
needed for diaphragmatic contraction to be effective. 

 It has been postulated that the automatic and voluntary ventilatory pathways are dif-
ferent and that the respiratory and tonic functions of these muscles are driven from dif-
ferent central nervous areas and integrated at the spinal level. In patients in whom some 
of these muscles are participating in respiration, to perform non- ventilatory work, they 
must maintain a high degree of coordination. Either because of the load or because of 
competing central integration, muscle function may become dyscoordinated and result 
in dysfunction. We have seen this occurring in patients with COPD who perform unsup-
ported arm exercise. This type of exercise leads to early fatigue of the muscles involved 
in arm positioning and to dyssynchrony between rig cage and diaphragm-abdomen. 
This could also be caused by competing outputs of the various driving centers that con-
trol rhythmic respiratory and tonic activities of the accessory ventilatory muscles and the 
diaphragm. This dyssynchrony may be perceived as dyspnea. Its occurrence has been 
observed in normal subjects breathing against resistive loads and in patients with COPD 
breathing during voluntary hyperventilation [ 51 ,  52 ]. Likewise, it has been observed in 
patients immediately after disconnection from ventilators but before evidence of con-
tractile fatigue. This suggests that dyssynchrony is a consequence of the load and not an 
indication of fatigue itself. Whatever the reason, this breathing pattern is ineffective and 
is associated with respiratory muscle dysfunction [ 42 ,  51 ].  
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22.8     Dyspnea 

 Many patients with COPD stop exercising because of dyspnea [ 53 ,  54 ], and dys-
pnea is the dominant symptom during acute exacerbations of the disease [ 55 ]. 
Several studies have shown that in COPD, dyspnea with exercise correlates better 
with the degree of dynamic hyperinfl ation [ 32 ,  56 ] than with changes in airfl ow 
indices or blood gas exchange. Dyspnea also correlates better to respiratory muscle 
function than to airfl ow obstruction [ 23 ,  41 ]. Studies in normals have shown that 
dyspnea increases as the ratio between the pressure needed to ventilate and the 
maximal pressure that the muscles can generate (P breath/Pi max) increases [ 53 ]. 
Dyspnea also worsens in proportion to the duration of the inspiratory contraction 
(Ti/Ttot) and respiratory frequency. These are also the factors that are associated 
with EMG evidence of respiratory muscle fatigue [ 57 ]. Therefore, it has been sug-
gested that patients with COPD develop dynamic hyperinfl ation which compro-
mises ventilatory muscle function, and that this is the main determinant of dyspnea 
in these patients. Although respiratory muscle fatigue has been reasonably well 
documented in patients with COPD suffering from acute decompensation [ 58 ], its 
presence in stable patients remains in doubt. It is fair to state that the respiratory 
muscles of patients with severe COPD are functioning at a level closer to the fatigue 
threshold but are not fatigued. It is possible that restoration of the respiratory mus-
cles to a better contractile state could improve the dyspnea of these patients. Indeed, 
Martinez et al. observed that the factor that best predicted the improvement in dys-
pnea reported by COPD patients after lung volume reduction surgery was the lesser 
dynamic hyperinfl ation seen during exercise after the procedure [ 59 ]. This is consis-
tent with similar reports from other groups [ 60 ,  61 ] and the close association 
between decreased dynamic hyperinfl ation and dyspnea in patients treated with 
bronchodilators [ 62 ,  63 ]. 

 Dyspnea in patients with severe COPD may also be due to the level of resting 
respiratory drive and the individual’s response of the central output to different 
stimuli. In other words, at similar mechanical load and similar levels of respiratory 
muscle dysfunction, dyspnea may result from an individual’s response of the central 
motor output. This hypothesis is supported by work from Marin et al. [ 64 ] who 
demonstrated that the most important predictor of dyspnea with exercise was the 
baseline central drive response to CO 2 . The importance of this observation lies in 
the possibility that there may be a group of patients with COPD who manifest 
increased central drive and in whom adequate manipulation of this drive may result 
in decreased dyspnea. Until further studies are completed, this remains just an inter-
esting hypothesis.  

22.9     Peripheral Muscle Function 

 Many patients with COPD will stop exercising because of leg fatigue rather than 
dyspnea. This observation has prompted renewed interest in the function of limb 
muscles in these patients. Perhaps the most important of these studies are those 
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reported by Maltais et al. [ 65 ,  66 ] who performed biopsies of the vastus lateralis, 
before and after lower extremity exercise training, in patients with severe COPD. At 
baseline, patients with COPD have lower levels of the oxidative enzymes citric 
synthase (CS) and 3-hydroxy-acyl-CoA-hydrogenase (HADH) than normal. After 
exercise, the mitochondrial content of these enzymes increased. This was associated 
with an improvement in exercise endurance and decreased lactic acid production at 
peak exercise. These biochemical changes are in line with the observation of several 
groups that have suggested the presence of a dysfunctional myopathy in patients 
with COPD. The importance of deconditioning peripheral muscle dysfunction and 
training in COPD is addressed in a different chapter in this book.  

22.10     Integrative Approach 

 The overall function of the respiratory system in COPD can be represented by the 
model shown in Fig.  22.3 . Central to the model is the problem of airway narrowing 
and hyperinfl ation. In order to reverse the model to a normal state, it is necessary to 
resolve those two problems. Efforts to prevent the disease from developing (smok-
ing cessation) must be associated with methods aimed at reversing airfl ow obstruc-
tion (Fig.  22.4 ). Indeed, pharmacotherapy including bronchodilators, antibiotics, 
and corticosteroids is given to improve airfl ow. If this were effective, hyperinfl ation 
should consequently decrease. One alternative is to resect the portion of the lungs 
which are severely diseased, such as has been done in cases of large bullae [ 67 ]. 
Partial resection of lesser evident emphysematous areas (surgical or bronchoscopic 
lung volume reduction procedures) seems effective for a minority of patients 
[ 68 ,  69 ]. Finally, in acute exacerbations or under situations of increased ventilatory 
demands, the system may fail and respiratory failure with death may occur. 
Fortunately, the advances in noninvasive and invasive mechanical ventilation have 
made possible the support required to guarantee the survival of most patients with 
acute or chronic respiratory failure. After such an event, pulmonary rehabilitation 
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through improvement in peripheral muscle function, nutrition, and implementation 
of adequate coping mechanisms remains the best available option.
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        The aim of mechanical ventilation is to decrease the work of breathing and to 
reverse acute hypoxemia and/or respiratory acidosis. Most of critically ill patients 
require invasive mechanical ventilation [ 1 ]. There are three main types of invasive 
mechanical ventilation: controlled, assist-control, and assisted. 

 In controlled mechanical ventilation, the ventilator delivers a set tidal volume or 
pressure independently from the patient respiratory activity. In assist-control venti-
lation, the ventilator delivers a set tidal volume when triggered by the patient’s 
inspiratory effort or independently, if such an effort does not occur within a prese-
lected time. In assisted ventilation, the ventilator assists the respiratory effort of the 
patient according to the change of his breathing pattern. 

 The modality of mechanical ventilation is important to optimize respiratory 
function according to the patient’s characteristics. Studies have shown that optimal 
setting of mechanical ventilation and its use according to physiopathologic rationale 
may improve outcome [ 2 ]. 

 Different modes of invasive mechanical ventilation have been developed and 
used in daily clinical practice; in this chapter we discuss the  conventional ,  non-
conventional,  and the most recent modes of invasive mechanical ventilation in 
critically ill patients. 
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23.1     Conventional Modes of Invasive Mechanical Ventilation 

23.1.1     Volume-Cycled Ventilation Modes 

 Volume-cycled ventilation is the oldest mode of ventilation used in the operating 
room or intensive care unit. Volume control, assist-control, intermittent mandatory 
ventilation, and synchronized intermittent mandatory ventilation are different 
modes of volume-cycled ventilation. 

 In  volume control ventilation , the operator is required to set a fi xed tidal volume, 
respiratory rate, inspired oxygen fraction, inspiratory fl ow, and the alarm limits for 
airway pressure. The alarm limits of airway pressure are very important because in 
this type of ventilation, the variation of airway pressure is determined by the com-
pliance of the patient’s respiratory system. In volume control ventilation, the respi-
ratory effort depends completely on the ventilator because the patient is not able to 
breathe adequately. 

 Figure  23.1  shows the pressure, volume, and fl ow curves during volume control 
ventilation.

    Assist-control  (AC) is a common mode of mechanical ventilation used in medi-
cal intensive care units. A key concept in the AC mode is that the tidal volume of 
each delivered breath is the same, regardless of whether it was triggered by the 
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  Fig. 23.1    Pressure, volume, and fl ow curves during volume control ventilation       
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patient or the ventilator. At the start of an inspiratory cycle, the ventilator senses a 
patient’s attempt at inhalation by detecting negative airway pressure or inspiratory 
fl ow. The pressure or fl ow threshold needed to trigger a breath is generally set by the 
operator and is termed the trigger sensitivity [ 3 ]. If the patient does not initiate a 
breath before a requisite period of time determined by the set respiratory rate (RR), 
the ventilator will deliver the set tidal volume. However, if the patient starts a breath, 
the ventilator in AC mode will deliver the set tidal volume; these breaths are patient- 
triggered rather than time-triggered. 

 Figure  23.2  shows the pressure, volume, and fl ow curves for assist-control 
ventilation.

    Synchronized intermittent mandatory ventilation  (SIMV) is another commonly 
used mode of mechanical ventilation [ 4 ]. As AC, SIMV delivers a minimum num-
ber of fully assisted breaths per minute that are synchronized with the patient’s 
respiratory effort. These breaths are patient- or time-triggered, fl ow-limited, and 
volume-cycled. However, any breaths taken between volume-cycled breaths are not 
assisted; the volumes of these breaths are determined by the patient’s strength, 
effort, and lung mechanics. A key concept is that ventilator-assisted breaths are dif-
ferent than spontaneous breaths. 

 Figure  23.3  shows the pressure, volume, and fl ow curves for synchronized inter-
mittent mandatory ventilation.
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  Fig. 23.2    Pressure, volume, and fl ow curves during assist control ventilation. The ventilator 
delivers the fi rst breath, while the patient initiates the second and third breaths with a drop in air-
way pressure       
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23.1.2        Pressure-Cycled Ventilation Modes 

 Pressure-cycled ventilation is characterized by the setting of an inspiratory pressure 
that results in a delivered tidal volume determined by the dynamic compliance of 
the patient. Pressure control, pressure support, and airway pressure release are dif-
ferent modes of pressure-cycled ventilation. 

  Pressure control ventilation  (PCV) is pressure- and time-cycled ventilation, 
which produces a tidal volume that varies according to the compliance or imped-
ance of respiratory system [ 5 ]. In PCV during the inspiration, gas fl ows in the ven-
tilator circuit to pressurize the system until the pressure level set by the operator was 
reached. The gas fl ow lasts until the alveolar pressure rises at the level of ventilator 
circuit pressure; after that the fl ow is stopped. In    this way a gradient between the 
preset pressure, ventilator circuit pressure, and alveolar pressure is established, but 
if the gap between this three-step gradient is very large, fl ow is brisk. 

 Figure  23.4  shows pressure, volume, and fl ow curves for pressure control 
ventilation.

    Pressure support ventilation  (PSV) is patient-triggered, pressure-limited, and 
fl ow-cycled [ 6 ]. With this strategy, breaths are assisted by a set inspiratory pressure 
that is delivered until inspiratory fl ow drops below a set threshold. In this mode of 
ventilation, the inspiratory pressure facilitates the spontaneous breath triggered by 
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  Fig. 23.3    Pressure, volume, and fl ow curves during synchronized intermittent mandatory ventila-
tion. The fi rst and fourth breaths are mandatory and patient-triggered, while the second and the 
third unsupported breaths are determined by the patient’s inspiratory effort and respiratory 
compliance       
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the patient who controls his own respiratory rate and tidal volume. PSV may be 
used to overcome the resistance of endotracheal tube, to facilitate the respiratory 
effort of the patient, and to wean critically ill patients. 

 Figure  23.5  shows pressure, volume, and fl ow curves for pressure support 
ventilation.

    Airway pressure release ventilation  (APRV) may be considered as a partial ven-
tilatory support mode with the possibility to allow spontaneous breathing in each 
point of ventilation cycle [ 7 ]. APRV is a time-cycled ventilation in which the opera-
tor sets two levels of pressure (pressure high and pressure low) and the time that the 
patient spends to maintain each level of pressure (time high and time low) [ 7 ]. 
Theoretically, maximizing the time spent at pressure high allows optimal alveolar 
recruitment and improved oxygenation; the brief intermittent release of breath to 
pressure low allows adequate ventilation. Furthermore, the time spent at pressure 
high may be customized to allow spontaneous breathing and progressive alveolar 
recruitment at the set level of pressure. Attention should be given    in the setting of 
time low, because if it is too short intrinsic PEEP will result [ 8 ]. Spontaneous breaths 
may be supported or not, according to the patient’s clinical needs. 

 Figure  23.6  shows pressure-time curves during APRV.

Time

P
re

ss
u

re
(c

m
H

2O
)

V
o

lu
m

e
(m

I)
F

lo
w

(L
/m

in
)

Time

Time

  Fig. 23.4    Pressure   , volume, and fl ow curves during pressure control ventilation. A decelerating 
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23.2         New Modes of Invasive Mechanical Ventilation 

 The patient’s tailored modes are the new methods developed for invasive mechani-
cal ventilation. These new modes of ventilation may offer several advantages to 
optimize the patient’s respiratory effort and ventilator synchrony. It has been shown 
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  Fig. 23.5    Pressure, volume, and fl ow curves during pressure support ventilation. Spontaneous 
breaths are patient-triggered at different levels of pressure support (10 and 12 cmH 2 O)       
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that increased patient’s ventilator asynchrony might be associated with prolonged 
weaning and higher morbidity and mortality [ 2 ]. 

23.2.1     Proportional Assist Ventilation 

  Proportional assist ventilation  (PAV) has the ability to provide the best synchro-
nism between the patient’s effort and ventilator partial assistance. In this venti-
lation, the ventilator generates a level of pressure in proportion to the patient’s 
effort, and the ventilator output is under the full control of the patient’s respira-
tory center. 

 In spontaneous breathing, the pressure generated by the inspiratory mus-
cles (Pmus) is used to overcome the compliance and resistance of the respira-
tory system. In mechanically ventilated patients, the total pressure applied to 
the respiratory system (Ptot) equals the Pmus from the patient plus supplied 
airway pressure (Pappl). In PAV, the support is supplied by a combination of 
volume assist (VA) and flow assist (FA) based on the percentage of total work 
of breathing (WOB) that is dialed in for the ventilator to give [ 9 ]. The balance 
of the total WOB is then assumed by the patient. Since his inspiratory muscles 
have only to cope with the afterload, which has been reduced by the dialed 
WOB to be done by the ventilator (VA and FA), the ventilator essentially 
amplifies the patient effort [ 9 ]. The new generation of PAV (i.e., PAV +), 
allowing a better continuous estimation of the respiratory system resistance 
and compliance, seems to provide more flexible setting of the support accord-
ing to the patients’ need [ 10 ]. 

 Figure  23.7  shows pressure, volume, and fl ow curves for proportional assist 
ventilation.

23.2.2        Neurally Adjusted Ventilatory Assist 

  Neurally adjusted ventilatory assist  (NAVA) has been developed with the aim to 
overcome the limitation of PAV. In this ventilation the electrical activity of the inspi-
ratory muscles can be used as an index of the inspiratory neural drive [ 11 ]. For this 
reason NAVA requires the placement of a gastric feeding tube with bipolar electrodes 
that measure the electrical signal leading to diaphragmatic stimulation by the vagus 
nerve (Edi). The diaphragmatic bipolar electrodes are not affected by the activity of 
postural and expiratory muscles. The signal obtained by the active region of the dia-
phragm is transferred to the ventilator, which regulates the respiratory support needed 
by the patient [ 12 ]. 

 NAVA    can be used if the respiratory center, phrenic nerves, and diaphragmatic 
activity of the neuromuscular junction are intact and the respiratory drive is not 
affected by sedation [ 13 ]. This situation implies that the complex system of feed-
back needed by NAVA is functional and the signal is not compromised. NAVA may 
be a promising tool for the future of mechanical ventilation.  
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23.2.3     Noisy Pressure Support Ventilation 

 Pressure    support ventilation (PSV) is frequently used and mechanical ventila-
tion strategy that permits spontaneous breathing (SB) is investigated. PSV    sup-
ports every triggered breath with positive pressure, leading to enhanced 
ventilation or perfusion of dependent zones, with potential improvement of gas 
exchange, though the work of breathing may increase. Random variation of tidal 
volume (VT) and respiratory frequency (noisy) may improve lung function dur-
ing mechanical ventilation [ 14 ]. The benefi cial effects of noisy ventilation have 
been demonstrated both in experimental and clinical studies in controlled 
mechanical ventilation. Basically, noisy PSV differs from other assisted 
mechanical ventilation modes that may also increase the variability of the respi-
ratory pattern (e.g., proportional assist ventilation) by the fact that the variabil-
ity does not depend on changes in the patient’s inspiratory efforts; rather, it is 
generated externally by the mechanical ventilator [ 15 ]. Thus,  noisy PSV  is able 
to guarantee a given level of variability by generating different pressure support 
values, even if the patient is not able to vary the respiratory pattern due to the 
underlying disease or sedation [ 16 ]. In    a previous study of a depletion model of 
acute lung injury, it was reported that the variability level of 30 % seems to 
represent a reasonable compromise to improve lung functional variables during 
noisy pressure support ventilation. 

 Figure  23.8  shows pressure and volume curves for noisy pressure support 
ventilation.
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  Fig. 23.7    Volume and fl ow curves for proportional assist ventilation.  1  increased effort of patient 
associated to an increase in the delivered pressure,  2  decreased effort of patient associated to a 
decrease in the delivered pressure       
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23.3         Nonconventional Modes of Invasive Mechanical 
Ventilation 

23.3.1     High-Frequency Ventilation 

  High-frequency ventilation  (HFV) was introduced in the clinical practice in the 
early 1970s, following the experiences by Oberg and Sjostrand (1969). Many HFV 
techniques are currently in use, all characterized by breathing frequencies higher 
than 1Hz (60 breaths/min) where tidal exchanges are less than the combined 
mechanical and anatomical dead space volume, displaying low peak pressures when 
compared to conventional mechanical ventilation (CMV). High-frequency ventila-
tion (HFV) operates under two fundamentally different concepts of gas transport: 
convective gas transport and non-convective fl ow principles. Thus, gas exchange is 
at least in part by convection that includes direct alveolar ventilation, pendelluft, 
and asymmetric fl ow profi les [ 17 ]. HFV techniques, with an associated endobron-
chial convective displacement, have three essential common elements: a high-pres-
sure fl ow generator, a valve for fl ow interruption, and a breathing circuit for 
connection to the patient [ 18 ]. The term high-frequency jet ventilation (HFJV) ini-
tially described any cyclic frequency of over a rate of 60 exchanges/min. Variants of 
this high-frequency defi nition were further described as fl ow interruption (HFFI), 
high-frequency (push-pull) oscillation (HFO), and high-frequency positive-pressure 
ventilation (HFPPV) based on the specifi c techniques that discriminate them 
[ 19 – 21 ].  

23.3.2     High-Frequency Percussive Ventilation 

  High-frequency percussive ventilation  (HFPV) was introduced with the intent of 
overcoming the inconveniences of other variants of HFV (e.g., high-frequency 
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  Fig. 23.8    Pressure and volume curves during noisy pressure support ventilation. The variability 
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oscillation, high-frequency jet ventilation) [ 21 ]. HFPV associates the positive 
aspects of conventional mechanical ventilation (CMV) with those of HFV and was 
initially used for the treatment of acute respiratory diseases caused by burns and 
smoke inhalation and in the treatment of the newborn affected by hyaline membrane 
disease or infant respiratory distress syndrome (IRDS). Later on, it was employed 
in severe gas exchange impairment, where conventional mechanic ventilation 
(CMV) was useless [ 21 ]. Recently HPFV was investigated in a two-compartment 
heterogeneous mechanical model of the lung whether different mechanical resistive 
and elastic loads applied to one compartment, while the other is kept constant, 
would modify gas distribution between the two pathways and air trapping under 
HFPV [ 22 ]. Additionally, these results were compared with those generated in the 
same model by pressure-controlled ventilation (PCV). In this study the main advan-
tage of HFPV seems to be ventilation at a lower mean airway pressure and lower 
inspiratory volumes, thus providing a protective effect against volutrauma and 
barotrauma. 

 Figure  23.9  shows the pressure-time curve for high-frequency percussive 
ventilation.

23.3.3        High-Frequency Oscillatory Ventilation 

  High-frequency oscillatory ventilation  keeps the lung open by the application of a 
constant mean airway pressure. An oscillating piston produces phasic pressure 
swings around mean airway pressure, which are able to recruit alveolar units and to 
improve gas exchange, minimizing lung overdistension and atelectasis [ 23 ]. Small 
retrospective studies of HFOV in patients with ARDS and severe hypoxemia and/or 
elevated plateau airway pressures have revealed signifi cant improvements in oxy-
genation. For this reason there are increasing evidences to use HFOV in the early 
phase of ARDS and life-threatening hypoxia [ 24 ]. 

 Figure  23.10  shows the pressure-time curve for high-frequency oscillatory 
ventilation.
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a single inspiratory phase, HPFV delivers a high percussive pressure with high-frequency set as 
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        Conclusions 

 Invasive mechanical ventilation plays a relevant role in the overall clinical and thera-
peutic management of critically ill patients, independently from the  presence of a 
specifi c lung disease. The optimal setting of mechanical ventilation appears to be 
associated with better outcome. New modes of mechanical ventilation may further 
improve the benefi cial effects of respiratory assistance in critically ill patients.     
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        Noninvasive ventilation (NIV) is an effective way to supply mechanical ventilation 
to patients with acute [ 1 ] and some forms of chronic respiratory failure [ 2 ]. 

 Assisted mechanical ventilation is aimed to support the spontaneous activity of 
the respiratory system in order to make the insuffi cient mechanical output of the 
ventilatory pump adequate to meet the respiratory workload and improve alveolar 
ventilation. In the meantime, as the patient’s ventilatory workload is at least in part 
performed by the mechanical ventilator, the respiratory muscles are allowed to rest. 
So the mechanical ventilator is an auxiliary pump which has to work in parallel to the 
patient’s ventilatory pump to manage the workload required by the mechanics of the 
respiratory system with the dual aim to improve alveolar ventilation and unload 
respiratory muscles. As stated by Tobin et al., “for the most effective unloading of the 
inspiratory muscles, the ventilator should cycle in synchrony with the activity of a 
patient’s own respiratory rhythm” [ 3 ]. In subjects undergoing invasive mechanical 
ventilation (IMV) in a controlled mode, patient–ventilator interaction can be 
enhanced by deep sedation (which reduces the ventilatory drive) up to neuromuscu-
lar blockade (which switches off any respiratory muscles activity), so that the patient 
leans on the ventilator settings up to a completely controlled ventilation. Nevertheless, 
neuromuscular blocking agents have signifi cant hazards, and the prolonged (>48 h) 
inactivity of inspiratory muscles rapidly impairs diaphragm function [ 4 – 6 ]. In the 
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case the clinician decides to ventilate noninvasively a patient, a minimal spontaneous 
activity and an acceptable sensorium are necessary to achieve a successful outcome; 
that is why sedation is not widely used in this setting [ 7 ]. NIV supports spontaneous 
ventilation instead of replacing or controlling it in collaborative patients, and the 
respiratory neural activity has to match with the ventilator rather than be abolished. 
Both the ventilatory pump and the mechanical ventilator are supervised: the ventila-
tor pump is supervised by the patient’s central nervous system, and the mechanical 
ventilator is supervised by the “caregiver” who decides the ventilator settings. As a 
matter of fact, two different “brains” need to be matched, and since the patient’s one 
is not simple to control, the operator’s brain should adapt the ventilator to the patient 
needs. The real challenge during mechanical ventilation is therefore not only to sup-
ply an effi cacious support to the ventilatory pump but also to succeed in making the 
two pumps harmoniously work together, providing the best possible matching 
between the patient’s ventilatory drive and the ventilator settings. Overall, the 
patient–ventilator interaction depends on how the ventilator responds to patient 
respiratory effort and, in turn, how the patient responds to the breath delivered by the 
ventilator [ 8 ]. Dealing with patient–ventilator synchrony means to try to improve the 
agreement between the patient’s own neural respiratory cycle and the preset ventila-
tor respiratory cycle so that (1) the patient breath initiation results in ventilator trig-
gering, (2) the assisted-breath delivery matches with patient neural inspiratory time 
and effort, and (3) the duration of the delivered insuffl ation ceases when the patient 
terminates inspiration, avoiding ventilator persistent insuffl ation during patient exha-
lation. This is really important as patient–ventilator asynchronies often require a 
work of respiratory muscles which is necessary to tame the ventilator, but is wasted 
for ventilation. Furthermore, it has been shown that intubated patients who have a 
signifi cant asynchrony in triggering the ventilator have worse outcomes; they have 
longer duration of mechanical ventilation and longer ICU and hospital stays and are 
less likely to be discharged home [ 9 ,  10 ]. A multiple regression analysis for the risk 
of intubation found that the SAPS II score and poor toleration of NIV were the two 
independent predictive factors of the need for mechanical ventilation [ 11 ] and toler-
ance to NIV is correlated with patient ventilator synchrony. 

 The crucial problem in respiratory mechanics during NIV is to match the two 
mechanics, the one of the patient and that of the mechanical ventilator, through a 
semi-open interface which generates air leaks that interfere on both the mechanical 
output of the two pumps and their interplay. It has been shown that the presence of 
an inspiratory leak proximal to the airway opening can be accompanied by marked 
variations in duration of the inspiratory phase and in auto-PEEP. The unstable 
behavior was observed using the simplest plausible mathematical models and 
occurred at impedance values and ventilator settings that are clinically realistic [ 12 ]. 

 A careful recording of the neural timing is possible only employing sophisticated 
and invasive measurements such as diaphragmatic electromyography (EMG) with 
an esophageal electrode which has been shown to precisely refl ect the mechanical 
output of the diaphragm in mechanically ventilated patients during an acute respira-
tory failure [ 13 ]. Indeed the estimation of the onset and duration of neural inspira-
tory time (Ti), using the fl ow signal, has been shown to have a poor agreement with 
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the diaphragmatic EMG-measured neural Ti [ 14 ]. In this chapter, indirect estimates 
of neural Ti were derived, respectively, from the following:
    1.    Esophageal pressure (Pes) tracing (onset was taken as the point of rapid decline 

in Pes, and three different points were used to estimate Ti termination: the nadir 
in Pes, the point of zero fl ow between inspiration and expiration, and the peak 
in Pdi)   

   2.    Transdiaphragmatic pressure (Pdi) tracing (onset of neural TI was taken as the 
onset of the upward defl ection in Pdi; the end of neural TI was taken as the return 
of Pdi to baseline or the point of zero fl ow between inspiration and expiration)   

   3.    The fl ow tracing (as the time between the two points of zero fl ow)    
  These three different measurements were challenged with EMG-derived neural 

Ti used as reference measurement. The errors observed in the indirect estimates 
of neural Ti (from pressure or fl ow waveforms) had often a time lag from the onset 
of inspiration with an obvious infl uence of PEEPi. But sometimes an anticipation of 
inspiratory onset was observed; in these cases, the muscles involved in the motion 
of the rib cage may play a major role. 

 Despite these surrogate estimates of the onset and duration of neural Ti based on 
fl ow, esophageal and transdiaphragmatic pressures have proven discrepancies with 
EMG-measured neural Ti; they are widely used in the clinical practice (Fig.  24.1 ).

   The occurrence of problems in patient–ventilator interaction specifi cally during 
the inspiratory triggering phase may be observed as explicit breath mismatching. 
This type of mismatching can be considered explicit because it may be observed on 
the fl ow and pressure tracings on the ventilator screen without requiring the greater 
precision of EMG measurements to support its evidence. However, this requires 
expertise by the operator in interpreting the events and close visual monitoring [ 15 ]. 
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  Fig. 24.1    Shows waves of the fl ow delivered by the ventilator and of airways and transdiaphrag-
matic pressures: the onset of neural TI was considered the onset of the upward defl ection in Pdi and 
its end the peak transdiaphragmatic pressure       
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 As stated also by Durbin, ventilator waveforms remain diffi cult to understand, 
because of the immense amount of information contained within the wave and the 
need to understand the context and the clinical conditions in which it is recorded. 
Indeed, waveforms are more complex than simple measurements or numbers, and 
therefore, familiarity with them requires frequent exposure and experience. 
Furthermore, viewing waveforms does not replace the clinical examination [ 16 ]. 
The pressure, fl ow, and volume waveform eye interpretation may give valuable 
information without any risk or harm to critically ill and very unstable patients and 
is a “skill that any practicing intensivist should possess” [ 17 ]. 

 Anyway computer-assisted detection of patient–ventilator asynchronies has been 
attempted:
    1.    An algorithm embedded in the ventilator able to detect ineffective triggering and 

double triggering in real time, through the analysis of fl ow and pressure waves, 
has been compared with the analysis of transdiaphragmatic pressure waves by 
two experienced operators used as gold standard for detection of asynchronies 
with a very good sensitivity (91 %) and specifi city (97 %) and a better specifi city 
in patients intubated with respect to the ones undergoing NIV [ 15 ].   

   2.    A signal generated noninvasively from fl ow, volume, and airway pressure using 
improvised resistance and elastance value and calculating respiratory muscle 
pressures (PVI monitor, YRT, Winnipeg, Canada) was compared with diaphrag-
matic pressure and proved to be helpful in monitoring patient–ventilator inter-
action, to give useful information to optimize the ventilator settings, and to 
provide breath-by-breath quantitative information of inspiratory muscle pres-
sure [ 18 ,  19 ].   

   3.    Another algorithm analyzing pressure and fl ow defl ection has been shown to be 
as sensitive and specifi c in detecting ineffective breaths as the visual diagnosis of 
three different ICU attendees unaware of the Pes tracing [ 20 ].   

   4.    Recently, mathematical algorithms that automatically detect ineffective breaths 
in a computerized (Better Care ® ) system that obtains and processes data from 
ICU ventilators in real time were validated using as control the visual inspection 
of the traces by fi ve experts and the diaphragm electrical activity [ 21 ].     

24.1     Putting Mechanics into Clinical Practice 

 Both in NIV and in IMV, the decision-making process to set the ventilator parame-
ters has two aims:
•    To supply an effi cacious mechanical support at the ventilator pump  
•   To allow the best possible patient–ventilator synchrony and therefore patient’s 

comfort    
 So the monitoring has to take care of the following:

•    Ventilatory effi cacy: satisfying mechanical output of the two ventilatory pumps 
working together, that is to say achieving an acceptable alveolar ventilation 
unloading, at least in part, the respiratory muscles  
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•   Comfort of the patient, which is not only comfort of the patient–ventilator inter-
face but also comfort of the patient–ventilator interplay: that is to say to reduce 
as far as possible asynchronies    
 The aims of setting and monitoring of NIV are similar to those of IMV, but the 

problems to face are different. 
 Ventilator Settings. Compared with invasive ventilation, NIV has some unique 

characteristics: First, leaks are unavoidable, even in the most careful settings since 
the absence of the translaryngeal tube, which directly connects the ventilator with 
the patient’s airways, deeply infl uences not only airway resistances but also inspira-
tory fl ows and volumes owing to the problem of air leaks. Second, the ventilator–
lung interaction cannot be considered as a single-compartment model because of 
the presence of a variable resistance represented by the upper airway. 

 Both situations may compromise the delivery of an effective tidal volume. As a 
consequence, increasing the volume delivered by the ventilator or the inspiratory 
pressure assistance during NIV does not necessarily result in increased effective 
ventilation. Indeed, it may induce a poor synchrony especially in those patients with 
high expiratory resistances where the “full exhalation” is almost impossible due to 
the increased time constants [ 22 ]. 

 During IMV, alveolar ventilation is usually better controlled than during NIV 
and sometimes even reduced to protect the lungs from ventilator-induced lung 
injury (VILI) and, in patients with COPD, to prevent a further hyperinfl ation. VILI 
is not a major problem during NIV as the air leaks around the interface and the 
resistance of upper airways shields the lungs and the settings of the ventilator are 
usually adjusted to a level to improve tolerance and reduce air leaks, which means 
that the level of the infl ation pressure at the airways rarely exceeds 25 cmH 2 O. 

 Despite these “less aggressive” settings, a poor patient–ventilator interaction is quite 
frequent during NIV. Typically, the patient may not be able to trigger all the breaths (inef-
fective efforts) so that the respiratory muscle contraction is not followed by a mechanical 
support (see Fig.  24.2 ) and this causes detrimental effects on patient comfort and a vari-
able amount of “wasted work.” It may also happen that the patient does not succeed in 
switching the inspiration off, that is to say that the ventilator goes on insuffl ating air while 
the patient’s own ventilatory drive is demanding for expiration. So the patient has to 
recruit his or her expiratory muscles to “fi ght” the ventilator, switch the inspiratory assis-
tance off, and be allowed to exhale. These conditions are intriguing as the aim of mechan-
ical ventilation is not only to improve alveolar ventilation but also to provide some 
respiratory muscle rest and not to increase somehow the work of breathing.

    Trigger Asynchronies : Triggering is the switching on of the ventilator preset 
mechanical assistance to inspiration. The mechanical breath begins as the ventilator 
senses an inspiratory activity (negative pressure or inspiratory fl ow which attains a 
preset threshold). Patients reach the set sensitivity by activating their inspiratory mus-
cles, but they cannot switch off respiratory motor output at the point of triggering. As 
a result, considerable effort is commonly expended over the period of mechanical 
infl ation that follows the trigger phase, and this mainly depends on the patient’s drive 
to breathe [ 3 ]. The reduction of respiratory drive is therefore desirable, and sedative 
could be used, but this indication has to be balanced with the increased risk of 
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hampering the sensorium and also the capacity of the patient to maintain a spontane-
ous breathing autonomy; indeed, sedation might be harmful for patient ventilator 
asynchrony [ 23 ]. In this context, remifentanil is a new synthetic opioid that has been 
proved to provide a good compromise between the reduction of patients’ drive and the 
maintenance of breathing capacity, improving therefore the tolerance to this mode of 
ventilation. Remifentanil offers several pharmacokinetic advantages such as the 
steady plasma levels achieved in about 10 min and the half time for equilibration 
between plasma and its effect compartment of about 1–1.5 min during a constant-rate 
infusion. A further advantage of remifentanil is its constant and short context-sensi-
tive plasma half time, which allows a prompt recovery after stopping the infusion. In 
a pilot study performed in an ICU in patients with NIV failure due to intolerance, a 
remifentanil-based sedation was shown to be safe and effective in improving tolerance 
and outcome of patients with acute respiratory insuffi ciency [ 24 ]. 

 Asynchronies are both the failure to initiate a mechanical breath and the presence 
of a mechanical breath which is not demanded by the patient. 

  Ineffective breathing attempts  are patient’s inspiratory efforts which fail to trigger 
the ventilator mechanical breath. It can be detected by close observation of pressure 
and fl ow waves on the ventilator monitor, as pressure and expiratory fl ow sharply 
decrease without resulting in a ventilator-assisted breath (Fig.  24.2 ). As discussed 
earlier, recently different algorithms for a computerized detection of ineffective 
breaths have been proved to be specifi c and sensitive [ 15 ,  18 – 21 ]. Untriggered breaths 
are wasted respiratory work and may be caused by the patient (respiratory muscle 
weakness, failing ventilatory drive, or, above all in COPD, dynamic hyperinfl ation), 

Abrupt change in the flow slope
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  Fig. 24.2    Shows an ineffective inspiratory effort: the “diagnosis” is easier using the Pdi trace, but 
it can also be detected using only the fl ow and pressure traces displayed on the ventilator screen       
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by the ventilator setting (insensitive trigger, excessive delivered minute ventilation, 
high levels of pressure support), or by the interface (air leaks which interfere with 
pressures and fl ows sensed by the trigger) [ 25 ]. The level of sedation is important to 
blunt the respiratory drive and increase untriggering breaths [ 23 ]. Even when the 
patient is responsible of an ineffective breath, the ventilator setting may play a signifi -
cant role. An over-assistance of inspiration may lead to the following:
    1.    Alveolar hyperventilation with respiratory alkalosis which reduces the ventila-

tory drive. Indeed, a progressive reduction of the respiratory drive has already 
been shown gradually increasing the inspiratory support [ 26 ].   

   2.    High lung volumes which impair the effi ciency of the ventilatory pump (unfa-
vorable length/tension ratio of inspiratory muscles) induce alveolar hyperinfl a-
tion and increase the PEEPi, which is a threshold to overcome before the preset 
pressure or inspiratory fl ow is generated.    
  This last problem is particularly signifi cant in COPD patients and may be offset 

by applying an extrinsic positive end-expiratory pressure (PEEPe) which is able to 
reduce the width of the trigger threshold, even if it is not easy to determine in the 
clinical practice the exact level of PEEPe to set. On the other hand, PEEPe may 
foster air leaks and discomfort increasing the pressure inside the mask. Nontriggering 
attempts usually follow breaths with higher tidal volume and shorter expiratory time 
[ 26 ] so that “nontriggering results from premature inspiratory efforts that are not 
suffi cient to overcome the increased elastic recoil associated with dynamic hyperin-
fl ation” [ 3 ]. The time elapsed between the activation of expiratory muscles and the 
triggering attempt is important too, above all the expiratory time spent after the 
mechanical insuffl ation of the ventilator has ended (see later Asynchronies of 
Cycling Off Inspiration). Indeed, the longer the expiratory time unopposed by the 
insuffl ating ventilator, the lower is the lung volume at which the triggering is 
attempted. The presence of airfl ow limitation and the consequent increase of PEEPi 
are thought to be very important in causing ineffective breaths, which could there-
fore be more frequent in COPD patients, compared to other patients with acute or 
chronic respiratory failure. The relationship between a high level of pressure sup-
port and rate of ineffective inspiratory efforts was emphasized in COPD patients, 
due to high lung compliance, which could be responsible for large tidal volumes. It 
has been shown that in these patients with low elastance, the ventilator continues to 
infl ate the respiratory system long after the inspiratory muscles have ceased to con-
tract and the next inspiratory attempt is likely to occur at a high lung volume, when 
airway pressure is still markedly positive; the inspiratory effort will not, therefore, 
always be suffi cient to create a pressure gradient capable of being sensed by the 
ventilator [ 27 ,  28 ]. In a recently published paper, aimed to evaluate the prognostic 
importance of ineffective efforts in patients with acute respiratory failure undergo-
ing IMV in a medical ICU, the presence of COPD did not discriminate for the pres-
ence of ineffective breaths >10 % [ 9 ]. Ineffective triggering however was a common 
problem early in the course of MV and was associated with increased morbidity, 
including longer MV duration, shorter ventilator-free survival, longer length of ICU 
stay, and lower likelihood of home discharge. These data were obtained in studies 
performed in subjects undergoing IMV, but a recently published paper addresses the 
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patient ventilator interaction during NIV in an acute setting. Patient–ventilator 
asynchronies were studied in subjects, admitted in ICU for acute respiratory failure 
and ventilated noninvasively observing pressure and fl ow traces on the ventilator 
screen and surface diaphragm EMG. Ineffective breaths were signifi cantly corre-
lated with air leaks even if the weak correlation suggests that leaks are not the only 
determinant of untriggering breaths. PEEPi may play a role but was not evaluated in 
this study; nonetheless, ineffective efforts were not more prevalent or severe in the 
group of COPD patients [ 25 ]. Patients with obstructive disease had a higher PTPdi/
min, that is, an estimation of oxygen consumption of the diaphragm, mainly due to 
a higher  R  L  and PEEP dyn . The level of pressure support was signifi cantly higher in 
the presence of ineffective efforts >10 % confi rming the importance of over-assis-
tance of inspiration in inducing untriggering attempts of breath which has already 
been shown by other authors [ 29 ]. Vitacca et al. have demonstrated that during NIV, 
using the clinical settings based on the physician’s experience, almost half of the 
patients enrolled for a home ventilatory program had ineffective efforts. The use of 
a more sophisticated and invasive technique of titration, with the insertion of gastric 
and esophageal balloons to record the respiratory mechanics, reduced (down to 
30 %) the problem of asynchrony during NIV [ 30 ]. 

 There are other two forms of triggering asynchronies: double triggering and 
autotriggering. 

  Double triggering  happens when a second inspiratory act is delivered by the 
ventilator shortly after the end of the previous inspiration (Fig.  24.3 ). It happens 
when the patient respiratory drive is high, the neural Ti is longer than the mechani-
cal Ti, or the ventilatory support is inadequate [ 8 ]. Indeed, in a series of acutely ill 
patients ventilated with NIV, double triggering was associated with a longer patient 
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  Fig. 24.3    Shows a double 
trigger that can be explicitly 
seen as a second inspiratory 
act delivered by the ventilator 
shortly after the end of the 
previous inspiration       
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inspiratory time, assessed by surface diaphragm EMG, and lower inspiratory pres-
sure support [ 25 ].  Autotriggering  is a ventilator-delivered breath in the absence of 
triggering attempt. It is more frequent when the patient breathes at low respiratory 
rate, with no PEEPi, and occurs when the triggering threshold of the ventilator is 
very low or there is water in the ventilator circuits. In patients ventilated in NIV, 
autotriggering, assessed by visual inspection of pressure and fl ow traces and of 
surface diaphragm EMG, is correlated with air leaks [ 25 ].

   At last,  delayed triggering  happens when the time lag between neural inspiration 
and ventilator inspiration is uncomfortably widened (Fig.  24.4 ) and is more fre-
quent when the respiratory drive is “lazy” or the ventilator trigger “hard.”

   After triggering,  inspiratory fl ow asynchrony  may happen. In this case, the fl ow 
delivered by the ventilator is insuffi cient to meet the patient expectations so that 
patients fi ght their impedance and that of the ventilator, increasing the inspiratory 
workload, to get more air. Flow asynchrony can be detected by observation of the 
inspiratory pressure–time trace which has a downward defl ection during volume- 
controlled breaths in these patients “hungry” for air. The dip in the pressure–time 
wave is caused by the patient’s inspiratory effort that pulls down the pressure during 
an insuffi ciently assisted inspiration. Increasing inspiratory fl ow matches the 
patient’s demand but might increase respiratory rate, as Ti reduction is followed by 
a Te reduction too owing to a not fully understood nonchemical feedback. Very high 
fl ows delivered by the ventilator at the beginning of inspiration decrease the inspira-
tory neural time, and this induces a reduced tidal volume above all if the support to 
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  Fig. 24.4    Delayed triggering :  the time lag between neural inspiration and ventilator inspiration is 
uncomfortably widened       
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inspiration is low. So high inspiratory fl ows coupled with low inspiratory support 
could lead to a rapid shallow breathing pattern that could be misunderstood as per-
sistent weaning failure [ 31 ]. Anyway even in COPD patients undergoing volume 
targeted ventilation, the reduction of the ventilator inspiratory time, notwithstand-
ing the increased respiratory rate, induces a reduction of PEEPi by an increased 
time for exhalation [ 32 ]. Furthermore, it has been shown that in NIV, as pressuriza-
tion rate increases, there is a reduction of the respiratory workload, assessed by 
PTPdi, as it happens during IMV; on the other hand, air leaks signifi cantly increase 
and NIV acceptance decreases. Patient–ventilator interaction, assessed by calculat-
ing the ratio between the neural inspiratory time and the mechanical inspiratory 
time, worsens as this ratio is signifi cantly shorter with the highest fl ow rate, indicat-
ing that, despite the inspiratory effort is reduced, the mechanical breath delivered by 
the ventilator exceeds what is required by the patient. These two variables seem to 
determine the tolerance to NIV, on one side the presence of higher leaks and on the 
other a mismatch between the inspiratory time of the patient and that provided by 
the ventilator [ 33 ]. 

  Cycling Off Asynchronies  .  Cycling off is the switching from inspiration to expi-
ration: the ventilator stops delivering inspiratory assistance and thereafter does not 
provide any support until being triggered again. The ventilator Ti may be shorter 
than neural Ti in controlled mechanical ventilation (CMV); in this case, the ventila-
tor assistance ceases when a neural inspiratory output is still on (Fig.  24.5 ), and 
double triggering is expected. Vignaux et al. in their series of acute patients venti-
lated in NIV found that premature cycling was more prevalent in patients whose 
acute respiratory failure was caused by community-acquired pneumonia, and this is 
interesting as one of the main causes of premature cycling is thought to be a restric-
tive ventilatory defect [ 25 ]. On the other hand, the ventilator Ti may be longer than 
neural Ti; this could happen mainly during pressure support ventilation. In this ven-
tilatory modality, the ventilator duty cycle ends when the inspiratory fl ow decreases 

Flow

End of mechanical insufflation

End of inspiratory effort

Pao

Pdi
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under a preset threshold of maximum inspiratory fl ow; in COPD patients, the 
increased resistances to airfl ow and lung compliance delay the inspiratory fl ow 
decay so that the patient begins expiration while the ventilator is still insuffl ating air. 
This asynchrony can be seen in the pressure trace of the ventilator monitor as an end 
inspiratory peak causes an extra respiratory work and discomfort. It can be managed 
during pressure support ventilation by increasing the threshold of the maximum 
fl ow at which the ventilator cycles off. Tassaux et al. showed in intubated patients 
that increasing the expiratory trigger from 10 to 70 % of the maximum inspiratory 
fl ow signifi cantly reduces the time lag between the end of neural and that of mechan-
ical inspiration, PEEPi, the number of ineffective untriggering breaths, and the 
respiratory work to trigger the ventilator (triggering time product) [ 34 ]. While in 
intubated patients expiratory airfl ow limitation is the main determinant of delayed 
cycling, in NIV owing to the semi-open patient ventilator interface, an obstructive 
respiratory mechanics is only a contributing factor, and air leaks are the major deter-
minant of this very common patient ventilator asynchrony [ 25 ]. A form of asyn-
chrony that is a unique feature of PSV used in NIV is when the patient is unable to 
reach the criteria to switch from inspiration to expiration in the presence of large air 
leaks, when the inspiratory fl ow remains higher than the threshold value set for the 
expiratory trigger, because the ventilator tries to compensate for leaks. In this case, 
the fl ow signal reaches a sort of plateau after an initial brisk decay. Since all the 
ventilators now have a safety feature to avoid what was called the “hangover” phe-
nomenon, inspiratory time cannot be longer usually than 3 s.

24.2        Clinical “Take-Home Messages” 

 Most of the studies assessing the incidence of asynchronies during NIV were per-
formed during pressure support ventilation. Neurally adjusted ventilatory assist 
(NAVA) is an assisted ventilatory mode that delivers a pressure proportional to the 
integral of the electrical activity of the diaphragm (EAdi). Ventilator support begins 
when the neural drive to the diaphragm begins to increase, and pressure is cycled 
off when the respiratory centers end the EMG of the diaphragm. Compared with 
PSV, NAVA signifi cantly reduces severe patient–ventilator asynchrony and results 
in similar improvements in gas exchange during NIV for acute respiratory failure 
[ 35 ,  36 ]. 

 As stated before, the close observation of the fl ow and pressure traces on the 
ventilator screen may help the clinicians to detect and solve some “major” problems 
of patient–ventilator interaction. In COPD patients with an acute exacerbation, the 
visual detection of these waveforms has been shown to lead to a more rapid normal-
ization of pH at 2 h (51 vs. 26 % of patients), to a signifi cant improvement of the 
patient’s tolerance to ventilation at 2 h, and to a higher decrease of PaCO2 at 2 and 
6 h, compared to the group of patients ventilated with the parameters chosen by an 
operator with an “obscured” screen of the respirator [ 37 ]. 

 Concerning the problem of chronic respiratory failure and home mechanical 
ventilation, it has been shown that NIV delivered in pressure support mode was 
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effective in improving arterial blood gases and in unloading inspiratory muscles 
independent of whether it is set on the basis of patient comfort or tailored to a 
patient’s respiratory muscle effort and mechanics. However, a tailored setting of the 
ventilator may result in reduction in ineffective inspiratory efforts, but this requires 
on one side expertise of the team and on the other side a “semi-invasive” measure-
ment using the balloon-catheter techniques [ 30 ]. 

 One particular problem in setting the ventilator in order to achieve the best 
interaction between the patient and the ventilator is that in the large majority of 
cases in the clinical practice, the ventilator settings are “decided” during the day-
time. In patients with severe respiratory muscle weakness, patient–ventilator dys-
synchrony may be a cause of suboptimal ventilation, especially at nighttime, when 
profound modifi cations in the recruitment of the respiratory muscle may occur 
during the various stages of sleep. In particular, in elderly patients recovering from 
an episode of acute hypercapnic respiratory failure in ICU, late NIV failure was 
associated with early sleep disturbances including an abnormal electroencephalo-
graphic pattern, disruption of the circadian sleep cycle, and decreased rapid eye 
movement sleep [ 38 ]. 

 In a physiological study, we have shown, in stable patients with neuromuscular 
disorders, that the settings of NIV chosen on an empirical basis while the patient is 
awake do not predict ventilator synchrony while asleep and that an incorrect titra-
tion of inspiratory support or PEEPe may interfere with the triggering of the 
mechanical breath. A physiological setting, based on recording the inspiratory 
efforts, may minimize the rate of ineffective efforts, resulting in improvement of 
sleep quality and gas exchange [ 39 ]. For this reason, it has been suggested that the 
patient who is not tolerating, or benefi ting from, NIV should be carefully evaluated 
during wakefulness with respiratory mechanics and then during sleep, and this 
should include respiratory polygraphy [ 40 ]. 

 Last but not least, the choice of the ventilator and interfaces is a critical factor in 
improving patient–ventilator interaction during NIV. In a very recent in vivo and in 
vitro study, the authors showed that most dedicated NIV ventilators allowed better 
patient–ventilator synchronization than ICU and transport ventilators, even when 
the NIV algorithm was engaged, especially regarding the risk of autotriggering. 
Interestingly, most of the dedicated NIV ventilators exhibited a synchronization 
performance in the presence of leaks equivalent to that of the ICU ventilators in the 
absence of leaks [ 41 ]. 

 Concerning the effects of the different interfaces on the incidence of asynchro-
nies, few studies have been performed. Tarabini Fraticelli et al. have tested, among 
other clinical variables, the effects of four different interfaces (integral, full face, 
oronasal, and mouthpiece) on patient–ventilator interaction. Leaks were signifi -
cantly larger with the mouthpiece, and not surprisingly the amount of asynchronies 
was higher with this kind of interface [ 42 ]. The helmet, an interface basically used 
in Europe, when compared to the full-face mask is equally tolerated and effective in 
ameliorating gas exchange and decreasing inspiratory effort. The helmet, however, 
was less effi cient in decreasing inspiratory effort and worsened the patient– ventilator 
interaction [ 43 ]. Two physiological studies show that the ventilator settings have to 
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be changed to improve the patient ventilator synchrony and this is achieved by 
increasing by 50 % the level of inspiratory aid and the amount of external positive 
pressure [ 44 ,  45 ].  

    Conclusions 

 Patient–ventilator asynchrony is underestimated in clinical practice. Particularly 
in patients with airfl ow limitation, it may cause increased duration of mechanical 
ventilation and increased frequency of tracheostomy. Air leaks additionally 
increase asynchrony during NIV and may interfere with the treatment success. 

 The clinician should consider how best to correct this harmful interaction 
between the “two brains” (i.e., the patient and the clinician who is responsible for 
the ventilator settings). The use of respiratory mechanics and EMG of the dia-
phragm to assess the problem of synchrony and eventually set the ventilatory 
parameter is defi nitively useful, but unfortunately it requires skill of the clinician 
and it is semi-invasive. The close observation of the physiological traces on the 
ventilator screen remains diffi cult to understand, because of the immense amount 
of information contained within the waves and the need to understand the context 
and the clinical conditions in which they are recorded but are really useful in 
clinical practice: they need experience in interpretation to be helpful but are a 
powerful tool in the hand of any intensive care specialist.     
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        Forced oscillation technique (FOT) is a simple and minimally invasive method used 
to study the mechanical properties of the respiratory system by measuring its 
response to an externally applied forcing signal (see Chap.   10    ). 

 An interesting feature of FOT, which contrasts with the conventional methods of 
measuring respiratory mechanics, is that FOT does not interfere with the breathing 
pattern and with ventilator cycling when combined to mechanical ventilation. The 
fact that FOT measurements do not require patient cooperation is of interest both in 
invasive and non-invasive artifi cial ventilation. 

25.1     FOT Setup for Mechanical Ventilation 

 The application of FOT during mechanical ventilation demands an adaptation of the 
typical setup [ 1 ]. To produce the pressure stimuli, two possible approaches have 
been used. The fi rst one consists of connecting an additional external oscillatory 
pressure generator in parallel to the inspiratory ventilator circuit. In this case, spe-
cifi c technical solutions must be implemented to make the generator able to with-
stand the positive pressure applied by the ventilator, such as enclosing the rear part 
of the loudspeaker in a sealed chamber [ 2 ,  3 ] or to servocontrol the loudspeaker 
cone position [ 6 ]. The second approach is based on controlling the pressure 
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generator or valve of the mechanical ventilator to enable them to superimpose 
forced  oscillations onto the ventilation waveform [ 4 – 6 ]. 

 In addition to the generation of an appropriate oscillatory waveform, other meth-
odological issues should be taken into consideration when applying FOT in venti-
lated patients. In case of invasive ventilation, particular attention should be paid to 
avoid [ 7 ] or to correct for [ 3 ] the nonlinear impedance of the endotracheal tube. In 
case of non-invasive ventilation through a nasal/face mask, the artefacts associated 
to unintentional air leaks should be minimised [ 8 ]. 

 Another FOT methodological issue, which is particularly important during 
mechanical ventilation, is related to the technical characteristics and frequency 
response of the sensors [ 9 ,  10 ].  

25.2     Data Processing 

 In most studies, broadband pressure waveforms made by simultaneous multiple 
sinusoids [ 11 ] or small-amplitude random noise [ 12 ] are applied at the airway open-
ing of the subject where pressure and fl ow are also measured. The fl ow and pressure 
signals are then decomposed into their individual frequency components using stan-
dard Fourier analysis [ 13 – 15 ], and the value of the impedance is determined at each 
particular frequency. 

 One drawback of using Fourier analysis for the estimation of respiratory 
impedance is the assumption of system stationarity during the measurement 
period. When a discrete sinusoidal forcing is used with a frequency suffi ciently 
faster than breathing rates (i.e. 5–10 Hz), it is possible to compute impedance 
with a high temporal resolution and track within-breath variations of respiratory 
mechanical properties. In this case, the impedance can be obtained from algo-
rithms based on cross- correlation [ 16 ,  17 ], fast Fourier transforms [ 2 ,  18 ] or vari-
ous recursive and nonrecursive least square techniques [ 14 ,  19 – 23 ]. Within-breath 
analysis of impedance is potentially valuable for a wide range of clinical applica-
tions, such as detection of obstructive sleep apnoea and expiratory fl ow limita-
tion [ 21 ,  24 ,  25 ], evaluation of lung mechanics during positive pressure ventilation 
[ 3 ] and examination of the effects of deep inspirations on airway constriction 
[ 22 ,  26 ,  27 ]. 

 In this chapter, we will focus on the advantages of using within-breath forced 
oscillation technique for tailoring mechanical ventilation in two different applica-
tions: (1) during non-invasive ventilation (NIV) and (2) during invasive mechanical 
ventilation in patients with acute lung injury (ALI) or respiratory distress syndrome 
(RDS).  

25.3     Application to Non-invasive Mechanical Ventilation 

 Monitoring the time course of total respiratory system resistance ( R  rs ) and reactance 
( X  rs ) could be useful to assess the mechanical load of the respiratory system and to 
adapt the settings of the ventilator accordingly. Figure  25.1  shows an example of  R  rs  
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and  X  rs  measured during non-invasive ventilatory support through a nasal mask in a 
patient with chronic obstructive pulmonary disease (COPD) [ 22 ].

   When the non-ventilated patient was moved from sitting to supine (at CPAP = 0), 
 R  rs  increased and  X  rs  became more negative, indicating a marked increase in the 
mechanical load of the patient, which was refl ected by an increase of the amplitude 
of oesophageal pressure swings. This variability of the mechanical load highlights 
the importance of adjusting the pressure support according to measures of lung 
mechanics. When the supine patient was subjected to a CPAP of 12 cmH 2 O, respira-
tory impedance (and oesophageal pressure effort) considerably improved, probably 
due to a reduction in expiratory fl ow limitation (EFL). 

 In 1993, Peslin et al. reported that during mechanical ventilation, some COPD 
patients develop large negative swings in  X  rs  measured by FOT [ 3 ]. Similar results 
were also obtained using a simplifi ed mechanical model of the respiratory system 
which included a fl ow-limiting resistance [ 28 ], as well as in mechanically ventilated 
rabbits after intravenous methacholine infusion [ 25 ]. This behaviour of reactance has 
been interpreted as follows: under normal conditions, reactance refl ects the elastic and 
inertial properties of the entire respiratory system. When EFL is present, the linear 
velocity of gas passing through regions of dynamic airway compression (i.e. choke 
points) equals the local speed of pressure wave propagation (Fig.  25.2 ) [ 29 ]; thus, the 
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fl ow becomes independent from the driving pressure with the choke points preventing 
the propagation of oscillations to the lung periphery. Therefore, when EFL is present, 
the oscillatory signal cannot pass through these choke points and reach the alveoli. As 
a consequence, impedance will refl ect the mechanical properties of airways proximal 
to the choke points, which are much stiffer than the periphery. This results in a marked 
reduction of the respiratory compliance, as well as reactance, when measured by FOT 
(Fig.  25.2 ). Intratidal changes in  X  rs  were found to be able to detect EFL with 100 % 
specifi city and sensitivity compared to the gold standard method based on the analysis 
of fl ow and transpulmonary pressure signals [ 24 ,  30 ].

   Moreover, the measurement of impedance has the advantage of being suitable for 
the continuous and automatic monitoring of EFL [ 31 ] also during continuous posi-
tive airway pressure delivered by nasal mask [ 21 ], opening new perspectives for the 
automatic adjustment of positive end-expiratory pressure (PEEP) during non- 
invasive mechanical ventilation (Fig   .  25.3 ).

   Specifi cally, NIV is often used for the treatment of acute respiratory failure to 
improve pulmonary gas exchange and to unload the respiratory muscles, supporting 
the respiratory system while the underlying disease either improves or resolves. 
Among other ventilatory parameters, the application of PEEP has been widely and 
successfully used in patients with COPD to counteract the so-called intrinsic PEEP 
(PEEPi), i.e. the increase of end-expiratory pressure of the total respiratory system 
at end-expiration compared to the pressure measured in resting condition at the end 
of an end-expiratory pause. PEEPi is a sign of increased end-expiratory lung vol-
ume (EELV) above the mechanical resting volume (the functional residual capacity, 
FRC), a phenomenon called dynamic hyperinfl ation (DH). 
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 DH occurs as a result of reduced expiratory fl ows or time so that inspiration starts 
before the respiratory system reaches FRC. DH commonly occurs in COPD, where the 
presence of expiratory fl ow limitation (EFL) forces the patient to breath at higher lung 
volumes to produce the necessary expiratory fl ow. In these patients, PEEPi provides a 
substantial threshold load that must be counterbalanced by respiratory muscles: the 
inspiratory fl ow starts only when the pressure developed by the inspiratory muscles 
exceeds PEEPi. In these conditions, the inspiratory efforts required by the patient may 
be excessive. It has been shown both in physiologic and clinical studies that the appli-
cation of an external PEEP reduces the work of breathing, normalises the breathing 
pattern, improves blood gases and reduces patient–ventilator asynchrony [ 32 – 34 ]. 

 On the other hand, if the externally applied PEEP is greater than the PEEPi, it 
results in an increased EELV (and, thus, in an increased work of breathing) and in 
adverse effects on haemodynamics, as it may severely decrease venous return and 
cardiac output, depending upon intravascular volume status, myocardial function 
and other factors [ 35 – 37 ]. 

 For the application of an appropriate support, end-expiratory pressure should be 
tailored to each individual patient, taking into account that EFL is a condition that 
may considerably change with time [ 38 ], and particularly from night to day, as a 
consequence of the change in body posture and breathing pattern during sleep. 

 In a preliminary study, an automatic algorithm based on the continuous monitor-
ing of EFL by FOT has been implemented in a commercial mechanical ventilator 
(Synchrony, Philips Respironics). Briefl y, the ventilator has been modifi ed in order 

  Fig. 25.3    Experimental tracing from a representative COPD patient. From  top  to  bottom : Flow at 
the nasal mask (positive when inspiratory), nasal pressure, oesophageal pressure, total respiratory 
input reactance ( X  rs ) at 5 Hz and  ΔX rs  

  for each breath at the four considered CPAP values of 0, 
4, 8 and 12 cmH 2 O (from  left  to  righ t) (From Dellaca et al. [ 21 ], with permission)       
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to provide a 5 Hz sinusoidal pressure oscillation at the nasal mask and to compute 
in real time the value of Δ X  rs . According to the presence of tidal fl ow limitation, the 
algorithm adjusted automatically and gradually the PEEP until Δ X  rs  fell below the 
threshold for fl ow limitation (Fig.  25.4a ).

   This self-optimising PEEP device has been used on COPD patients during three 
ventilation trials [ 39 ]: the fi rst one was performed with the patient resting in the 
seated position, the second one with the patient in the supine position and the third 
one during a 6-min walking test (6 MWT). Total respiratory input impedance and 
breathing pattern parameters for each breath were computed and averaged at the end 
of each experimental condition. 

 On average, the optimised PEEP was minimal when the patient was resting in the 
seated position; it was maximal when patients were supine, likely as a consequence 
of the reduced lung volumes due to the displacement of the diaphragm in cranial 
direction; and it was somewhere in between the values identifi ed in seated and 
supine position during the 6 MWT (Fig.  25.4b ). 

 Even if this trend was highly representative of the behaviour of the patients, the 
baseline values and the changes with posture and exertion were quite different in each 
individual patient, leading to the high values of standard deviation. This variability 
underlines the importance of individual continuous tailoring of PEEP for these patients.  

25.4     Applications to Invasive Mechanical Ventilation 
of Patients with Acute Lung Injury and Acute 
Respiratory Distress Syndrome 

 Acute lung injury (ALI) and the acute respiratory distress syndrome (ARDS) are 
characterised by alveolar fl ooding, widespread airway closure and disturbed venti-
lation–perfusion relationship, resulting in increased lung resistance, reduced lung 
compliance and hypoxaemia [ 40 ]. 

 Artifi cial ventilation associated with various strategies utilising PEEP and lung 
recruitment manoeuvres (RM) have been shown to improve lung function in ARDS 
[ 41 – 43 ]. Unfortunately, artifi cial ventilation itself can worsen the existing injury 

  Fig. 25.4    ( a ) Example of automatic PEEP optimisation in a fl ow-limited COPD patient. PEEP is 
gradually increased until ∆ X  rs  is reduced to the threshold defi ning the presence of EFL ( dotted  
reference  line ). ( b ) Optimal PEEP identifi ed by the self-optimising ventilator on a group of COPD 
patients in three different conditions: seated position, supine and at the end of a 6-min walking test       
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through two distinct mechanisms: cyclic overdistention of lung units due to high 
and badly distributed tidal volumes (volutrauma) and shear stress associated with 
cyclic opening and closing of lung units (or atelectrauma). Both mechanisms can 
result in the release of infl ammatory cytokines (biotrauma) that may worsen the 
injury. Recently, emphasis has been put on the development of more lung protective 
ventilation protocols. In particular, there is evidence that PEEP should be adjusted 
aiming at maximising the fraction of recruited lung [ 44 ,  45 ], while tidal volumes 
and inspiratory pressures should be set as low as possible in order to minimise over-
distention [ 46 ]. The ability to quantify mechanical heterogeneities during ventila-
tion may provide insight into the ongoing processes of derecruitment, alveolar 
fl ooding and parenchymal overdistention. Such information may therefore be of use 
for optimising parameters such as PEEP, tidal volume or respiratory rate. 

 Recent studies in mammalian models of ALI have demonstrated that the 
frequency- dependent features of impedance can be very sensitive indicators of 
mechanical heterogeneities in the lungs [ 4 ,  47 – 49 ]. Moreover, these studies empha-
sised the importance of monitoring dynamic elastic properties of the lungs or total 
respiratory system to assess recruitment and overdistention during ventilation. 
Kaczka et al. measured  Z  rs  in dogs using broadband (0.078–8.1 Hz) oscillations over 
mean airway pressures from 5 to 20 cmH 2 O both at baseline and following oleic 
acid injury [ 48 ]. They found that the effective dynamic elastance as well as the het-
erogeneity of tissue mechanics increased following ALI, consistent with derecruit-
ment. Both of these variables approached pre-injury levels as mean airway pressure 
increased, consistent with the recruitment of lung units. 

 An alternative approach consists in within-breath measurements of  X  rs  at a single 
frequency. In particular, measurements of reactance at 5 Hz have proved to be very 
sensitive and specifi c to changes in peripheral lung mechanics [ 21 ,  24 ,  50 ], and they 
have been used for the evaluation of lung volume recruitment with the following 
rationale: in the simplifying hypothesis that the alveolar units can be modelled by 
compliant elements connected to each other in parallel, the total compliance 
assessed at the airways opening should measure the sum of the compliance of the 
single alveolar units which are reached by the oscillations and, therefore, ventilated. 
Thus, if the distending pressure of the lung is kept constant, changes in compliance 
should be proportional to the number of alveolar units that are recruited or 
derecruited. 

 Dellacà et al. demonstrated that oscillatory compliance, derived from reactance 
measured at end-expiration at 5 Hz, could be used to monitor recruitment/derecruit-
ment regardless of the model and distribution pattern of lung collapse (Fig.  25.5 ) [ 51 ].

   The specifi city of C X5  in detecting loss of ventilated lung is confi rmed by the 
strong linear relationship between the percentage amount of derecruitment, assessed 
by CT, and oscillatory compliance ( R  2  = 0.89). 

 Compared to the use of dynamic compliance (Cdyn) for monitoring lung volume 
recruitment and derecruitment, the use of C X5  offers three main advantages. First, 
since FOT requires very small lung volume changes, the measurement can be per-
formed at a specifi c lung volume, minimising the artefacts due to nonlinearities of 
the respiratory system. On the contrary, Cdyn is calculated over a whole breath, and 
this large volume change invalidates the hypothesis of linearity on which the 
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calculation of Cdyn is based, especially in diseased lungs. Second, since C X5  is not 
affected by spontaneous breathing, it does not require sedation as Cdyn. Third, 
since C X5  may be measured with a high time resolution, it allows the assessment of 
within-breath changes of lung mechanics. 

 The most interesting application of FOT for assessing lung volume recruit-
ment/derecruitment is for supporting the delivery of effective protective ventila-
tion to the patients. In particular, FOT can be an effective tool for tailoring a 
value of PEEP that maximises recruitment while avoiding overdistention (see 
Chap.   8    ). In an experimental model of ALI/ARDS [ 52 ], monitoring  X  rs  during a 
decremental PEEP trial allowed the identifi cation of open lung PEEP (PEEPol), 
defi ned as the minimum PEEP level required to prevent lung derecruitment after 
a recruitment manoeuvre, with high sensitivity and specifi city when compared 
with CT (see Fig.  25.6 ).

   The effects of repeated PEEP optimisation based on  X  rs  on oxygenation, lung 
mechanics and histologic markers of lung injury have been compared with the 
results obtained by applying the ARDSNet protocol based on oxygenation alone in 
a porcine surfactant-depletion lung injury model over a 12-h ventilation period [ 53 ]. 
The FOT-based optimisation strategy resulted in the selection of higher PEEP levels 
than the ARDSNet protocol. Higher levels of PEEP resulted in higher dynamic 
compliance in the FOT group leading to lower pressure amplitude and lower or 
comparable levels of plateaux pressure (Fig.  25.7 ).

   Moreover, the PEEP optimisation strategy based on  X  rs  resulted in a better PaO 2 /
FiO 2  ratio and in reduced histopathologic evidence of VILI compared to the 
ARDSNet protocol. 
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 The same FOT approach can be easily applied during high-frequency oscillatory 
ventilation (HFOV), an attractive alternative to conventional mechanical ventilation 
(CMV) that has the potential to reduce ventilator-induced lung injury when optimally 
applied [ 54 – 56 ]. It has been recently shown that accurate measurements of  X  rs  can be 
readily obtained from the mechanical response of the respiratory system to the oscilla-
tory waveform being delivered by the high-frequency oscillator [ 57 ], and that these 
measures can be used to tailor mean airway pressure ( P  AW ), the primary variable affect-
ing oxygenation [ 58 ] and the most critical determinant of ventilator- induced lung injury. 

 As FOT can be performed with high temporal resolution and without changing 
lung volume, during CMV, it can be used to assess lung mechanical properties both 
at end-inspiration and end-expiration [ 59 ] (Fig.  25.8 ). 

 The measurement of intratidal changes in  X  rs  has the potentials to be used not 
only to optimise and individualise PEEP but also to evaluate the tidal recruitment 
and distention associated to different pressure amplitudes or tidal volumes. 

 The application of FOT for tailoring mechanical ventilation is particularly inter-
esting for neonatal intensive care. Newborns, especially those born preterm, are 
more prone to lung damage and VILI because of their immature lung structure and 
very compliant chest wall. Moreover, the infl ammatory process induced by the 
mechanical stress to lung tissue dramatically increases the mortality and is a major 
cause of the development of a chronic lung disease called broncho-pulmonary dys-
plasia (BPD). 
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 FOT is an ideal technique to be applied in the neonates as it is less affected by 
leaks than dynamic compliance, an important feature as in small babies the fragility 
of tracheal tissues prevents the use of cuffed intratracheal tubes. Moreover, the highly 
irregular breathing pattern and the high respiratory rate of term and preterm babies 
make it diffi cult to use other approaches to assess the mechanical condition of their 
lungs. Back in 1983, Dorkin et al. described the relationship between impedance and 
frequency in infants with RDS [ 60 ]. Based on the frequency dependency of resis-
tance and reactance, Sullivan et al. [ 61 ] distinguished between two classes of patients 
related to different postnatal age, suggesting that FOT can help in following changes 
in lung function associated to long-term mechanical ventilation. These interesting 
results were not transferred to the clinical practice because of the criticalities of the 
measurement setups used in these fi rst studies. In fact, infants were disconnected 
from the ventilator and connected to a device that provided a stimulus within a wide 
range of frequencies. In 1998, Gauthier et al. [ 62 ] used single- frequency FOT super-
imposed to the ventilator waveform to evaluate lung function in ventilated infants 
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affected by bronchiolitis. Infants were evaluated at different levels of PEEP, and two 
different behaviours were observed: infants with very high resistance and negative 
reactance at low PEEP were more responsive to changes in PEEP, while in other 
infants, changes in PEEP produced limited effect on  R  rs  and  X  rs . 

 In preterm lambs receiving HFOV, Pillow et al. [ 63 ] showed that FOT success-
fully tracks changes in lung mechanics associated to both recruitment manoeuvres 
and surfactant administration. The partitioning of lung mechanics into airway and 
tissue components showed that tissue resistance constitutes the main resistive com-
ponent of impedance in a structurally immature lung, and that both surfactant pro-
phylaxis and volume recruitment manoeuvres predominantly infl uence tissue rather 
than airway impedance, with the reduction in tissue resistance being proportionally 
greater than the decrease in tissue elastance. 

 In a recent study, Dellacà et al. [ 64 ] evaluated respiratory system impedance dur-
ing an incremental/decremental PEEP trial in different groups of infants (controls, 
RDS and infants with evolving BPD) subjected to mechanical ventilation. This 
study showed that in ventilated preterm newborns, respiratory system impedance is 
very sensitive to changes in PEEP, and the relationship between impedance and 
PEEP has specifi c features in different lung diseases, suggesting that FOT can pro-
vide useful information for tailoring the ventilator settings according to the patho-
physiological characteristics of these diffi cult and fragile patients.
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       Conclusions 

 FOT allows an easy and accurate assessment of respiratory mechanics during 
non- invasive and invasive mechanical ventilation.  R  rs  and  X  rs  values refl ect the 
interaction of the elastic, resistive and inertial properties of the whole respiratory 
system and provide information about the presence of EFL and lung volume 
heterogeneity and recruitment, variables of a great pathophysiological interest 
and with direct application in clinical practice. Moreover, FOT may be a useful 
tool for monitoring the status and evolution of respiratory mechanics in the ven-
tilated patient and could be a complementary tool for optimising the ventilator 
settings. Although the application of FOT during invasive and non-invasive 
mechanical ventilation has been so far limited to research studies, the current 
development of the technique, in particular considering the within-breath 
approach, facilitates its application in the clinical setting.     
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