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CHAPTER |

Introduction and Aims of Study

Introduction

Chrounic airway inflammation, airflow obstruction, and bronchial hyperresponsiveness
are important features of asthma, chronic obstructive pulmonary disease (COPD),
cystic fibrosis (CF), and bronchopulmonary dysplasia (BPD). The pathophysiology
of the chronic inflammation is different for each of these diseases. In asthma allergy
to airborne allergens results in an inflammatory reaction of the mucosa. In COPD the
chronic inflammation is mainly caused by smoking. In CF mucociliary clearance is
impaired due to a genetic defect which results in chronic bacterial infection and airway
inflammation!, 2. BPD can develop in preterm infants requiring mechanical ventilation
at birth3, 4. Factors such as barotrauma, oxygen exposure, and infection are thought
to trigger inflammation5-7,

The prevalence of each of these diseases is considerable. The prevalence of asthma is
somewhere between 7 and 15 % of the population and is still rising8-12, The prevalence
of COPD retlects the smoking history of the population!3. One fifth of all smokers
demonstrate an increased susceptibility to tobacco smoke, with a rate of decline in
lung function approximately twice that of the mean of all smokers. This is the group
that acquires symptoms of COPD in late middle age. The prevalence of COPD in
North America is 10% at the age of 55 to 85 years!t3. The prevalence of CF in the
Netherlands is I in 3600 newbornsi4, BPD develops in one fifth of all preterm infants
requiring mechanical ventilation at birth.

Chronic inflammation causes structurat as well as functional changes of airway wall
components and parenchyma. How these changes lead to airflow obstruction and
increased bronchial responsiveness is incompletely understood. Better knowledge of
structure-function relationships of chronically inflamed airways can help us to improve
treatment. To obtain detailed information on the structure of airway wall components
we depend mainly on autopsy or lobectomy specimens. Mucosal biopsies are of limited
value for structure-function studies since they contain only small segments of the
airway wall and relatively few samples can be taken from large airways. A valid
analysis of airway dimensions versus airway size is, therefore, not possibie.

In asthma only a few structure-function studies were done with lung tissue obtained
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from people who died from asthma or with asthmal3-13. In the Netherlands it is difficult
to do such a study since, fortunately, death due to severe asthma is extremely rare and
there is no systematic collection of lung tissue from asthmatic subjects obtained from
autopsies. For this thesis we, therefore, did not study structure-function relationships
in asthma but focused on COPD, CF, and BPD where lung tissue can be obtained
more often. Lung tissue can be obtained from lobectomy or pneumonectomy speci-
mens of smokers operated on for a solitary lung lesion. Routine lung function is doue
pre-operatively in most patients, These patients are known to have variable degrees
of airflow obstraction!9: 20, In CF, lung tissue can be obtained from recipient fungs of
transplanted CF patients, or from autopsies. These patients have pre-operative lung
function or routine lung function available. Transplanted CF patients have, without
exception, end stage lung disease and severe loss of lung function. Lung tissue from
BPD patients can only be obtained from autopsies. Most of these patients have severe

BPD. Usually there is no lung function data available of these patients,

Outline and Aims of the Studies

This thesis is focused on the structure of chronically inflamed airways and its relation
to airflow obstruction and bronchial hyperresponsiveness. We determined the structure
of airways in patients who underwent a thoracotomy because of lung malignancies,
These patients were mostly smokers and were classified as “COPD” although one-
third had a lung function within the normal range and, therefore, did not strictly fulfil
the ATS criteriat3. Furthermore, we determined the structure of airways in CF and
BPD. The relation between airway structure and function was studied in more detail
in COPD. The relevance of our findings for the understanding of airflow obstruction
and bronchial responsiveness in asthma is discussed in the summary.

In Chapter 2 the general features of chronic airway inflammation in asthma, COPD,
CF, and BPD are described. Furthermore, we describe what is known about structural
and functional changes in chronically inflamed airways. Finally, we review how
structural changes can relate to maximal airflow limitation and bronchial respon-

siveness.
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Airway wall thickening plays an important role in the pathogenesis of airflow
obstruction. It is known that airway wall thickening in membranous airways of patients
with COPD correlates with the degree of airflow obstruction?0, The importance of
cartilaginous airway wall dimensions on airflow obstruction have not been sys-
tematically studied. We hypothesized that airway wall thickening of cartilaginous
airways would contribute to airflow obstruction. The aim of this study was, firstly, to
examine the relation between cartilaginous airway wall dimensions and airflow
obstruction and, secondly, to study the relation between these cartilaginous airway
dimensions and airway resistance in a mathematical lung model. This study was done
in the Pulmonary Research Laboratory of the St. Paul’s Hospital in Vancouver, Ca-
nada where a large number of lung specimens and matching lung function data are
available from patients operated on for a peripheral lung tumor. Airway dimensions
of cartilaginous airways in lobectomy specimens of patients with COPD were
measured. Airway wall dimensions were correlated to pre-operatively measured
estimates of airflow obstruction. Airway dimensions were inserted into a computational
model21, 22, This is described in Chapter 3.

Airway cantilage is thought to be an important structure that resists dynamic
compression during forced expiration?3. Loss of airway cartilage due to chronic
inflammation could therefore increase airflow limitation. Data on the relation be-
tween chronic airway inflammation and the volume of airway cartilage are con-
flicting24-28. Furthermore, it is not known whether the volume of airway cartilage is
related to airway collapsibility and hence to airflow obstruction. Airway wall thickness
is thought to contribute to airway resistance!3. 29. 30 and could be an important
determinant of airway collapsibility22, We hypothesized that thickening of the airway
wall due to chronic inflammation would make the airway stiffer and, therefore, would
reduce airway collapsibility, It has been suggested that the relative contributions of
airway conductance and airway collapsibility to airflow obstruction during forced
expiration can be estimated from a maximal flow-static recoil (MFSR) curve3l, The
aim of this study was to correlate MFSR estimates of airway conductance and
collapsibility and lung compliance to airway wall thickness and cartilage. Airway
conductance and collapsibility were calculated from MESR plots of COPD patients

1t
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and correlated to the airway dimensions measured in the lobectomy specimens of
these patients. This study is described in Chapter 4.

The methodology to study the contractile and dynamic properties of intact airway
segments is not well established. The next aim of this work was to develop a device to
assess the smooth muscle responses in isolated airway segments under isobaric
conditions and a model to study the mechanical properties of isolated airway segments.
We developed a micro-plethysmograph that is able to measure small volumes displaced
by a constricting or dilating airway segment at any given pre-load. Furthermore, we
deveioped an experimental set-up to measure the dynamic properties of the airway
segments, This study is described in Chapter 5.

Chronic inflammation of the airway is associated with thickening of the airway wall
and deposition of fibrous tissue. This could make the airway less compliant and increase
hysteresis and thus contribute to airflow limitation. We hypothesized that airway wall
thickness is an important determinant for the mechanical properties of airways and
that increased airway wall thickness makes the airways less compliant, less collapsible,
and reduces hysteresis. The aim of this study was to investigate the relation between
compliance, collapsibility, and hysteresis, on the one hand, and wall dimensions of
human peripheral airway segments on the other. Airway segments were dissected out
of lung tissue obtained from COPD patients. Dynamical properties were measured in
an organ bath and airway wall dimensions were measured morphometrically. This is
described in Chapter 6.

Lungs of CF patients show extensive inflammation of the bronchial walls, increased
volume fraction of the lung occupied by bronchi, and degeneration and sloughing of
airway epithelial cells32-36_ Tt is not clear how the thickening of the airway wall and
the loss of epitheliuimn ate distributed along the bronchial tree and how these pathologic
findings contribute to the airflow obstruction and increased bronchial responsiveness
in these patients. The aim of this study was to measure airway dimensions in CF
lungs obtained from lung transplantation and autopsies and to estimate the importance

of these dimensions in a computational model for airway resistance. This is described

in Chapter 7.
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Postmortem examination of tungs of infants with BPD show a decreased airway dia-
meter, an increase of smooth muscle area, and loss of epithelium37-42, It is not clear
whether airways are smaller due to smooth muscle contraction, airway wall thickening,
or to small airway size. Furthermore, it is not known how airway wall dimensions are
related to airway size. We hypothesized that the average airway size is smaller in
BPD than in controls and that the airway wall is thickened and the amount of smooth
muscle is increased. The aim of this work was to compare airway wall dimensions of
BPD patients to patients who died from sudden infant death syndrome (SIDS}. Airway
wall dimensions were measured in lung tissue obtained from autopsies of BPD patients
and SIDS patients and compared. This is described in Chapter 8.

In Chapter 9 we summarize the studies in this thesis. Next, we discuss how the
results of these studies fit in to what is known on the pathogenesis of maximal airflow
limitation and bronchial responsiveness in relation to lung structure, and suggest

directions for further research.
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STrRUCTURE AND FUNCTION OF CHRONICALLY INFLAMED HUMAN ATRWAYS

Introduction

The bronchial tree is a dichotomously branching system of tube-like structures. It
goes down from the frachea, with a cross-sectional area of 2.5 em?2 in adults, to the
tespiratory bronchioles with a total cross-sectional area of 12.000 cm? !, The major
function of the bronchial tree is to transport air in and out of the lungs in an energy-
efficient way. At inspiration ambient air is transported and distributed to the alveoli
where gas exchange with the blood takes place. During this transport the air is heated
to body temperature, humidified to maximal water saturation, and filtered. Particles
and micro-organisms are trapped in the mucus and cleared by the mucociliary clearance
in close collaboration with the immune system. In healthy subjects the bronchial tree
can {ulfill its functions both at rest and during maximal exercise.

In diseases characterized by chronic inflammation of the airways the functions can
be substantially altered. Airflow obstruction, and bronchial hyperresponsiveness are
important characteristics of diseases such as asthma, chronic obstructive pulmonary
disease (COPD), cystic fibrosis (CF), and bronchopulmonary dysplasia (BPD). It is
known that chronic inflammation leads to structural and functional changes in airways
and parenchyma. However, how these changes relate to airflow obstruction and
bronchial responsiveness is complex and incompletely understood. In this review we
will first describe general features of airway inflammation for patients with asthma,
COPD, CF, and BPD. Next, we describe what is known about structural and functional
changes of chironically inflamed airways. Finally, we will discuss how structural chan-

ges relate to maximal airflow limitation and bronchial responsiveness.

Chronic Airway Inflammation
Chronic inflanumation of the airways is an important feature of asthma2-6, COPD7-11,
CF12-17, and BPD18-22, The pathophysiology of the chronic inflammation is diffe-

rent for each of these diseases.

ASTHMA. Asthma is characterized by episodic airway obstruction and increased
bronchial responsiveness to the inhalation of non-specific irritants23. 24, A high per-

centage of asthmatics is allergic to airbore allergens. Provocation with an allergen
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leads to an early and often also a late allergic reaction, The early reaction to allergen
results from direct effects of mediators, whereas the late reaction is the consequence
of an inflammatory reaction of the bronchial mucosa. Eosinophils, neutrophils, and
T- lymphocytes are the predominant cells in the mucosa and alveolar tissue of asthmatic
patients®, 25-30, 300-302 and these play an important role the pathophysiology of
asthma27, 28, 31-33, The density of the inflammatory infiltrate is highest in airways
smaller than 2 mm internal diameter©.

Asthma is a chronic disease that starts at a very young age34: 35. Two-thirds of asthmatic
children continue to have symptoms of asthma in adulthood36. Of adults with asthma
more than half of the patients still have asthma after 25 years37. There are indications
that airway inflammation is present even in children and adults with stable asthma.
Markers of airway inflammation, such as hydrogen peroxide in exhaled air, are elevated
in stable asthmatic children compared to healthy controls38. This was especially true
for children without anti-inflammatory treatment, Furthermore, mucosal biopsies ta-
ken from 2 asthmatic children in remission showed peribronchial inflammatory cell
infiltration26, In mucosal biopsies taken from adult patients with stable allergic asthma
a high percentage of the eosinophils within the dense infiltrate were activated3!. In
addition, in mucosal biopsies of patients with severe asthma, who were treated for 10
years with inhaled steroids, inflammatory changes were substantially reduced but
not absent compared to the moment of onset of treatment39. Furthermore these patients

still had increased bronchial responsiveness.

CHRONIC OBSTRUCTIVE PULMONARY DISEASE. The term COPD is used for to describe
a collection of conditions which share the feature of chronic obstruction of expiratory
flow. Smoking is the major etiological factor in the pathogenesis of COPD as has
been shown in many studies40-43, For example, it was shown that the number of
cigarettes smoked is linearly related to the accelerated rate of loss of lung function
among smokers#. Furthermore, cigarette consumption is significantly correlated to
the severity of inflammation of membranous airways, and to bronchial hyper-
responsiveness0. The severity of inflammation is correlated to parameters of airflow
obstruction!9, Neutrophils are considered to be the predominant cells in the

inflammatory response that occurs in the airspaces of patients with COPD43,
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Firstly, the presence of cigarette smoke in the lungs increases the retention of
neutrophils in the lung46, Secondly, neutrophil chemotactic activity due fo spontaneous
secretion of a chemotactic factor by alveolar macrophages from smokers was tenfold
higher than in controls47. Thirdly, the number of neutrophils correlates significantly
to the number of cigarettes smoked48. Polymorphonuclear leukocytes can produce
tissue damage by the release of mediators, including proteases, oxidants, and toxic
peptides such as defensins4? 50, An excess of proteases relative to antiproteases
degrades extracellular matrix proteins31. High concentrations of oxidants in cigarette
smoke play a role in the inactivation of antiproteases32. These oxidants also have a
direct toxicity on many lung structures32, There are large differences among smokers
in the impact of cigaretie smoke on the rate of decline in lung function. Around one
fifth of the smokers have a rate of decline in lung function which is almost double
that of all smokers33. 54, On average, moderate to heavy male smokers roughly have
a 15 ml per year large decline in lung funciion than non-smokers>3. Airway inflam-
mation in smokers continues as long as smoking continues. Sustained smoking
cessation reduces the loss of lung function to a near normal level, whereas in smokers

the increased decline in lung function continues.

CYSTIC FIBROSIS. In cystic fibrosis the mucociliary defense mechanism of the lung is
severely impaired. Mutations in the CF gene result in defective chloride secretion
and increased sodium absorption across the respiratory epithelium. This results in
abnormal sputum rheology and impaired clearance of respiratory secretions. As a
consequence micro-organisms trapped in the mucus are not efficiently cleared which
results in chronic bronchitis. Furthermore, it was shown that the bactericidal function
of airway surface fluid in CF was reduced because of the high salt concentration in
the mucus36, Lung disease in CF is characterized by bacterial infection and chronic
airway inflammation which starts at a young age in most children. A bronchoalveolar
lavage study done within the first 3 months of life in 45 infants with CF showed that
40% had a culture that was positive for one or more pathogenic microorganisms!6, 17,
Inflammation in airways of CF patients is characterized by an elevated number of
neutrophilsi4 28 and a protease-antiprotease imbalancel® 15, Proteolytic destruction

of lung connective tissue is an ongoing process in the chronically infected CF lung
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and contributes to the pathologic changes observed in airways and alveolar
parenchymad7. Bronchiectasis may be present as early as 2 months of age and was
present in many children after 6 months of age38. Many patients get colonized with
pseudomonas, The location of the pseudomonas is generally endobronchiolar and
associated with bronchiolar obliterative changes mainly in small (< I mm) airways5.
Infants with CF, but without respiratory symptoms at diagnosis, start with normal
lung function®0, 61 but infants with respiratory symptoms at diagnosis have severe
airway obstruction6!, The latter children were more likely to have impaired lung
function at the age of one year62, The prognosis of most CF patients is determined by
the progression of the lung discase®3, The median life expectancy of a newborn child
with CF treated in a CF center is currently likely to be in the order of 40 yearst4,

BRONCHOPULMONARY DYSPLASIA. About one fifth of preterm infants who required
mechanical ventilation at birth developes chronic lung disease, which has been termed
BPD5S, 66, The incidence of BPD has increased due to increased survival and other
unidentified factors67. BPD is clinically characterized by respiratory distress, oxygen
dependence, and chest radiograph abnormalities beyond the first month of life22, 68,
Factors such as barotrauma, oxygen exposure, and infection are thought to trigger
inflammation69-7!, There is mounting evidence that inflamymatory lung injury may
play a key role in the pathogenesis of BPD22, 72, Various inflammatory mediators
such as leukotrienes, fibronectins and platelet activating factor are also found in high
concentrations in lavage fluid of infants with BPDI3,21,73-75, Furthermore, elevated
neutrophil counts and elastase concentration in hronchoalveolar lavage fluid is
associated with the development and severity of BPD!9-21, 73, This elastase is of
neutrophilic origin!¥, Its concentration, and that of its inhibitor ¢-antiprotease, is
elevated in bronchoalveolar lavage fluid of BPD patients!9-21, 71, An imbalance bet-
ween elastase and og-antiprotease, which places the infant at risk for proteolytic lung
damage, was described in a number of studies!9; 20, 71 but not in others?!. In fact,
there are indications that lung damage due to lung inflammation is increased in BPD.
The excretion in urine of degradation products of elastin during the first week of life

has been described in infants who subsequently developed BPD76.
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Structure and Function of Chronically Inflamed Airways

The structure of airways in humans can be studied in vivo with radiographic imaging
technigques and mucosa biopsies and in vitro in lungs obtained from lobectomies or
autopsies using morphometric techniques. The function of the airways can be measured
in vivo with lung function measurements, radiographic techniques, and in vitro in
whole lung preparations, isolated airway segments, and in bronchial tissue strips. In
this section we first describe structure and function relationships of components of
normal and diseased airways. Next, we will describe how these airway components

interact,

Subdivisions of Bronchial Wall

Airway wall dimensions have been measured in normal lungs, in the lungs of patients
with airway disease, and in animal modeis of airway disease. The terminology for
airway wall compartments is somewhat different from that used in the literature related
to histology (Figure 1), For this review we use nomenclature which was proposed for
quantifying subdivisions of the bronchial wall as seen in histological cross-sections?’
(Figure 2). Basically the airway is divided into two major layers; the inner wall and
outer wall. The inner wall consists of the epithelium, basement membrane, lamina
propria, and smooth muscle layer. Its borders are the airway lumen and outermost
layer of the smooth muscle. The outer wall consists of cartilage and the adventitia. Its
borders are the outermost layer of the smooth muscle and the outer border of the
adventitia. Alveolar attachments connect the outer wall of intra parenchymal airways
to the lung parenchyma. Different pathological processes may result in specific
thickening of one of the compartments without influencing the other. For example,
an increase of the inner wall area can amplify the effects of a given amount of smooth
muscle shortening?8. 79, An increase of the outer wall arca may decrease the elastic
load that the surrounding lung parenchyma provides to the smooth muscle and thus

facilitate smooth muscle shortening80, 81,

Inner wall area
EpITHELIUM. The surface area of the airways of the bronchial tree is covered by pseudo-
stratified epithelium. The respiratory epithelium forms an active interface between

22



CHAPTER 2

airway fumen

epithslium
basement membrane

airway mucosa
lamina propria

smooth muscle

. submucosa
cartitage

adveniitia

Iigure 1. Diagram of airway wall of medium-sized bronchus, The terminology is as used in Hieratuie
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Figure 2. Diagram of airway wall medium-sized bronchus. The terminology is as used in the
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the external and the internal environment and has a number of important functions.
Firstly, goblet celis within the epithelial layer and submucosal glands produce mucus
which is a complex mixture of water, proteins and proteoglycans, lipids and salts. Tt
forms a natural barrier protecting the epithelial cells from invasion and injury by
bacteria, viruses, and toxic inhaled molecules. Mucus contains defensins that have
bactericidal activity30.The respiratory mucus entraps inhaled particulate matter and
microorganisms deposited within the respiratory tract. The mucus is cleared by ciliary
imteractions and by airflow. Secondly, the epithelium acts as humidifter of inspired
air and prevents excessive fluid loss from the mucosa, Thirdly, it forms a barrier
against leakage of solutes into the airways and prevents penetration of particulate
matter into the airway interstitium?®2, 83, Fourthly, epithelivm modulates smooth muscle
tone by production of relaxing factors and by inactivation of bronchoconstricting
mediators and neurotransmitters84-86,

In asthma shedding and damage of airway surface epithelium is prominent and is
seen both in fatal asthma and in biopsy specimens of patients with mild asthma3, 31,87,
Epithelial tight junctions were found to be either deranged or damaged {or both} in
asthma and thereby contributed to the fragility of the epithelial layer88, 89, Shedding
and damage of airway epithelium seems to be less prominent in COPD than in asthma
but is less well described90. 91, Loss of respiratory epithelium in CF airways has been
described by a number of authors but was never quantified92. 93, In infants who died
with BPD, loss of the epithelium from up to 50% of the surface area was found in the
large airways%4. In lungs of 9 infants with bronchopulmonary dysplasia, of whom 7
died from respiratory failure, up to 28% of particulary the small airways showed
severely damaged epithelium95, There is a possibility that this epithelial damage is at
least to some extent an artifact due to the delay between the time of death and the
time of autopsy.

Extensive loss of epithelium can have the following consequences. Firstly, it can lead
to a decreased mucus clearance due to the defect of the ciliary apparatus, Thus mucus
can accumulate in the airway tree and lead to colonization and infection of inhaled
microorganisms?6. 97, Airway epithelial injury and repair favor bacterial adher-
ence?7-100, Secondly, epithelial injury is associated with bronchial hyperrespon-
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siveness3 27. Thirdly, desquamated epithelium and mucus can occlude the airway
lumen as is reported in patients with a severe acute asthma attack26. 101 In patients
with COPD the percentage of epithelium occupied by mucus is substantiaily increased
in comparison to control subjects!92, When the space between folds of the inner wall
is filled with fluid, mucus or debris, it compromises the airway lumen and thus
contributes to airflow obstruction!03, Fourthly, exfoliation of epithelium, especially
when it takes place in the small airways, will increase the airway lumen. Finally, the
loss of epithelium might change the mechanical behavior of the airway wall.
BASEMENT MEMBRANE. The epithelial layer rests on the basement membrane which
consists of two layers. The first layer is the basal lamina or “true” basement membrane
which can be seen only by electron microscopy. The basal lamina consists of an
electron-dense layer of 50 to 250 nm thickness composed principally of type IV
collagen, laminin, actin, proteoglycans, and fibronectini04, This specialized extra-
cellular elastic matrix is considered to provide support for the epithelium 94, 105, The
second layer of the basement membrane, the lamina reticularis, is positioned
immediately below the basal lamina, This layer can be seen by light-microscope and
consists of a loose array of collagen fibrils that are connected to the smooth muscle
and adventitial fayer!96. 107, The width of the lamina reticularis of the basement
membrane ranges between 3-17.5 microns, with a median value of 8.5 microns!08,
The mechanical properties of the basement membrane are thought to be an important
determinant for the stiffness and folding pattern of the mucosa during smooth muscle
shorteningi09, 110,

Extensive thickening of the basement membrane has been described in asthma?3, 5, 26,
31, 111-119, Tt can even be seen in an early stage of the diseaseS. 26, 118, Thickening of
the basement membrane was observed, but not quantitated, in chronic bronchitis2>
and in patients recovering from viral respiratory infectionsi120, Whether the basement
membrane is thickened in CF or BPD has not been investigated systematically.
Bronchial myofibroblasts are thought to be responsible for the thickening of the base-
ment membrane! 15, The thickness of the lamina reticularis is positively correlated to
the number of myofibroblasts immediately beneath the basement membrane.

Furthermore, in asthmatic subjects the number of subepithelial cells with a myo-
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fibroblast phenotype was increased 24 hr after allergen challenge from 1.6% atter
diluent to 18% after allergeni2l,

The impact of the thickening of the basement membrane on airway mechanics is a
matter of speculation. It is likely that this tube-like structure becomes stiffer when it
is thickened. Therefore, it was suggested that thickening of the basement membrane
in asthma is a protective mechanism that tends to reduce hyperresponsivenesstio,
LAMINA PROPRIA. This is all the tissue between the basement membrane and the
loose connective tissue layer underneath the smooth mnscle layer. Just below the
epithelium a dense microvascular network is embedded in fibrous tissue122-126, Blood
vessels occupy a volume fraction of 4 to 10% of the inner wall . This neiwork provides
nufrients to the epithelium, and plays an important role in the conditioning of the
inspired air and the clearance and distribution of inflammatory mediators!?7. 128, It
has been suggested that the vascular network plays a role in the way the mucosa
folds!122, The lamina propria further contains a network of elastic fibers that is attached
to the basal lamina of the epithelium, to the glands, smooth muscle cells, and
cartilage106,

Increased airway microvascular permeability and plasma exudation are considered
to be an important feature of asthmal30-135, Allergen exposure in sensitized asthmatics
causes an acute increase in the permeability of the microvasculature of bronchil36,
Plasma extravasation may lead to thickening of the inner wall and thus increase airway
resistance. In fact, in sensitized dogs that developed a late asthmatic reaction after
atlergen challenge, vascular permeability and mucosal thickness were increased,
especially in small bronchil37, There are reasons to believe that increased vascularity
with vasodilatation might contribute to airflow obstruction and increased bronchial
reactivity in asthima. Bronchial vascular congestion is known to contribute to airway
resistance in humans, Furthermore, the absolute number of blood vessels was increased
in proportion fo the increase in airway wall in autopsy specimen from patients who
died from or with asthma26, I38, Additionally, the absolute area of the lamina prop-
ria occupied by vessels was increased from 10 to 17% in mucosal biopsies taken
from the subsegmental carina of allergic asthmatic subjects compared to controlsi39,

The number of vessels per mm? of lamina propria was 32% higher in asthmatics. It is
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unlikely that vascular engorgement or bronchial wall edema could by itself cause
sufficient reduction of the airway lumen to have a substantial influence on airway
resistance!2%, 140, However, moderate changes of airway wall thickness in combination
to smooth muscle shortening can contribute to increased airflow limitation.

AIRWAY SMOOTH MUSCLE. The smooth muscle layer runs down from the trachea to
the smailest bronchioles!4!, There are two basic configurations of the airway smooth
musclel42, The first is found in the (rachea, where the muscle is inserted and closely
associated, both anatomically and functionally, with the cartilages. The muscle runs
transversely and forms a band in the dorsal part of the trachea. The second configuration
occurs in the bronchi where the muscle is present internal to the cartilage plates. In
cartilaginous bronchi, smooth muscle inserts on the perichondrium and runs in helical
strands around the airway circumference. The maximum shortening capacity of the
extrapulmonary smooth muscle is thought to be higher than the intrapulmonary smooth
musclel43, Tt was suggested that to the extent that airway smooth muscle is arranged
in an oblique angle, relative to the transverse axis of the airway, it could contribute to
airway closure and thus be an important determinant of airway responsiveness!44.
However, the oblique angle was found to be small in cats, rabbits, and humans145.
146, 1221 and it is, therefore, doubted whether the angle of the bronchial smooth muscle
is an important determinaunt for airway responsiveness.

Much more research has been done on trachea smooth muscle since it is easily obtained.
Smooth muscle makes up 10 to 5% of the bronchial wall volume of small airways
with a diameter of 0.3 to 3 mm!38, in large airways this relation was never
systematically studied. Only little is known of the normal function of smooth muscle.
Firstly, smooth muscle tone contributes to the stability of airways. Smooth muscle
tone was shown to be an important determinant of airway collapsibility in isolated
large airway segments of humans!47-150 and in airways of rabbits153! and pigs152. In
general, collapsibility increases when smooth muscle tone is reduced and decreases
when smooth muscle tone is increased. Secondly, smooth muscle tone is a determinant
of airway diameter!53, and thus affects airway resistance which is inversely related to
at least the fourth power of the airway radius. Thirdly, smooth muscle tone contributes

to the elastic recoil of the whole fung!34,
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In asthma an increase in the amount of bronchial smooth muscle has been described
by a number of authors?9 1, 112, I38, 155-157, This increase in muscle can be the
result of hypertrophy and hyperplasia of the smooth muscle cells or of an increase of
extracellular matrix surrounding the cells. In fact, in airways of patients who died
from a severe asthma attack both hypertrophy and hyperplasia of smooth muscle
cells was found157, Recently, airway muscle stereology in large airways of 5 asthma
patients obtained from lobectomies and autopsies was compared to controls!58. Smooth
muscle area, connective tissue area, and extra cellular matrix area were all higher in
the asthmatic patients but each of them separately was not significantly different
from controls. This study clearly shows that extracellular matrix and connective tissue
within smooth muscle bundles contribute substantially to the smooth muscle area. In
other words an increase in smooth muscle area as measured with more classical
morphometric techniques does not necessarily mean that the volume of the contractile
apparatus is increased. However, the increase in connective tissue (and extracellular
matrix, maybe) probably coatributes to the passive stress in the muscle layer.

In COPD the amount of smooth muscle in smali airways of patients with severe
airflow obstruction has been shown to be greater than in patients with normal lung
functionl0, 138, 155, The amount of smooth muscle in cartilaginous airways has not
been well described.

In CF there are a number of studies of [ung pathology, however, no studies have been
done to quantify the smooth muscle.

The airways of patients with BPD show a substantial increase of the smooth muscle
areatd, 159-161, Margraf and coworkers found that the volume proportion of smooth
muscle in central bronchi and the lung was more than twice that of controls. Prema-
ture infants with chronic lung disease aged 9 to 29 days had increased muscle in
airways with a circomference of 1500 um or greater compared to age-matched
controls?3. The distribution of the volume of smooth muscle along the bronchial tree
in relation to other airway wall dimensions was not clear in these studies.

Increased shortening compared to control of smooth tissue preparations from asthmatic
patients has been shown to occur in vitro!62-164 The degree of airway smooth muscle

shortening that occurs in vivo depends on many factors, including force generation,
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and the loads against which the smooth muscle contracts. Increased force generation
was found in each of the three studies. Whether this was the result of increased smooth
muscle mass or of changes of the contractile properties is less clear. It was recently
suggested that increased shortening velocity of airway smooth muscle might play a
key role in the pathogenesis of airflow obstruction in asthmal65, Increased shortening
due to enhanced contractile properties was found in smooth muscle preparations from
tracheae of hyperresponsive guinea pigl66 and mice 167 but not in hyperresponsive
greyhounds!68, Increased shortening as a result of a decreased load provided by the
extracellular matrix elements was found in airways obtained from a lobectomy of a
patient with asthmal®4, Whether smooth muscle shortening is increased in COPD is
not clear, The isometric force generation after stimulation with histamine was increased
in bronchial strip preparations from small airways of COPD patients with airflow
limitation compared to smokers without airflow limitation169, However, there was
no difference between both groups after stimuiation with methacholine. Isotonic
shortening was decreased in the COPD patients compared to the smokers without
airflow obstruction!70, These results might indicate that the load on the contracting
smooth muscle is increased in patients with COPD and airflow obstruction. Whether

smooth muscle responsiveness in vitro is altered in CF and BPD is unknown.

Outer wall

AIRWAY CARTILAGE. Cartilage is a prominent component of the outer wall and is
present from the trachea down to airways with a diameter of around 2 mm. In the
trachea and main stem bronchi, cartilage plates are horse-shoe shaped and occupy a
large part of the bronchial wall. The more peripheral the airway, the smaller the cartilage
plates, untif they disappear completely. The cartilage make up 25 to 63% of the total
wall in large airways!7! and 4 to 10%172 in the smaller airways. Its exact volume
distribution along the bronchial tree was not investigated, Airway cartilage consists
of a fiber-reinforced composite material in which type II collagen fibers entrap a
matrix of proteoglycan aggregatest73. 174, The biochemical composition and
biomechanical propetrties of airway cartilage change with age and may thus contribute

to the age-dependent changes in human lung function!73. 174,

29



STRUCTURE AND FUNCTION oF CHRONICALLY INFLAMED HUMAN ARWaYS

Alrway cartilage is an important structural contributor to the ability of the airway
wall to resist deformation during forced expiration!75. Softening of tracheal cartilage
in rabbits, using papain, increased compliance of the trachea and decreased the ability
of the trachea to resist negative pressures!76. Airway cartilage provides an elastic
load on the smooth muscle and is, therefore, a determinant of the degree of airway
smooth muscle shortening and the resultant airway narrowing77-180, Maximal
shortening of bronchial smooth muscle preparations in dogs from which all cartilage
had been removed almost doubled compared to intact preparations178,

Previous studies in patients with COPD have suggested that inflammation reduces
cartilage volume and, therefore, contributes to increased airflow obstruction!72. 181-
183, This was not confirmed in other studies2. 8, Whether the amount of cartilage is
changed in CF is not known, The mean volume proportion of cartilage in central
bronchi of BPD patients was not different compared to controls!6!, However, in this
study the amount of cartilage was not related to the airway perimeter.

Whether the mechanical properties of airway cartilage are altered due to chronic
inflammation in asthma, COPD, and CF is not known. Prematurely born infants have
more compliant and more collapsible airways than term infants184, Primary tracheo-
bronchomalacia which is a rare congenital anomaly in otherwise healthy infants seems
to occur more frequently in BPDI85, Airways become stiffer with age which is related
to the water content and to the biochemical composition of cartilage173. 174, However,
the biochemical composition and biomechanical properties of airway cartilage in
BPD were never systematically studied in relation to inflammatory changes within
the airways.

ADVENTITIA. The adventitia is the tissue between the cartilage and/or the smooth
muscle layer and the parenchyma. It consists of fibrous tissue and blood vessels. The
adventitial layer cannot be separated from the parenchyma since these form a
continuum. Septa depart from the adventitia into the surrounding parenchyma.
Furthermore, it was shown that elastic fibers in intrapulmonary guinea-pig airways
connect the adventitia to the lamina reticularis and to the smooth muscle layer 107,
This configuration is compatible with the idea that fibers of the elastic system restrict

the folding of the mucosa during bronchoconstriction, and may also provide energy
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Figure 3. Dose-response curves generated using a computational model for airway dimensions of
normal subjects, patients with chronic obstructive pulmonary disease {COPD), and asthma. The
only parameter altered in generating these curves was the equation for the inner wall area as a
function of airway size. The higher the log(dose) the higher the shortening in the model by the
smooth muscle. This figure was kindly supplied by Dr R.K. Lambert.

to restore airway configuration to its normal status after contraction. Only little is
known on changes in the adventitia in relation to chronic airway inflammation.
Probably the adventitia is thickened in severe asthmal38, for COPD this is less clearl0,
138, For CF and BPD there are no systematic studies available.

Inieractions between airway compartments

Since the interactions between airway compartments are so complex computer models
have been developed to study the functional significance of altered airway dimensions
and physical behavior on outcome parameters such as airway resistance80, 109, 110,
186-191, These models are founded on the physics of solid mechanics and fluid
dynamics and have infegrated data on the geometry and mechanical properties of the

31



STRUCTURE AND FUNCTION OF CHRONICALLY INFLAMED HUMAN AIRWAYS

1.0

Figure 4. Example of cross sections of airways containing different number of folds at the same
transmural pressure difference. The outer cross section has 20 folds, whereas the inner cross section
has 15 folds. The ratio between the two lumen areas is 2.83. The scale represents the normalized
radius. The fully dilated airway has a radius of |, The theory behind this graph is described in
reference 109, This figure was kindly supplied by Dr R.K. Lambert.

lung. The models are, by definition, a reduction of reality but it helps us to understand
the relationship between structural and functional changes, to simulate complex
interactions between various airway wall compartments, and to develop new concepts
on the pathophysiology of airflow obstruction. In the following paragraphs we will

discuss interactions between airway wall compartments and parenchyma.

SMOOTH MUSCLE AND INNER WALL. When the smooth muscle shortens it has to
deform the tissue between the smooth muscle layer and the lamen into folds, It is
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Figure 5. The effect of outer wall thickening. In this example the normal airway has a resistance
(R) of 1. When airway smooth muscle {ASM) contraction is stimulated, shortening occurs until the
stress in the surrounding parenchyma (represented by he springs) prevents further shortening and
narrowing at a resistance of 8. With thickening of the outer wall the stress in the surrounding
parenchyma is decreased, and greater smooth muscle shortening is possible before the parenchymal
recoil prevents further shortening. From reference 299, with permission.

predicted in a computational model that thickening of the inner wall increases the
airway’s ability to resist bronchoconstriction by the smooth muscle! 10, 192, Thickening
of the inner airway wall is present in small and large airways of asthma patients79 138
and in small airways of COPD patients!0. 138, For CF!93, 194 and BPDI61, 195, 196
there are indications that the airway wall is thickened but there are no systematic data
available relating airway thickness to airway size. Thickening of the inner wall in
asthma has only little effect on baseline airway resistance but can enhance the airway
narrowing produced by smooth muscle shortening78, 79, 190 (Figure 3). The folding
pattern of the inner wall could influence airway resistancel0% 110, A low number of
folds occludes the airway lumen more than a high number of folds (Figure 4). Whether
the smooth muscle is able to shosten depends on the load of the folding inner wall on
the shortening smooth muscle. It is predicted that thickening of the structured

connective tissue of the airway wall increases the airway’s ability to resist broncho-
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constriction!10, Tn the event of an allergen provocation accompanied by swelling of
the inner airway wall by edema it is predicted that airway’s stiffness will be reduced.
SMOOTH MUSCLE AND QUTER WALL. The outer wall arca determines the tethering
effect of the parenchyma on the airway and, therefore, the preload and afterioad for
the bronchial smooth nmuscle. An increase in outer wall area could theoretically reduce
the tethering effect of the parenchyma on the airway and, therefore, reduce the preload
and afterload for the bronchial smooth muscle. As a result the smooth muscle could
shorten more for a given force generation8l, 110,197 (Figure 5). The outer wall area
might, therefore, play an important role in the pathophysiology of excessive
bronchoconstriction!97. The outer wall is a structure that is difficult to measure in a
reliable fashion since it forms a continwum with the parenchyma. In small airways of
asthma patients the outer wall is increased compared to control subjects!38, In COPD
patients with airfiow obstruction the outer wall area is thicker than in non-obstructed
patients only for airways with a diameter between 0.4 and 0.8 mm but not for smailer
or larger airways!9, For CF and BPD there are no data on the outer wall available.

PARENCHYMA-AIRWAY INTERDEPENDENCE. There is a strong functional inter-
dependence between lung parenchyma and airways. The alveolar walls attach to the
outside of intra- parenchymal airways. They contain elastic fibers which resist
deformation and provide radial traction on the airway wall, Alveolar attachments
lengthen and airways dilate with lung inflation due to the tethering force of the lung
parenchyma on the airways 198, In excised dog lungs the airway diameter reduced on
average by 40% when the transpulmonary pressure was reduced from 30 to O cm
H,0198, The tethering force is highest at maximal lung inflation when the elastic
recoil pressure is maximal. The tethering effect of the parenchyma results in a preload
and afterload for the airway smooth muscle when it contracts. When airway smooth
muscle contracts and narrows the airway it has to generate force to deform the
surrounding lung parenchyma. High fung elastic recoil pressure results in a high load
for the smooth muscle, Maximal shortening will therefore be small, In fact, when
airways of dogs were maximally contracted with carbachol af transpulmonary pressures
of 25, 15, 10, 8, and 6 cmx HyO, lumen area decreased by 7, 62, 78, 32, and 95%

compared to baseline, respectively!9%. Lung volume was found to be a major
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determinant of the bronchoconstrictor response to methacholine in healthy subjects 200,

AIRWAY COMPLIANCE AND PARENCHYMA. Lung elastic recoil has more effect on the
airway diameter of peripheral airways than in central airways201, 202, Tn other words,
peripheral airways are more compliant than central airways. Airway compliance,
therefore, is an important determinant of airway diameter. The increase in diameter
from functional residual capacity to total lung capacity was 28 and 5% for airways
with a diameter below 1.7 and above 7 mm, respectively20t, One of the determinants
of airway compliance is the smooth muscle tone. The diameter of maximally refaxed
airways in dogs was 20 to 30% higher for different lung volumes than in maximal
constricted airways203, The effect of smooth muscle tone on airway diameter for
different recoil pressures is most important for small airways!99, 204, 205, Smooth
muscle tone is not only an important determinant of airway compliance but also
influences lung elastic recoil pressure!54. Contraction of airway smooth muscle with
methacholine reduced lung compliance by half and total lung capacity by one third154,
Compliance of the airway wiil also depend on the mechanical qualities of the other
airway wall components. Only very little is known on this contribution. It is likely
that the remodeling of the airway wall as a result of chronic inflammation might
substantially alter the compliance of airways and therefore lung compliance.

SMOOTH MUSCLE TONE AND INTERDEPENDENCE. The forces of interdependence be-
tween parenchyma and airways are likely to play an important role in the pathogenesis
of airflow obstruction. During tidal breathing the bronchiat smooth muscle is stretched
regulary due to the forces of interdependence. This depresses the active force generated
by the smooth muscle below the force generated during static isometric contraction296,
208, A deep inspiration of airways at baseline tone and of bronchoconstricted airways
reduces airway tone and, therefore, increases airway diameter in normal subjects for
a give transmural pressure20%, 210, This response is frequently impaired or absent in
asthmatics209, 211-218  In asthmatic subjects with spontaneous severe airflow
obstruction a deep inspiration can even increase obstruction2!9, Intensive treatment
diminished the constrictor effect of the deep inspiration220, These findings suggest
that interdependence is reduced in relation to inflammatory changes within the airways,
In COPD interdependence between smooth muscle tone and parenchyma might be
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impaired at a local level due to emphysema. There are some arguments to support
this. Firstly, small airway disease is related to the destruction of peribronchial
alveoli22l, 222 and patients with severe airflow limitation have a reduced density of
the lang parenchyma as estimated with computer tomography?223 and a larger distance
between alveolar attachments224, Secondly, lung elastic recoil is reduced in patients
with emphysema225, 226, Thirdly, the maximal response to methacholine in patients
with o- antitrypsin deficiency was positively correlated to the severity of emphysema
and negatively to the maximal fung elastic recoil pressure227, Fifthly, a deep inspiration
did not increase airway conductance, as was the case in normals, but reduced airway
conductance in most subjects with COPD212,

To our knowiedge there are no studies on the parenchyma-airway smooth muscle
interaction in CF or in BPD. Loss of parenchyma has been described in CF193 and is
a common feature in BPD228, 229 and airway morphology is substantially altered in
both diseases. Therefore, it is likely that parenchyma-airway interaction will be
changed. It is unknown how the component of airway compliance that is not related
to the smooth muscle interferes in the interdependence between airways and

parenchyma.

Forced Expiration and Structural Changes of Ainways

Reduction of maximal expiratory flow is an important feature of asthma23,35, COPDI0,
EL, 54, 138 (62, 63,230, 231 and BPD232-234,

The forced flow-volume curve requires maximal effort throughout the maneuver.
The forced vital capacity (FVC), forced expiratory volume in t second (FEV ), and
the ratio between the two (FEV| / FVC), as calculated from the flow volume curve,
are considered important descriptors of airflow obstruction.

During the maneuver a flow limiting segment is formed in the airways. The places
where the flow limiting segment is formed depends on the airway resistance upstream
of the flow limiting segment and the lung elastic recoil pressure235. 236, The stiffness
of the flow limiting segment is an important determinant of the luminal cross sectional
area and therefore of the maximal flow236,

INNER AND OUTER AIRWAY WALL. How can reduced maximal flows be explained
from structural changes of the airways? There are only limited data available relating
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parameters of forced expiratory flow to airway morphology. The mean FEV | of asthma
patients who died from a fatal asthma attack, or who had a lobectomy for a solitary
lung lesion, was within the normal range 138, The inner and outer airway wall of these
patients was substantially increased compared to smokers without substantial airflow
obstruction. However, it is questionable how far the morphologic changes at the time
of the lobectomy or death reflect adequately the morphology at the time of fung
function testing. Studies using high resolution computed tomography showed that
airways of asthmatic subjects with airflow obstruction were significantly thickened
compared to normal subjects303, Smokers with reduced forced expiratory flows had
increased thickness of the airway wall of small airways compared to smokers with-
out airflow obstruction!0, 138, Thickening of the airway wall could contribute to reduced
forced expiratory flows in the following ways: Firstly, thickening of the airway wall
will lead to increased airway resistance even in the absence of smooth muscle
shortening if it results in decreased lumen area. In fact, upstream resistance is increased
in asthma and COPD patients237. 238 This can result in a more upstrean position of
the flow limiting segment which usually leads to reduced maximal flows. In excised
lungs of subjects without a history of airflow limitation the position of the flow limiting
seginent was generally distal of the main stem bronchus 239, In asthma it was shown
that the flow limiting segment was positioned even more peripherally249. Peripheral
airways are more compliant and more collapsible than central airways!98, 201,
Development of flow limiting segments in more peripheral airways is, therefore, likely
to occur at a lower transmural pressure. However, inflammatory thickening of airways
might reduce its collapsibility but this was never investigated.

SMOOTH MUSCLE. Airways in asthima, COPD, CF, and BPD probably contain more
smooth muscle?9, 111, 112, 138, 155-157 but there is no direct evidence that forced
expiratory flow is correlated to the amount of smooth muscle in the airways.
Theoretically, increased smooth muscle shortening could increase airway resistance
and result in a more peripheral position of the flow limiting segment as explained
previousiy. This is supported by the finding that a more peripheral position was found
in tungs of dogs after bronchoconstriction with methacholine24!, Increased smooth

muscle tone reduces the lumen area and airway collapsibility of large airways!47-150,
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Therefore, it is a theoretical possibility that the collapsibility of the flow limiting
segment is decreased due to increased smooth muscle tone. This was confirmed when
it was shown that the compliance of the flow limiting segment was reduced after
bronchoconstriction in dogs241.

CARTILAGE. There are some indications that the amount of cartilage is decreased in
COPD in relation to airway inflammation. Loss of cartilage could, theoretically, result
in increased collapsibility of airways at the equal pressure point during forced
expiration.

When airway cartilage of young rabbits was softened, using papain, their tracheas
exhibited a decreased ability to resist negative transmural pressures176, Lung function
of these animals showed increased airway resistance and decreased maximal expiratory
flows 175,

PARENCHYMA. Extensive loss of lung parenchyma, that is emphysema, is a common
feature in COPD242, 243, CF193 gnd BPD?228, 229, Emphysema is found to relate to
airflow limitation in a number of studies223, 224, 226, 242, 244, but not in others!!, 225
245, How can emphysema contribute to airflow limitation? Firstly, emphysema can
result in a decrease of the lung elastic recoil pressure and therefore of driving pressure
to generate maximal airflow?35, In COPD, the loss of lung elastic recoil pressure
correlates with the extent of emphysema225, 226, In addition, lung elastic recoil pressure
at 90% of total lung capacity correlates significantly to airflow limitation in patients
with COPD, asthma, and CF226,246, Secondly, loss of tethering forces on the airways
results in a decrease of airway diameter and therefore in an increase of airway
resistance?47. Thirdly, when the flow limiting segment is positioned in airways
surrounded by parenchyma, reduced tethering forces can increase the compliance of
the flow limiting segment!1,

In conclusion, the many changes in airway structure as previously described can all
contribute to the pathophysiology of increased airflow obstruction during a forced

expiratory maneuver. However, many pieces of this complex puzzle are still missing.

Ainway Hyperresponsiveness and Structural Changes of Airways
Airway hyperresponsiveness refers to an exaggerated response to a bronchoconstrictor
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and is indicative of an increased susceptibility of the patient to develop airways
obstruction to environmental stimuli248, The parameters to monitor the response to a
bronchoconstrictor can be derived from a flow-volume curve (peak flow, FEV, and
FVC) or from measurements of airways resistance or conductance. These parameters
are plotted against the concentration or dose of the bronchoconstrictor in dose-res-
ponse curves. The dose-response curve allows the calculation of the sensitivity to the
stimulus as indicated by the position of the curve, as well as measurement of the
magnitude of the response with increasing dose as indicated by the slope and maximal
response24, 249,

In the general population there is a high prevalence of hyperresponsiveness to histamine
or methacholine in children?50-252 and adults253, Atopy and airway caliber, as estimated
by EEV, are major deferminants related to this hyperresponsiveness250, 251, 253- 256,
Up to two-thirds of all subjects with hyperresponsiveness are asymptomatic252. But,
these subjects with asymptomatic hyperresponsiveness are at greater risk of developing
symptomatic asthma than the general population?56, The prevalence of hyper-
responsiveness is higher in subjects with asthma230, 257, 258 COPD?259, 260, CF230,
257,261-263 and BPD?233, 264 265, In COPD bronchial responsiveness is related to the
number of cigarettes smoked40,

Bronchial hyperresponsiveness has been related to a wide variety of structural chan-
ges of the airways. Reduced airway caliber and secretions alter the deposition pattern
of aerosols. Aerosol deposition is inhomogeneous and higher in central airways in
patients with asthma266-268° COPD269, and in CF270. 271, The severity of airflow
obstruction is correlated to the abnormality of the distribution pattern266-268, The
total lung deposition in patients with airflow obstruction is unchanged or even higher
than in non-obstructed control subjects266, 272,273, Higher lung deposition of histamine
in smokers is associated with an increased bronchoconstrictor response273, Further-
more, it was suggested that increased deposition of bronchoconstrictors in central
airways at the site of the flow limiting segment might contribute to the bronchial
hyperresponsiveness274,

Airway caliber in the general population is an important determinant of bronchial
responsiveness253, 254, Airways with a small caliber are expected to be more
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hyperreactive than larger airways since airflow through airways depends on at least
the fourth power of the radius275. Bronchial hypeiresponsiveness can, therefore, be
the result of abnormal small airways. Whether growth of airways in children is impaired
due to chronic airway inflammation is unclear. In children with asthma there is indi-
rect evidence that growth of airways is normal. Lung function estimates of airway
size were not different in a cross-sectional study of children with asthma than in
matched controls276, Reduced airway caliber due to impaired lung growth as a result
of prenatal and/or early life exposure to cigarette smoke might play a role in the
pathogenesis of COPD277- 279, Very little is known about airway growth in premature
born infants and in patients with BPD, Airway diameter in autopsy lungs of prema-
ture infants fixed at a transmural pressure of 30 cin Hp0 were of normal size for their
postconceptional age, irrespective of artificial ventilation95, A drawback of this study
is that airway diameter depends on the contractile status of the airway and correlate
pootily to the airway internal perimeter280, Animal studies show that maloutrition281,
282 and maternal smoking?83 impair lung growth and development. Patients with
severe BPD demonstrate poor weight gain233, 284, Impaired growth is also present in
many CF infants due to pancreatic insufficiency283, 286, Furthermore, the nutritional
status of CF patients correlates to survival287, Therefore it is possible that impaired
lung growth plays a role in the pathophysiology of bronchial responsiveness in BPD
and CF. There are, however, no studies on the effects of malnutrition on lung growth
in humans288,

BASEMENT MEMBRANE. The thickness of the lamina reticularis correlates to the severity
of bronchial responsiveness of asthmatic patients and to indicators of airflow
obstruction! 18, 119,289 Tt js difficult to explain how a thicker lamina reticularis would
increase bronchial responsiveness, Probably it is more a marker of a disease process
than a determinant of bronchial responsiveness.

INNER AND OUTER AIRWAY WALL. Thickening of the inner wall area is theoretically
an important determinant of bronchial hyperresponsiveness, since it reduces airway
caliber and can enhance airway narrowing when the smooth muscle shortens79 190,
As described previously, thickening of the inner airway wall is well documented in
asthma and COPD and might play a role in CF and BPD too. COPD patients with
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hyperresponsiveness had a thicker inner and outer wall area compared to patients
without hyperresponsiveness304, Thickening of the airway wall in sheep by 18%,
induced by increased bronchial blood flow, did not increase bronchial responsi-
veness?%0, Chronic hyperoxic exposure of immature rats induces both airway
hyperresponsiveness and an increase of the epithelial and smooth muscle layer291, It
is clear from this study whether or not the smooth muscle force is increased and/or
the epithelial layer thickening amplifies the lnminal narrowing due to airway muscle
shortening,

EPITHELIUM. Epithelial injury is associated with bronchial hyperresponsiveness in
asthima3, 27, Parameters of epithelial damage correlated to airway responsiveness in 2
studies3. 27 but not in another292, The relation between epithelial injury and bronchial
responsiveness has never been systematically investigated in COPD, CF, and BPD.
Due to the loss of barrier function, airway permeability may increase and provide
easy access of the bronchoconstrictor to the airway smooth muscle. In fact, loss of
barrier function is well documented in asthma223, Furthermore, airway epithelium is
a source of relaxing substances that may act on smooth muscle cells, Damage of the
epithelium might therefore increase smooth muscle tone and airway reactivity in
vitro82. 294-298

SMOOTH MUSCLE. Smooth muscle area was found to be increased in asthma’%. 111
112,138,155-157 COPDI10, 138, 155 and BPD63, 159-161, However there are no conclusive
studies in humans where the amount of smooth muscle in the airways was correlated
to lung function measurements of bronchial responsiveness. Airway hyper-
responsiveness in guinea pig, induced with repeated antigen challenge, is associated
with both increased force generation and shortening of tracheal smooth muscle, but
without increased muscle mass, suggesting enhanced contractile activity166,
CARTILAGE. The relation between the amount of cartilage and bronchial responsiveness
has been investigated in 45 COPD patients. The volume proportion of cartilage was
slightly less in airways of patients who had increased responsiveness to a broncho-
dilatori82, However, this correlation can be the result of relative decrease, resulting
from an increased total wall area, or trom a decreased amount of cartilage.

PARENCHYMA, Emphysema can be an important determinant of bronchial hyper-
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reactivity. The maximal fall in FEV | after provocation with methacholine in patients
with oj-antitrypsin deficiency was significantly higher in patients with a reduced
lung density as measured with computer tomography?2?, COPD patients with
centrilobular emphysema are more hyperresponsive than patients with panlobular
emphysema, Patients with centrilobular emphysema have more diseased airways than
patients with panlobular emphysema245. The difference in bronchial responsiveness

could be the result of the emphysema and / or abnormalities within the airway.

Conclusion

Diseases characterized by chronic inflammation of the airways such as asthma, COPD,
CF, and BPD all have substantial structural changes of the airways and parenchyma.
Furthermore, many of these patients have airflow limitation and increased bronchial
responsiveness, Currently, the pathophysiology of the lung function abnormalities is
only partially resolved because of the complex interactions between different
components within the airway wall and between the airway wall and the parenchyma.

Clearly there is more than smooth muscle alone to obstruct an airway.
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Introduction

Increased airflow obstruction in chronic obstructive pulmonary disease (COPD) is
caused by a combination of loss of lung elasticity and increased airway resistance.
The mechanism of the increased airway resistance is still unclear. Inflammatory chan-
ges in the membranous airways correlate with the degree of airflow obstruction in
patients with COPDI-3. Both the obstruction and membranous airway inflammation
ate associated with increased thickness of the airway wall and the smooth muscle
fayerd.5. A similar but more striking increase in airway wall thickness has been reported
in the membranous and cartilaginous airways of asthmatic patients and these chan-
ges may have a profound effect on the airway narrowing that occurs during airway
smooth muscle shortening®-8. There have been no systematic studies of lung function
in relation to changes in large airway dimensions in patients with COPD, To examine
whether such changes have any measurable effect on airflow obstruction, we measured
the dimensions of airways from excised lobes of patients with COPD and tested the
hypothesis that the thickness of the wall and the amount of bronchial smooth muscle
in cartilaginous airways are related to pre-operatively measured estimates of airflow
obstruction in these patients. The impact of different airway wall dimensions on airway
resistance was checked in a mathematical lung model, and results were compared

with lung function measurements.

Methods

Study Population

Lung tissue was obtained from 72 patients who had a lobar resection or pneumo-
nectomy for a solitary peripheral lung lesion. We did not include patients in whom
segmental or larger airways were found to be obstructed during bronchoscopy or at
pathological examination or patients who showed evidence of obstructive pneumonitis.
Furthermore, patients who had a history consistent with a diagnosis of asthma were
excluded?. Informed consent was obtained in all cases. Sixty-four of the 72 patients

proved to have a diagnosis of bronchogenic carcinoma. Carcinoid tumour, hamar-
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toma, or granuloma were the final diagnoses in the remaining patients. These patients
were mostly simokers and were classified as “COPD” although one-third iad a lung
function within the normal range and, therefore, did not strictly fulfil the ATS

criteria®. The clinical data for the patients in this study are summarized in Table 1.

Table 1
STUDY POPULATION CHARACTERISTICS

Age, years 61 +9.5(37-83)
Sex, male:female 54:18

Pack yearst 54,7 £ 34.5 (0.4-180)
Current smokers, n 45

Life long nonsmokers, n 2

Lung or lobe resected, right side, n 50

Lung or lobe resected, left side, n 22

TPack years = number of years smoking 1 pack of cigarettes a day; n = number. Age and pack years
are expressed as mean * standard deviation and range.

Lung Function Studies

Lung function tests were done within the week before surgery using a volume
displacement pressure-compensated body plethysmograph. Volame was measuared
with a Krogh spirometer coupled to a linear displacement transducer (Shaevitz Engi-
neering, Pennsauken, N J). Flow was measured with a Fleisch No. 3 pneumotachometer
coupled to a Sanborn 270 differential pressure transducer (Sanborn Co., Waltham,
MA). Functional residual capacity {FRC) was determined using Boyle’s law technique,
and residual volume (RV) and total lung volume (TLC) were calculated. Forced
expiratory volume in 1s (FEV ), forced vital capacity (FVC), and maximal flows at
50% (Vmaxsg) and 25% (Vmaxys) of FVC were calculated from digitized flow and
volume signals obtained during forced expiratory manoeuvres. At least 3 expiratory
efforts were performed, and the forced expiratory manoeuvre with the largest sum of
FEV| and FVC was selected. Values were expressed as a percentage of the predicted
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values according to the prediction formulae of Morris and coworkers (VC, FVC,
FEV )10, Bates and coworkeis (FRC)!1, Goldman and coworkers (RV)12, and Dos-
man and coworkers (Vmaxsg, Vmaxos)3. As an indicator of the severity of airflow
obstruction, we used the FEV | expressed as a percentage of FVC, To measure bronchial
responsiveness, methacholine challenge was performed in 40 of the 72 subjects using
the tidal breathing method of Cockroft and coworkers!+. PCyy was calculated from
the dose response curve by linear interpolation, as the concentration of methacholine
that caused a 20% fall in FEV. A maximal concentration of 16 mg/ml methacholine
was used. Reversibility of bronchial obstruction was expressed as the absolute change
in FEV as a percentage of the predicted FEVy (DFEV %pred)}!5 and as a percentage
of the actual pre-bronchodilator FEV |(DFEV %ini) 15 min after inhalation of 0.2

mg salbutamol.

Morphelogical Studies

Surgically resected specimens were inflated with either 10% formalin or 2%
glataraldehyde at a pressure of 25 cm HoO and submerged in fixative for at least 24 h.
The fixed specimens were then sliced serially at [ cm intervals in a sagittal plane.
Three to six intrapulmonary cartilaginous airways that were cut in cross section were
randomly selected from each specimen for morphometric analysis. Tissue blocks
containing cartilaginons airways in cross section were decalcified, embedded in
paraffin, transversely cut at 5 micron thickness and stained with haematoxylin and
eosin and with Masson’s trichrome. Additionally, five lung tissue blocks were obtained
in a stratified random fashion from a parasagittal slice for morphologic grading of
membranous and respirvatory bronchioles. The blocks were embedded in paraffin,
and 5 micron sections were cut and stained with haematoxylin and eosin, periodic

acid Schiff, and Masson’s trichrome,

Measurement of Airway Dimensions
Sections from cartilaginous airways that did not show bifurcation or disruption of the
wall were seiected for measurement, Airway dimensions were measured on the

haematoxylin and eosin stained sections using a microscope fitted with a camera
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lucida that superimposed the cursorlight of a digitizing board on the microscope intage
of the airway. Airways that were too large to be viewed entirely using a microscope
were projected with a slide projector, their images were traced onto paper, and the
tracings were measured on the digitizing board. The measurements that were made
are shown in Figure [, and including basement membrane perimeter (Py,,,) and the
area of the lumen (and epithelium) contained within the light microscopic image of
the basement membrane (Ayy,); the outer muscle perimeter (Py,,), traced at the outer
edge of the smooth muscle layer and the enclosed area (Ay,.); the outer perimeter
(Po); and the outer area (A,) defined by the outer edge of the adventitial tissue.

Basement membrane perimeter Ppm
~» Basement membrane area Apm
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% ¥
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Figure 1. Diagram of measured airway dimensions.

From these measurements we calculated the inner wail area (WA, = Ajno-Apm), and
the outer wall area (WA, = Ay-Ao). The nomenclature used is according to the
recently published communication concerning subdivisions of the bronchial walll6,
The area occupied by smooth muscle (WA,,) was measured vsing an automated image
analysis system (Bioview, Infrascan, Vancouver, BC, Canada). An area of smooth
muscle was selected on a trichrome stained section and colour thresholding was used
to calculate automatically the area occupied by muscle. The operator was able to

interact with the program to adjust the threshold so that all the muscle and only muscle
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was included in the measurement. All measurements of airway dimensions were
performed by the same observer (HT). Perimeters (Py,;;, Pmo, Po) were measured
twice; if the difference between the measurements exceeded 10%, they were repeated
until the difference between the repeated measurements was below 10%. Intra-observer
variability was assessed by remeasurement on 10 randomtly selected airways after an
interval of 2 months. Inter-observer variability was assessed by remeasurement of [0

randomly selected airways by a second observer.

Measurement of Bronchiolar Inflammmatory Changes

For each specimen 5 to 10 membranous and 5 to 10 respiratory bronchioles were
graded using a modification of the pictorial grading method of Cosio and
coworkers!, 17, The following indices were graded in the membranous bronchioles:
inflammation, fibrosis, muscie hypertrophy, pigment deposition, goblet cell metaplasia,
and squamous cell metaplasia. For each airway these six morphological indices wete
compared with pictorial reference standards with a score from O (normal) to 3 (most
abnormal). Next the mean score for each morphological index for each individual
specimen was calculated by summing the scores of the airways examined, divided by
the number of airways examined. The average score for that variable was expressed
as a percentage of maximal possible score. A total membranous airways disease score
(MADS) for each specimen was then calculated by summing the mean scores of the
six morphological indices (maximal score: 6 x 100 =600), To calcuiate the respiratory
airways disease score (RADS), a similar procedure was performed. The following
indices were graded in the respiratory bronchioles: inflammation, fibrosis, muscle
hypertrophy, pigment deposition, and intraluminal macrophages (maximal score: 5 x
100 = 500).

Statistical Analysis

The intra- and inter-observer variability of morphometric measurements were
calculated by expressing the difference of the first and second measurement as a
percentage of the average of both observations. This percentage difference was plotted

against Py, fo detect systematic errors dependent on airway size,
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Repeated measures analysis of variance (RMANOVA), which aliows for differences
between and within patients, was used o assess the relationships between airway
wall dimensions (WA;, WA,, WA,,) and airway size (Py,). The previous work of
Bosken and coworkers and Kuwano and coworkers found linear relationships bet-
ween the square root of airway wall dimensions and airway size. Square root
transformation of the present data also gave regressions with approximately normal
distributions of data around the regression lines. In the analysis the airway size values
were centred by subtracting the mean value for Py, 14 mm from all values of Ppy,. In
a given patient the intercept of the regression line for a particular airway wall dimension
as a function of Py, represents its value at a Py, of 14 mm. The intercept was
investigated for its linear refation with various lung function parameters (FEV{, FEV/
FVC, Vmaxsgg, Vmaxss, PCyg, and DFEV | %pred) and measures of inflammatory
changes in membranous and cartilaginous airways (MADS, RADS) using an iterative
search for optimal values!8, 19, RMANOVA analyzes the patients as a continunm. We
thus avoided the bias that would result from dividing patients into subgroups. The
level of significance was set at p = 0.05 (two-sided). Data are expressed as mean +

standard deviation and range, unless indicated otherwise.

Computational Analysis of the Theoretical Significance of Altered Airway
Dimensions for Airway Resistance

To predict the effect of airway dimenstons on airway resistance, we used a compu-
tational model, as described by Wiggs and coworkers20 and modified by Lambeit
and coworkers2l. Briefly, the geometry of the bronchial tree in the model is a
dichotomously branching network with 16 generations, The model is designed to
examine the relative contribntions of thickening of the WA;, WA, and WA, to airway
responsiveness. The dose-response relationship of airway resistance against an
increasing dose of a hypothetical bronchoconstricting agent that causes smooth muscle
shortening was calculated. In the model the airway smooth muscle in each generation
of the tracheo-bronchial tree contracts in response to the agonist and shortens until
the stress generated by the muscle at that length is maximal. The plateau of the dose-

response curve is achieved when the muscle stress in all airway generations is maximal.
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The model takes account of both the geometry and the mechanics of the airway and
parenchymal tissue.

The airway wall dimensions used in the model of Lambert and coworkers2! were
derived from a study by Kuwano and coworkersd of membranous airways from patients
with and without airflow obstruction, selected from the same data base as used in the
present study3. To estimate airway wall dimensions of cartilaginous airways
extrapolations were made from the data of the membranous airways. For membranous
airways (Ppy 2-4.7 mm) we used the airway wall dimensions derived from the
nonobstructed group of Kuwano and coworkers3, For cartilaginous airways (Pyy 4.7~
58 mmy) we used our own data. Since we used airway wall dimensions for membranous
airways derived from patients without airflow obstruction and cartilaginous airway
dimensions from patients with varying severity of airflow obstruction, we can
selectively assess the importance of cartilaginous airway wall dimensions on airway
resistance and responsiveness, The regression equations for y WA;, '\’WAO, and v WA,
used in the computational model are shown in figure 2 (a, b and c). Baseline airway
resistance and simulated dose response curves were calculated using the values for
the relationship of VWA, vs Py as found among the patients in this study. From the
simulated dose response curves we calculated the dose of agonist that caused a 10-

fold increase in resistance (PD1g) as well as the maximal resistance achieved.

Results

Lung Fuiction

Lung function characteristics are shown in Table 2. Twenty-four patients had no sig-
nificant reduction of maximun expiratory airflow (FEV/FVC >75%), 21 patients
had a mild reduction of maximum expiratory airflow (FEV/FVC 65 to 75%), and 27
patients had a severe reduction of maximunm expiratory airflow (FEV/FVC < 65%
predicted). Increased functional residual capacity (FRC > FRC{pred]+2SD) was pre-
sent in 21/72 patients, increased residual volume (RV > RV [pred]-&QSD) was present
in 29/72 patients. Reversibility of bronchial obstruction, defined as DFEV | %pred >
15% and DFEV {%ini >15%, was present in 1 of 58 and five of 58 patients, respectively.
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Bronchial hyperresponsiveness to methacholine (PCpg < 16 mg/mi) was found in 26

of the 40 patients (65%) who had a methacholine challenge.

Morphologic Studies

Morphometric measurements were made on 341 cartilaginous airways from 72 patients
(mean 4.7, range 3 to 7 airways per patient). The mean value of Py, was 13.8+4.7(5
to 34) mm (Figure 3). This corresponds to a mean airway diameter of 4.4 £ 1.5 (1.5~
10.9) mm, or airway generations { to 10 to 12 22, The intra-observer variability was
-0.7 £ 3.4% for Py, 0.8 £ 1.7% for Py, -4.9 £ 6.9% for Py, and -0.1 = 30.1% for
WA, The inter-observer variability was 0.3 £ 5.3% for Py, 1.5 £3.1% for Py, -14
+6.6% for Py, and 24 1 44% for WA,,,. There was no systematic relationship between
airway size (Py,,) and the intra- or inter-observer difference for any variable. Highly
significant (p < 0.001) linear relations were found between airway size (Pyy,) and
airway wall dimensions (\/WAE, \/WAO, VWA) (Figuie 2a, b, ¢).

Airway Wall Thickness and Lung Function

The levels and slopes of the regressions of VWA, and VWA , on Py, were not related
to any measures of lung function (FEVy, FEV{/FVC, Vmaxsg, Vmaxas, PCyg,
DFEV %pred). The level of the + WA, on Py, regression was significantly related to
FEV|/FVC (p <0.05).

A decrease of 20% in FEV [/EVC corresponds fo a 32% increase in WA; at a Py, of 6
min, a 16% increase at a Py, of 15 mm, or a 0% increase at a Ppyy, of 25 mm. There
was a trend (p = 0.06) towards an increase of the slope of the VWA, on Py, regression
as FEV /FVC decreased. Furthermore, the level of the \/WAi on Py, relationship was
significantly influenced by DFEV | %pred (p < 0.005) but not by PCyq. An increase of
{0% in DFEV [%pred corresponds to a 32% increase in WA; at a Py, of 6 mm, a 13%
increase at a Py, of 15 mm, and a 9% increase at a Pyy, of 25 mm. Thus patients who
showed a thicker inner airway wall arca (WA;) had more severe reduction of maxi-

mum expiratory airflow and an increased reversibility of airflow obstruction.
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Figure 2. Morphometric airway dintensions versus airway size. There are 34} datapoints from 72
patients plotted in the figure. Due to overlap of data points, some dols appear filled.

(A) WA, = inner wall area. The dashed regression line represents the relation of WA;
versus Py, for patients with a FEV (/FVC of 80% and the solid regression line
represents this relationship for a FEV (/FVC of 40%.

(B) WA, = outer wall area,
{C) WA, = wall area occupied by smooth muscle. Py, = perimeter basement membrane.
Note the square root transformed vertical axes.

Airway Inflammatory Changes and Airway Dimensions

A wide range of values for the inflammatory scores was found in membranous and
respiratory airways (Table 3). The mean MADS was 134 £ 47, Among the six para-
meters evaluated, fibrosis scored highest, followed by inflammation. The mean RADS
was 111 £ 52. Scores for inflammation, muscle hypertrophy, pigmentation, and
intraluminal macrophages were similar, whereas fibrosis scored much lower.

The levels and slopes of the regressions of YWA, and YWA, on Py, were not
significantly related to MADS or RADS. The level, but not the slope, of the regression
of \’WAE on Py, was significantly related to the MADS (Table 4).
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Table 2
LUNG FUNCTION CHARACTERISTICS

No. Patients Mean Range SD
TLC, % pred 72 109 81-154 15
FRC, % pred 72 123 70-177 24
RV, % pred 72 133 66-219 34
FEV|, % pred 72 94 58-135 18
FVC, % pred 72 96 64-134 13
FEV/FVC, % 72 69 42- 89 9
Vmaxsg, % pred 72 56 6-149 29
Vmaxys, % pred 72 40 7-108 23
DIFEV, % pred 58 4 -11-23 5
DFEV, % ini 58 5 -13-32 7
Methacholine challenge
1o PCyq reached 14/40
PCyp, mg/ml 26/40 247 0.15-12.8 3.6

Definition of abbreviations:

T1.C = total lung capacity; FRC = functional residual capacity; RV = residual volume, FEV, =
forced expiratory volume in Is; FVC = forced expiratory volume; FEV /FVC = forced expiratory
volume in Is as percentage of forced vital capacity; Vmaxsg= maximal flow at 509 of forced vital
capacity; Vimaxys = maximal flow at 25% forced vital capacity; DFEV%pred = change of FEV|
after bronchodilatation as a percentage of predicted FEV; DFEV%ini = change of FEV | after
bronchodilatation as a percentage of pre-bronchodilator FEV y; PCog = concentration of methacholine
producing a 20% fall in FEV .

* = geometric mean,

Patients who had more severe inflammatory changes in the membranous airways had
thicker inner airway walls in the cartilaginous airways. A difference in MADS of 100
corresponds to a 54% difference in WA, at a Py, of 6 mim, 24% at a Py, of 15 mm,
and 15% at a Py, of 25 mm. Of the component scores making up the MADS, squamous

68



CHAPTER 3

Table 3
MEMBRANOQUS AIRWAY DISEASE SCORE (MADS)

Variables: Mean SD Range
Inflammation 30 16 2-85
Fibrosis 35 20 0-82
Muscle hypertrophy 18 13 0-76
Pigment 22 20 0-96
Squamous cell metaplasia 19 i3 0-58
Goblet celi metaplasia 10 11 0-57
MADS 134 47 14-296

RESPIRATORY AIRWAY DISEASE SCORE (RADS)

Variables: Mean SD Range
Inflammation ‘ 24 149 0-52
Fibrosis 15 13 0-62
Muscle hypertrophy 26 17 0-82
Pigment 26 17 0-82
Intra luminal macrophages 22 17 0-78
RADS 112 55 9-260

Inflammatory changes in membranous and respiratory airways were graded using a pictorial grading
method. Hach variable in each airway is given a score ranging from 0 (normal) to 3 (highty abnormal},
The sum of the scores for each variable in all the airways of each patient is expressed as a percentage
of the maximal possible score. The membranous airways disease score (MADS) and the respiratory
airways disease score (RADS) are the sum of the 6 or 5 mean scores for each individual. The
average score for each variable, as well as the average MADS and RADS, are shown.
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Table 4
INNER WALL AREA AS A FUNCTION OF AIRWAY SIZE AND
COVARIABLES
p-value*
VWA; = 0.073%(Ppy-14) + (1.17 + (0.0084 = DFEV | %pred)) 0.01
VWA; = 0.0715(Ppp-14) + (101 + (0.0014 * MADS)) 0.005
VWA; = 0.069%(Pp,-14) + (1.52 - (0.0045 * FEV{/FVC)) 0.05

Definition of abbreviations:

WA; = inner wall area (mm?2); Py, = perimeter basement membrane (mm); DFEV; % pred = change
of FEV after bronchodiiation as a percentage of predicted FEV; MADS = membranous airways
disease score; FEV/FVC = forced expiratory volume in 1s as percentage of forced vital capacity.
* p value for significance effect of covariable.

metaplasia followed by inflammation and fibrosis had the highest correlation with

the level of the \/WAi on Py, regression.

Computational Analysis of the Functional Significance of Alfered Airway
Dimensions

The relationship between Pbm and VWA, for FEV{/FVC values of 80%, 60%, and
40% were fed into the computational model of airway resistance.

The increased inner wall area associated with more severe airway obstruction caused
a leftward shift and an increase in the maximal plateau resistance on the simulated
dose response curves. The position of the dose-response curve was characterized by
the PD g, and the maximal plateau by the maximal resistance achieved. When we
entered parameters of airway geometry that corresponded with an FEV (/FVC of 80%,
calculated baseline and maximal resistance were 1.02 and 97 cm HO/L/s, respectively,
and PD g was 28.9. With the airway geometry associated with an FEV /FVC of 40%,
baseline and maximal resistance were 1,11 and 145 ¢m HoOf./s, respectively, and
the PDg was 25.1.

70



CHAPTER 3

351
7
7%
30 - ?/?
o
VAL %
4 A
25 . A
A A
§ o
] 2 7z
21 o
5 2% %1%171%1%
S AAANANNA %
5 154 v AU\ %%191%
81 O
5 ? ;?/éé¢f?% % Mean 13.8 mm
Z 10- oo 7
7 AL SD 4.7 mm
AN ATA A AA A A
” A A A A A
A
7 21212\ 2121%21%|171%
5~ ANAN A
% % /ﬁ/?é/?; %%%
Z )
O -~ lml |/| / /|/| / / %!A /I T T T L) :al ;%rm[mialmrml T T lm_t
5 7 ¢ 11 13 18 17 19 21 23 25 27 29 31 33

Perimeter basement membrane (mm)

Figure 3, Frequency distribution of cartilaginous airway size (n = 341) measured in 72 patients.

Discussion

"The aims of this stady were, firstly, to measure airway wall dimensions in cartilaginous
airways from patients with COPD to complement the existing morphometric data in
the literature. Secondly, we wanted to know whether the dimensions of caitilaginous
airways coirelated with the degree of airflow obstruction and the severity of airway
inflammation. Thirdly, we estimated the effect of different airway dimensions on
airway resistance and responsiveness with a computational model. Airway dimensions
were related to pre-operatively measured lung function and semi-quantitative grading
of peripheral airway inflammation, Our results show that the inner airway wall area
but not the outer wall or smooth muscle area of cartilaginous airways is thicker in
patients who have more severe airflow obstruction, more reversibility of airflow

obstruction, and more severe inflanunatory changes in peripheral airways.
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Airway Dimensions

To our knowledge this is the first study in which the dimensions of a large number of
cartilaginous airways have been measured in a group of patients suffering from varying
degrees of airflow obstruction. The inner wall area is thickened over the entire size
range of cartilaginous airways and proportionally more in the smaller airways.
Thickening of the inner wall area in cartilaginous airways is associated with a reduction
in FEV/FVC. This finding is in agreement with the hypothesis that increased wall
thickness could result in a reduction of maximal expiratory flow?’. 23, Previous
investigators have shown that increased thickness of membranous bronchioles was
correlated with increased airflow obstruction in COPD. Bosken and coworkers4
compared membranous airway inner wall, outer wall, and smooth muscle area in the
lungs of 30 smokers with airflow obstruction (FEV(/FVC < 65%) to the airway
dimensions in 30 subjects without airflow obstruction. She found that the inner and
outer airway walls of the membranous airways were significantly thicker in the
obstructed patients. Though Bosken examined some cartilaginous airways, their
number was too small to determine relationships between airway wall dimensions
and airway size separately.

The outer wall area is not correlated to the degree of airflow obstruction in the pre-
sent study. Thickening of the outer wall area could theoretically uncouple the smooth
muscle layer from the distending forces provided by the surrounding parenchyma
and therefore increase airflow obstruction?3. We speculate that in large airways the
effect of changes in outer wall dimensions on airway smooth muscle behaviour will
be reduced by the cartilage plates and, therefore, will be less important than in
membranous airways.

Recently Kuwano and coworkersS made measurements on the membranous airways
of 15 patients with obstructive fung disease and compared these with nonobstructed
patients and a group of patients with moderate to severe asthma. In that study only
the airway smooth muscle area was significantly increased in the COPD patients as
compared with controls. The patients with asthima had substantial increases in all
components of the airway wall including the inner, outer, and smooth muscle area.

Increased airway smooth muscle could result in more airway narrowing for any degree
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of smooth muscle shortening. In the present study we did not find a correlation bet-
ween the smooth muscle area and airflow limitation. In the large cartilaginous airways
smooth muscie is mainly present as small bundles that make accurate and reproducible
measurement difficult. Hence, differences in the amount of muscle could have been
missed because of the relatively large variability of the smooth muscle area
measurement. In an attempt to increase the objectivity and the reproducibility of the
measurement, we used an automated image analysis system instead of the more
cumbersome and subjective method of tracing individual muscle bundles. Despite

this, the variability remained high.

Ainway Dimensions and Inflammatory Changes

There is a significant relationship between the inner airway wall area and peripheral
airway inflammation, A correlation between peripheral airway inflammation and
airway obstruction was originally reported by Cosio and coworkers! and has been
confirmed by Wright and coworkers24 and others. More recently Bosken and
coworkers# showed that peripheral airway inflamunation correlates with increased
airway wall thickness in membranous airways, and both changes correlated with
airflow obstruction. Mullen and coworkers3 scored inflammatory changes both in
membranous and cartilaginous airways using a modified version of the pictorial
grading method described by Cosio! and coworkers. In this study inflammatory chan-
ges were more pronounced in large cartilaginous airways than in smaller cartilaginous
airways. These findings suggest that the thickening of the inner wall area that we
observed in cartilaginous airways is related to an inflammatory response.

We found no correlation between outer wall area and airflow obstruction or
inflammatory changes. The outer wall is much thicker than the inner wall in central
airways, whereas in membranous airways they are of similar thickness#. This is partly
due to the presence of cartilage in the larger airways and, in addition, there is more
noncartilaginous connective tissue in the area between the smooth muscle fayer and
the parenchyma. We speculate that airway cartilage might function as a physical barrier
that protects the connective tissue at the parenchymal side of the cartilage against
inflammatory processes localised at the mucosal side of the cartilage. Therefore,
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inflammatory thickening in the outer airway wall area might be less pronounced than
in the inner wall area.

‘We found no correlation between the smooth muscle area and inflammatory changes
in the peripheral airways. As was stated before, we might miss an existing correlation
due to the high variability of the smooth muscle measurement.

Alirway Dimensions and Airway Resistance

To examine the functional significance of the altered airway dimensions that we
measured, we used the computational model of the tracheobronchial tree developed
by Lambert and coworkers2!, In the model it is assumed that large airways have
proportionally less smooth muscle than more peripheral airways; therefore, smooth
muscle shortening will cease at lower concentrations of a contractile agonist. This
assumption is supported by our finding that the central airways contained
proportionally two thirds less smooth muscle than peripheral cartitaginous airways.
Using the model and the morphologic data of Kuwano and coworkers?, Lambert and
coworkers2! have shown that the increased outer wall, inner wall, and smooth muscle
areas observed in asthmatic patients can explain an increase in baseline resistance
and, more importantly, could enhance the airway narrowing produced by smooth
muscle shortening. In the present study we used our measured values for cartilaginous
airway dimensions in the model rather than extrapolating from the peripheral airway
dimensions of Kuwano and coworkers3. In addition, we were able o assess
theoretically the independent contribution of the altered cartilaginous airway structure
on airway resistance.

An important determinant of airway resistance in the model of Lambert and
coworkers2! is the thickness of tissue within the smooth muscle layer or inner airway
wall area. In our study the inner wall area for central airways with an airway diameter
of 6 to 25mm is increased by 64% to 20% for obstructed patients (FEV /FVC =40%)
in comparison to the nonobstructed patients (FEV [/FVC = 80%j). This thickening
results in an increase of baseline resistance as calculated by the model of only 8
percent. In addition the hypothetical dose-response curve is shifted to the left by
10%. The effect of smooth muscle shortening on airway resistance can be amplified
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by thickening of the airway wall?. In fact, in the model the resistance at maximal
bronchoconstriction in the obstructed patients was increased by 50%. Maximal
resistance therefore seems to be a more sensitive parameter (o detect thickening of
the airway wall than baseline resistance or the leftward shift of the dose-response
curve. This might explain why we did not find a correlation between inner wall
thickness and the PCyg. The minor shift of the dose-response curve to the left as
predicted by the model can easily obscure the possible relation between airway wall
thickness and bronchial responsiveness. The plateau resistance or PCq instead of the
PCyo might have been more adequate to demonstrate the relation between airway
wall thickness and bronchial responsiveness.

The major determinant of airway resistance in the model of Lambert and coworkers?!
is the balance between the force generated by the muscle and the load against which
the smooth muscle contracts. The force generated by the smooth muscle is assumed
to be proportional {0 the amount of smooth muscle, An increase in the amount of
smooth muscle therefore can increase baseline and maximal airway resistance. In
asthmatic subjects a marked increase in the amount of smooth muscle in the
membranous and cartilaginous airways was found?. In COPD the amount of smooth
muscle was found to be significantly greater in the smaller airways of patients with
airflow obstruction® 5. We did not find such an increase in the amount of smooth
muscle in cartilaginous airways of obstructed patients. Table 5 shows a comparison
of the prediction equations for airway wall dimensions froin the present study and the
studies of Bosken and coworkers4 and Kuwano and coworkers3.

Implications for Therapy

Increased airflow obstruction in COPD patients is related to thickening of the inner
wall area, which is probably the result of inflammatory changes. To the extent that
this inflammation is reversible, anti-inflammatory medications such as inhaled
corticosteroids could reduce the thickening of the inner wall area and thus reduce
airflow obstruction. In fact, it has been shown that maintenance treatment with inhaled
or oral corticosteroids substantially reduces airway obstruction and hyper-
responsiveness in patients with COPD?23. 26, However, normal levels for FEV and
PCyg were not achieved in the majority of patients. It is unlikely that chronic
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Table 5
COMPARISON OF PREDICTION EQUATIONS
FOR AIRWAY DIMENSIONS

VWA; vs Py, VWA vsPuy VWA, vs Pyy
slope (intercept) slope (intercept) slope (intercept)

Tiddens and coworkers®

Control (FEV [/FVC =80%) 0.069 (0.194) 0.240 (0.160) 0.020 (0.23)

COPD (FEV [/FVC =40%)  0.069 (0.384) 0.240 (0.160) 0.020 (0.23)
Bosken and coworkers?

Control (FEV/EVC > 75%) 0.096 (0.107) 0.093 (0.099)  0.040 {0.050)

COPD (FEV//FVC < 65%)

Kuwano and coworkers?

0.101 (0.142)

(.099 (0.148)

0.045 (0.056)

Control (FEV/FVC = 80%)  0.057 (0.083) 0.079 (0.116)  0.020 (0.056)
Asthma (FEV /FVC=17) 0.119 (0.008) 0.137 (0.085)  0.063 (0.001)
COPD (FEV /FVC =65%)  0.065 (0.057) 0.086 (0.084)  0.035 (0.016)

Definition of abbreviations:
WA; = inner wall area {mm?2); WA, = outer wall area {mnmi2}; WA, = smooth muscle area (inm?2);
Py = perimeter basement membrane (mm). *Tiddens = present study.

inflammatory changes in the bronchial wall, such as fibrous tissue deposition, will be
entirely reversible with anti-inflammatory treatment. Therefore, we speculate that
even long-term anti-inflammatory treatment will not completely return the inner wall
area to its normal thickness. Treatment with bronchodilators in patients with obstructive
airways disease improves FEV 27,

The correlation between inner wall area and the reversibility of airflow obstruction
after inhaled salbutamol in the present study suggests that therapy with bronchoditators
is especially effective in those patients with a thickened inner wall area. Even relaxation
of normal smooth muscle tone in combination with a thickened inner wall area could

improve airway patency?s.
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We conclude that thickening of the inner wall area in cartilaginous airways contributes
to airflow limitation and reversibility of bronchial obstruction in patients with COPD,

and we speculate that these changes are related to airway inflammation.
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Introduction

Reduced maximal expiratory flow is the physiological abnormality which defines
chronic obstructive pulmonary disease (COPD) and is used as a measure of its severity.
Nevertheless, the exact mechanisms which are responsible for the airflow obstruction
in COPD remain incompletely understood. Maximal expiratory flow in COPD could
be reduced by three different mechanisms. Firstly, loss of lung elastic recoil can
decrease the driving pressurel. 2, Secondly, inflammatory thickening and narrowing
of airways can decrease the airway conductance upstream of flow-limiting segments.
Thirdly, the collapsibility of airways and, therefore, of flow-limiting segments can be
increased due to processes such as inflammatory destruction of bronchial cartilage.
Decreased cartilage volume in COPD has been described by several author3-6, but
was not found by others7. 8,

It has been suggested that the relative contributions of decreased lung recoil, decreased
airway conductance and increased airway collapsibility to flow obstruction during
forced expiration can be estimated from a maximal flow-static recoil (MFSR) curve?.
MESR curves can be constructed by plotting maximal flow at specific lung volumes
versus the corresponding transpulmonary pressures. These measures are derived from
maximal expiratory flow-volume and pressure-volume curves. The slope of the MESR
plot is a measure of airway conductance upstream from the flow-limiting segments.
The pressure-axis intercept of the MFSR curve is an index of the collapsibility of the
flow-limiting segments.

We hypothesized that decreased upstream conductance would be related to
inflammation and thickening of the airway walls, increased colapsibility would be
related to decreased airway cartilage volume, and decreased collapsibility to inflam-
mation and thickening of the airway walls,

These questions were addressed by measuring maximal expiratory flow-volume and
pressure-volume curves and constructed MESR plots for 72 patients who had varying
degrees of airflow obstruction. Lung function measurements were made in the week
before resection of a lung or lobe for a peripheral pulmonary lesion. With these in
vivo parameters of lung elastic recoil, MFSR estimates of airway conductance and

collapsibility together with morphometric measurements of the airway stracture, an
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attempt was made to separate the relative importance of decreased recoil, decreased
upsiream conductance and increased collapsibility of the flow-limiting segments to

airflow obstruction in COPD.

Methods

Study Population

Lung tissue was obtained from 72 patients who had a lobar resection or pneumo-
nectomy for a solitary peripheral lung lesion, and who showed no evidence at
pathological examination of obstructive paneumonitis. Furthermore, patients who had
a history consistent with a diagnosis of asthma were excluded!0. Informed consent
was obtained in all cases. Of the 72 patients, 64 proved to have bronchogenic
carcinoma; carcinoid tumour, hamartoma or granuloma were the final diagnosis in
the remaining patients. These patients were mostly smokers and were classified as
“COPD” although one-third had a lung function within the normal range and, therefore,
did not strictly fulfil the ATS criterial0, The clinical data for patients in this study are

summarized in Table 1.

Pulmonary Function Studies

Pulmonary function tests were performed in the week before surgery using a volume
displacement pressure compensated body plethysmograph. Thoracic gas volume was
measured with a Krogh spirometer coupled to a linear displacement transducer
(Shaevitz Engineering, Pennsauken, NJ, USA). Flow was measured with a Fleisch
No. 3 pneumotachometer coupled to a Sanborn 270 differential pressure transducer
{Sanborn Co., Waltham, MA, USA). Functional residual capacity (FRC) was
determined using the Boyle’s law technique, and residual volume (RV) and total lung
capacity (TLC) were calculated after the determination of the expiratory reserve vo-
lume and inspiratory capacity (IC). Forced expiratory volume in one second (FEV ;)
and forced vital capacity (FVC) were calculated from digitized flow and volume
signals obtained during forced expiratory manoeuvres. At least 3 expiratory efforts

were performed and the forced expiratory manoeuvre with the largest sum of FEV |
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Table 1
STUDY POPULATION CHARACTERISTICS (n=72)

Age, years 61£9.5(37-83)
Sex, male ; female 54:18

Pack years 54.7 £ 34.5 (0.4-180)
Current smokers, n 45

Lifelong nonsmokers, n 2

Lung or lobe resected, right side, n 50

Lung or lobe resected, left side, n 22

Pack years = number of years smoking one pack of cigarettes a day. Age and pack years are expressed
as mean + SD and range; n = number,

and FVC was selected. As an indicator of the severity of flow obstruction, the FEV}
and FEV (/FVC were used.

Values were expressed as percentage of the predicted values (% pred) according to
the summary equations of the European Coal and Steel Community!!. Static pressure-
volume curves were obtained as described previously!2. Briefly, transpulmonary
pressure (P ) was measured using a differential pressure transducer (Validyne 45MP
+ 100 cm Hp0; Validyne Co., Northridge, CA, USA), which compared airway ope-
ning pressure to oesophageal pressure measured with a balloon catheter. The volume
signal was obtained from the body plethysmograph. After 3 vital capacity breaths,
the subjects inhaled to TLC and the maximal static recoil pressure (Pp,max) was
recorded with the glottis opened. Multiple static pressure-volume points were obtained
by occluding the airway every 1-2 s during slow expiration to ERC. At least 3 curves
were obtained and a total of not less than 8 pressure-volume points. The pressure-
volume data were analysed as described previously 3, 14, All pressure-volume points
between TLC and FRC were used to derive an exponential relationship of the form:
V = A-Be kP, where: V = lung volume; A = the lung volume at infinite Py, B = the
lung volume difference between A and the lung volume at a Py of 0; k = the exponential

constant that describes the shape of the pressure-volume curve; and P = transpulmonary
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Figure 1. For each patient a maximal flow-static recoil (MFSR) plot is obtained by plotting maximal
flow Vimax of the volume-flow curve against the static transpulmonary pressures at the same lung
volumes, The slope of the linear part of the MFSR plot between 70% and 30% of vital capacity
(V) is an estimation of upstream airway conductance (G,,¢), the pressure-axis intercept is an estimate
of the airway collapsibility of the flow-limiting segments (Py,"). For each patient, a predicted MESR
curve is obtained by plotling predicted V'max at 75, 50, and 25% of VC of the volume-flow curve
against the predicted static transpulmonary pressures at the same lung volumes. The slope of the
MFESR plot between 75% and 25% VC is G (pred), the pressure-axis intercept is Py,,,'(pred). Gy;%
calculated in the figure and APy, (= Py, (pred)-Py,,) are used for statistical analysis.

pressure, The recoil pressures at 90 and 60% TLC (P90 and Py 60) were calculated
using the V = A-Be-kP equation!3, 14,

Construction of Maximal Flow-Static Recoil Curves

A MFSR curve was obtained for each patient by plotting maximal expiratory flow
against the static transpulmonary pressures at the same lung volumes (Figure 1). The
slope of the relatively linear part of the MFSR plot between 70% and 30% vital
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capacity (VC) was calculated to estimate upstream airway conductance during forced
expiration (Gyg:Lrs-lem HyO-1). For comparison with previous reports on MESR
analysis, Gyg was also divided by TLC (sGyg:cm HpO-1:s-1). The pressure-axis intercept
of the extrapolated stope was used to estimate the critical transmural pressure causing
airway collapse at the flow limiting segments (Py,,":cm H,0), at which flow limiting
airways narrow sufficiently to restrict airflow according to the model described by
Pride and coworkers!S. Predicted Gy and Py’ (Gys(pred) and Py,'(pred)) were
predicted for individual patients as follows (Figure 1). Firstly, TLC and FVC(pred)
we calculated using the equations of Quanjer and coworkersil. Secondly, the abso-
lute lung volumes at 75, 50, and 25% FVC (pred) were calculated by subtracting,
respectively, 25, 50 or 75% of FVC(pred) from TLC(pred). Thirdly, the predicted
recoil pressures for these 3 lung volumes we calculated as foilows: the V = A-Be-kP
equation was rearranged to P = ((In A-V)-1a B)/k, where V is the lung volume at 73,
50, 25% FVC(pred) and A is the theoretical lung volume at infinite transpulmonary
pressure {(we used TLC(pred) for A). The k and B were derived from the prediction
equations of Colebatch and coworkers!4 for k and B/A%. Fourthly, the maximal
expiratory flows at 75, 50, and 25% FVC(pred) were derived from the equations of
Quanjer and coworkers! i, The three predicted flow recoil-pressure points at 75, 50,
and 25% FVC{pred) were plotted on a flow-pressure diagram and a regression line
was plotted through the 3 flow-pressure points for the 75-25% VC volume intervals.
The slope of the regression equation represents G,4(pred) and the intercept on the
pressure-axis represents Py’ (pred). For statistical analysis, G, was expressed as a
percentage of Gy (pred)(G,s%) and Py,' as the absolute difference of Py,'(pred) -
Pun' (AP (Figure 1). With increased collapsibility of the flow-limiting segment,

Py will be more positive and, therefore, APy, more negative.

Morphological Studies

Surgically resected specimens were inflated with either 10% formalin or 2.5%
glutaraldehyde, at a pressure of 25 cm Hy0, and submerged in fixative for at least
24 h. The fixed specimens were then sliced serially at [ cm intervals in a sagittal

plane. Three to six intrapulmonary cartilaginous airways, which were cut in cross-
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section, were randomly selected from each specimen for morphometric analysis. Tissue
blocks containing cartilaginous airways in cross-section were decalcified, embedded
in paraffin, transversely cut at 5 pm thickness and stained with haematoxylin and
eosin, and with Masson’s trichrome. Additionally, five lung tissue blocks were obtained
in a stratified random fashion from a parasagittal slice for morphoiogical grading of

membranous and respiratory bronchioles and processed in the same way.

Measurement of Airway Dimensions

Sections from cartilaginous airways that did not show bifurcation or disruption of the
wall were selected for measurement, Airway dimensions were measured on the
haematoxylin and eosin stained sections using a microscope (Nikon) fitted with a
camera lucida that superimposed the cursor-light of a digitizing board on the
microscopic image of the airway (Bioquant; R&M Biometrics Inc., Nashvilie TN,
USA). Airways that were too large to be viewed entirely using a microscope were
projected with a slide projector, and their images were traced onto paper and the
tracings were measured on the digitizing board.

The measurements that were made are shown in Figure 2, and include: basement
membrane perimeter (Pyy,); and the area of the lumen (and epithelium) contained
within the light microscopic image of the basement membrane (Ay,,,); the onter muscle
perimeter (P}, traced at the outer edge of the smooth muscle layer and the enclosed
area (A;,q); the outer perimeter (P,), and the outer area (A,) defined by the outer
edge of the adventitial tissue. From these measurements, fotal wall area (WA= Ag-
Ap) and inner wall area (WA; = Ayo-Apm) we were calculated. The total area of
cartilage in the airway wall (WA ,) was calculated by tracing every piece of cartilage
separately and calculating the sum of the arcas. To measure the area occupied by
smooth muscie (WA,;,), an automated image analysis system (Bioview, Infrascan,
Vancouver, BC, Canada) was used. The smooth muscle was segmented from the
airway wall in a trichrome stained section using operator defined colour threshholding.
The area of the muscle was calculated automatically. The nomenclature used is
according to the special communication concerning subdivisions of the bronchial

walll6, All measurements of airway dimensions were performed by the saime observer
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Figure 2. Diagram of measured airway dimensions.

(HT). Perimeters (Ppy,, Pros Po), were measured twice; if the difference between
both measurements exceeded 10%, they were repeated. Intra-observer variability was
assessed by remeasurement of 10 randomly selected airways with an interval of 2
months. Inter-observer variability was assessed by remeasurement of 10 randomly

selected airways by a second observer.

Measurement of Bronchiolar Inflaimmatory Changes

For each specimen, 5 to 10 membranous airways were graded for the severity of
small airways disease using a modification of the pictorial grading method of Cosio
and coworkers17, 18, The following indices were graded: inflammation; fibrosis; muscle
hypertrophy; pigment deposition; goblet cetl metaplasia; and squamous cell metaplasia.
For each airway, these six morphoiogical indices were compared with pictorial
reference standards with a score from O (normal) to 3 (most abnormal). Next, the
mean score for each morphological index for each individual was calculated by
summing the scores of the airways examined and dividing by the number of airways
examined. The average score for that variable was expressed as a percentage of

maximal possible score. A total membranous airways disease score for each speci-
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men was then calculated by summing the mean scores of the six morphological indi-

ces (maximal score: 6 x 100 = 600).

Statistical Analysis

Correlation coefficients given are Pearson’s. The relationships between airflow
obstruction (FEV |, FIiV /FVC), on the one hand and various measures of lung recoil
(PLmax, Py 60, log k), upstream conductance (G%, sGys), airway collapsibility (P,
APyy), and airway dimensions (WA;, WA, WA ;) on the other, were investigated
using multiple linear regression analysis.

The intra- and inter observer variability of morphometric measurements were
calculated by expressing the difference between the first and second measurement as
a percentage of the average of both measurements. This percentage difference was
plotted against the average Py, to detect if there were systematic differences depend-
ent on airway size.

Repeated measurement analysis of variance (RMANOVA), which allows for
differences between and within patients, was used to asses the relationships between
airway wall dimensions (WA, WA ., WA,,) and airway size (Ppy). To obtain linear
regressions with approximately normal distributions, it was necessary to apply a square
root transformation to the airway wall dimensions. In the analysis, the airway size
values were centered by subtracting the mean value for Py, of 14 mm from all values
of Py, The intercept of an individual regression line of a particular airway wail
dimension as a function of Py, therefore, denotes its level at a Py, of 14 mm. The
intercept and slope of the regression lines were investigated for their linear relationship
with FEV (%pred), FEV /EVC{%pred), APy, and Gus% using an iterative search
for optimal values, RMANOVA analyses the patients as a continuum and, thus, avoids
the bias that results from dividing patients into subgroups1920, The level of significance
was set at a p-value equal to 0.05 (two-sided), Data are expressed as mean + standard

deviation and range, unless indicated otherwise,
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Results

Lung Function

The mean lung function values of the patients in this study are shown in Table 2.
Forty nine patients had no significant aiflow obstruction (FEV {/FVC > £ 28D FEV{/
FVCi{pred)). 12 Patients had mild airflow obstruction (FEV{/FVC between -2 and
-3sD FEV [/FVC(pred)), and 11 patients had severe airflow obstruction (FEV [/FVC
<-3sD FEV /FVC(pred)). Increased functional residual capacity (FRC > FRC(pred)
+28D) was present in 21 out of 72 patients, and increased residual volume (RV >
RV (pred) +28D) in 29 out of 72 patients. Loss of elastic recoil pressure (k> k(pred) +
23D} was present in 8 out of 72 patients.

Maximal Flow-Static Recoil Curves

The MFSR curves derived from the patients contained 62 £ 21 (17-125) data points
in the 70-30% VC volume interval and were linear within that interval in 59 patients
(R2 = 0.99 £ 0.01 (0.95-0.99)). For 13 patients, the relationship within the 70-30%
VC volume interval was clearly not linear at the upper end. The flow-volume curves
of these patients showed that the peak expiratory flow was not reached within the
first 30% of the expired VC, due to submaximal effort,

A submaximal flow-volume manoeuvre is likely to influence both the slope and the
intercept of the linear part of the MFSR curve, and these subjects were, therefore,
excluded from further anaiysis.

Figure 3 shows the values for Gyg(pred) and Py,,'(pred) as a function of age for male
and female subjects of the various heights. The relationship between the three predicted
flow and pressure points at 75, 50, and 25% VC was adequately described as a linear
relationship for all patients (R? = 0.99 range (0.96-0.99)). Multiple regression analysis
showed that Gys(pred) and Py,'(pred) were significantly related to age and sex.
Gys(pred) increased in males and females of 170 cm height for an increase in age of
10 yrs by 0.04 and 0.03 L.s-l.em HyO-1, respectively (p < 0.001). Gs(pred) was on
average 0.15 L-s-1.cm HoO-1 higher in males than in females (p < 0.001). Py, (pred)
increased in males and females of 170 cm height for an increase in age of 10 yrs by
0.25 and 0.6 cm HyO, respectively. Py, '(pred) was higher in males than in females
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Table 2
LUNG FUNCTION CHARACTERISTICS

TLC, % pred n=72 109+ 15 (81-154)
FRC, % pred n=72 123+ 24 (70-177)
RV, % pred n="72 133 +£34 (66-219)
FEV}, % pred n=72 94+ 18 (58-135)
FVC, % pred n=72 96 % 13 (64-134)
FEV/FVC, % pred n="72 92+ 12 (55-114)
Ppmax, % pred n=72 83 %28 (28-171)
P1.90, 9% pred n=72 79+ 21 (40-141)
Py 60, % pred n="72 55146 (10-231)
K, % pred n=72 110+ 51 (17-437)
B/A, % pred n=72 81+20 (40-157)
Gys% male, % pred n=44 108 £49 (36-246)
Gy % female, % pred n=15 143+£73 (67-283)
APy male, cm HyO n=44 0.15+19 {-3.8-4.8)
APy, female, cm HyO n=15 002+19 {-2.5-5.3)

Values are presented as mean £ SD, and range in parenthesis, Definition of abbreviations: TLC =
total lung capacity; % pred = % of predicted value; FRC = functional residual capacity; RV =
residual volume; FEV | = forced expiratory volume in 1 second; FVC = forced vital capacity; FEV |/
FVC = forced expiratory volume in | second as fraction of forced vital capacity; Pymax =
franspulmonary pressure at TLC; P90 = transpulmonary pressure at 90% TLC; P60 =
transpulmonary pressure at 60% TLC; k = exponential constant describing shape of the pressure-
volume curve; B/A = ratio describing position of the pressure-volume curve in respect to the pressure
axis; A = the lung volume at infinite transpleural pressure; B = the lung volume difference between
A and the lung volume at a transpleural pressure of G cin HyO; Gy % = airway conductance upstream
the flow-limiting segment; APy, = critical transmural pressure at which the flow-limiting segments
restrict flow calculated as Pyy'(pred) - Pyy's 51 = number.

(p < 0.001). This difference decreased with increasing age. Figure 4 shows the age

dependence of the predicted MESR curve both for male and female subjects.
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Figure 3. (A) Change of the predicted airway conductance versus age. (B) Collapsibility versus

age. Definition of abbreviations: Gy = airway conductance upstream the flow-limiting segment;

Py’ = critical transmural pressure causing airway collapse at the flow-limiting segment. B = male

160 cm; @ =male [70cm; A =male 180 cm; O =female 160 cm; O =female 170 cmy; A = female

180 cm.

Morphologic Studies

Morphometric measurements were made on 341 cartilaginous airways from 72 patients
{mean 4.7, range 3 to 7 airways per patient). Mean airway size expressed as the Py,
was 13.8 + 4.7 (5-33) mm. This corresponds to a mean airway diameter of 4.4 £ 1.5
(1.5-10.9) mm, or the fifth branch + 121, The mean intra-observer variability was -8.3
+7.5 % for WA and 0.1 £ 3.4 % for WA .. The mean inter-observer variability was
-13.9 £ 11.1 % for WA, and 2.6 * 3.7% for WA ;. The intra- and inter-observer
variability for Py, Pines Po, and WA, has been described previously?22, There was no
systematic relationship between airway size (Py,y) and the intra- or inter-observer
difference for any variable. Highly significant (p < 0.001) linear relationship were
found between airway size (Pyy,) and airway wall dimensions (\/WAl, \’WAcart)
(Figure 35). The linear relationships for Py, and WA;, and WA, have been described
previously?2.

The mean membranous airways disease score (MADS) was 134 =47 (14-297). Among
the six parameters evaluated, fibrosis followed by inflammmation scored highest.

Structure Function Relationships
Table 3 shows pairwise the correlation coefficients for measurements of airflow
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Figure 4. Change of the predicted maximal flow-static recoil (MFSR) plot with age for males and
females of 170 cm height. The predicted MESR plot is the regression line through predicted maximal
flow (Vmax} and predicted static transpulmonary pressures at 75, 50, and 25% vital capacity.
The slope of the MESR plot becomes steeper and the pressure axis intercept higher with increasing
age both for males and females. Definition of abbreviations: Pim' = critical transmural pressure
causing airway collapse at the flow limiting segment; M =20 yrs; ® =30 yrs; A=40yrs; 050 =
yrs; O =60 yrs; A =70 yrs,

obstruction (FEV ((%pred) and FEV [/EVC(%pred)} and measurements of elastic recoil
(Prmax{%pred) and P; 60(%pred)), upstream conductance (G,,%), airway collapsi-
bility (APyy,"), airway wall dimensions (WA, WA,,,), and airway inflammation.
Airflow obstruction increased with lower Py max(%pred), P 60(%pred), and G%.
In a previous study, we showed that airflow obstruction increased significantly with
thickening of WA; but not with WA ,22. In this study, we found no significant
correlation of airflow obstruction and WA, (data not shown) or WA 5. The predictive
values of Pp max(%pred), P 60(%pred), WA;, and WA ., for airflow obstruction were
tested using multiple regression analysis. It was found that Py 60(%pred}) (p = 0.000)
and WA; (p = 0.01) were both most predictive regarding FEV {(%pred)(R? = (.22)
and FEV /FVC(%pred) (R2 = 0.24). Pymax(%pred) and WA, did not add
significantly to the predictive value for either FEV ({%pred) or FEV (/EVC(%pred).

93



PHYSIOLOGIC AND MORPHOLOGIC DETERMINANTS OF Maxivat Expmarory FLow

WAL (mm2)

VWA = 0.25 + 0.25 Ppm

T T T T 1
0 5 10 15 20 25 30 35

25 —

16 —

WAcart (mm2)
«w
|

WAcan = -0.17 +0.15 Py
0 f ! T f I

1 1

0 5 i0 15 20 25 30 35
Pbm (mm)

Figure 5. Morphometric airway dimensions versus airway size. There are 341 datapoints from 72
patients plotted in this figure. (A) WA, = total wall area; Py, = perimeter basement membrane. The
regression line represents the refation between WA, versus Py, (B) WA,y = cartilage area. The
regression fine represent the relation between WA,y versus Py,
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G % decreased as the inner wall area became thicker (R =-0.25, p=0.03, one sided)
or as the MADS increased (R = -0.24, p = 0.04, one sided). G3% did not correlate
with any of the other airway dimensions (WA, WA,,,, WA ..rp). In addition, the predic-
tive value of WA;, WA, WA,,,, WA 1 for G were tested using multiple regression
analysis, WA; was most predictive regarding G, % (p = 0.04), WA, WA, and WA 3
did not add significantly to the predictive value regarding G %. APy, as an estimate
of airway collapsibility did not significantly correlate with airflow obstruction
(FEV |(%pred), FEV /[FVC(%pred)), airway dimensions (WA, WA;, WA ., WAR),
or to the MADS.

Discussion

In this study, we investigated whether airflow obstruction was related to lung elastic
recoil pressure, airway conductance and collapsibility, and whether airway conductance
and collapsibility were related to airway inflammation and airway wall dimensions.
Airway conductance and collapsibility were calculated from MFSR plots. The resulfs
show a significant relationship between airflow obstruction and recoil, airflow
obstruction and upstream resistance, and between the inner wall area and upstream
conductance, No significant correlation was found for the MESR plot estimate of
airway collapsibility and airflow obstruction or airway wall dimensions or inflan-
mation, The amount of cartilage was not correlated to airway inflammation or to

airflow obstruction.

Airflow Obstruction in Relation to Lung Elastic Recoil, Airnvay Conductance, and
Airway Collapsibility

One third of the patients studied suffered from mild-to-severe airflow obstruction.
Lung elastic recoil, airway conductance, and airway collapsibility are all important
in the pathogenesis of airflow obstruction. Loss of lung elastic recoil pressure results
in a reduction of the driving force to generate airflow, and is thought to decrease
airway conductance secondary to a loss of the tethering forces that distend the
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Table 3

Correlation Coefficients of Structure Function Relationships

FEV; FEV/EVC  Gu% APy’  Prmax P60  WA; WAcan
FEV %pred - 0.67% 0.58% ns 0.301 0.35¢  -0.33% ns
FEV(/FVC %pred  0.67% - 0.478 ns 0.55% 0.40%  -0.32f ns
Gus% 0.58% 0.47% - ns ns ns -0.25* ns
APy’ ns ns ns - ns -0.31% ns ns
P max %pred 0.30% 0.55% ns ns - 0.30t ns ns
Py 60 %pred 0.35% 0.40% ns -0.311 0.30t - ns ns
WA, -0.33% -0.327 -0.25* ns ns ns - 0.317
WA ant ns ns ns ns ns ns 0.31t -
MADS -0.307 -0.28% ns ns -0.301 0.4% ns

ns.

Definition of abbreviations: FEV, %pred = forced expiratory volume in 1; FEV /FVC %pred = forced expiratory volume in 1 as fraction of
the vital capacity: G_% = conductance upstream the flow limiting segment; AP, ' collapsibility of flow limiting segment; P, max %pred =
transpulmonary pressure at TLC: P 60 %pred = transpulmonary pressure at 60% TLC; WA, = inner wall area; WA = area of cartilage;
MADS = membranous airways disease score. Level of significance; ns = not significant; * p=0.06; { =p<0.05; =p<0.01; § =p < 0.001.
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airwaysl: 2, 23, Airflow obstruction correlated significantly with loss of lung elastic
recoil pressure in the group of patients studied.

The peripheral airway conductance has been found to be decreased in COPD, This
implies that frictional losses in these airways will be increased?4 25, During forced
expiration, equal pressure points are formed where lateral pressure losses due to
frictional and convective acceleration equal the lung elastic recoil pressure. Flow-
limiting segments are formed downstream from these equal pressure points23. As a
result of increased frictional losses and/or the loss of recoil pressure, the equal pressure
point will move upstream, to peripheral airways that are more collapsible than central
airways. Therefore, a smaller pressure difference over the airway wall is required to
collapse the airway. In the group of patients studied a strong correlation was found
between the airway conductance upstream of the flow-limiting segment (G,;%) and
airflow obstruction (FEV, FEV{/FVC). Airway collapsibility of the flow-limiting
segment is thought to be an important determinant of airflow obstruction, In the pre-
sent study, no significant correlation was found between the collapsibility of the flow-
limiting segment as derived from the MFSR plot (AP, and airflow obstruction.
This could mean that collapsibility might not be an important factor, or that the APy,
does not adequately represents collapsibility of the flow-limiting segment, We think

the latter is true for reasons stated below.

Airway Conductance and Collapsibility versus Structure and Inflammatory
Changes.

Reduced airway conductance can result from inflammatory thickening of the airway
wall, contraction of airway smooth muscle, loss of tethering forces by the parenchyma
which surrounds the airways, and the presence of secretions within the lumen, Cosio
and coworkers!7 showed that inflammation of the airways was related to airflow
obstruction; this was not confirmed in & more recent study in a large group of patientsZ.
Inflammation has been found to be related to the thickness of the airway wall in both
cattilaginous and non-cartilaginous airways of patients with COPD?22,26,27_Tn addition,
we and others have previously shown that the thickness of the inner wall area is
related to airflow obstruction (FEV /EVC%)22, 26, In the present study, a significant
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correlation was found between the thickness of the inner airway wall area and G,,3%.
No significant relationship was found between G,(% and total airway wall thickness,
which is likely to be explained by the more variable measurement of the latter.
During forced expiration, the airways will be compressed at and downstream from
the flow-limiting segments and, therefore, maximal airflow is limited25, Airway wall
structure and diameter are important determinants of the compressibility of the airway
at the site of the flow-limiting segments. It is thought that the Py,,," as calculated from
the MFSR model reflects the compressibility of the airways at the flow-limiting seg-
ment. The present study provides a number of observations that argue against the
validity of Py;,” as a measure of the collapsibility of the flow-limiting segments, Firstly,
airway cartilage is considered to be an important structure that resists dynamic
compression?8, We therefore expected a significant correlation between the amount
of cartilage and Py,,’. In the present study, no such correlation could be demonstrated.
Since the mechanical properties of airway cartilage were not investigated, it cannot
exclude that these properties would relate to airway collapsibility, In fact, Moreno
and coworkers2? showed that the proteolytic enzyme, papain could weaken airway
cartilage, while its histological appearance remained unchanged.,

Secondly, it is likely that chronic inflammation affects the collapsibility of the airways
at the flow-limiting segment. However, in the present study, no such significant
correlation could be detected between airway inflammation parameters and AP,".
Thirdly, increased thickness of the airway wall would be expected to decrease airway
collapsibility30. Again, no correlation was found between total airway wall thickness,
or inner wall thickness and APy,,'. Fourthly, airflow obstruction itself did not correlate
to APy,

Finally, we did not find an increase of Py, with age, as was predicted by our reference
values. The increase in Py,,'(pred) is in agreement with the study by Yernault and co-
workers3!, who found an increase of Py, versus age in a group of 74 healthy subjects.
But, as was stated by these authors, a number of studies showed that airway compliance
decreases with age32, 33, The increase of Py, with age could be explained by a more
peripheral position of the flow-limiting segment, since peripheral airways are known

to be more compliant than central airways34,
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We did not study whether smooth muscle tone or parenchymal tethering forces were
correlated to APy,,'. Constriction of smooth muscie is known to decrease airway
collapsibility28, 35. The importance of the lung parenchyma for airway collapsibility
is still a matter of debate. The alveolar walls attach to the outside of the airway and
probably provide an elastic load to airway smooth muscle when it shortens or when
the airway is compressed36. Lamb and co- workers37 found that loss of these alveolar
attachments was associated with airflow obstruction, this was not found by others2,
Since we found no significant correlations between airway dimensions, inflammation,
or airflow obstruction and APy, we think it unlikely that Py, is a valid estimate of
the collapsibility of the flow-limiting segment, Calculation of Py, is determined by
extrapolation of the MFSR curve to zero flow. This extrapolation assumes a linear
behaviour of the maximal flow versus static recoil relationship below 30% FVC. If
the pressure-flow relationship deviates from a linear relaticnship below 30% IFVC,
the actual and predicted zero flow intercept could be very different.

Airway Cartilage, Inflammation and Airflow Obstruction.

Previous studies have suggested that chronic inflammation reduces cartilage volume
and, therefore, coniributes to increased airflow obstruction3. 6 38, 39, This was not
confirmed in other studies? 8. In the present study, we could not demonstrate a
correlation between inflammatory changes in the airways and the amount of airway
cartilage, nor a correlation between the amount of cartilage and the severity of airflow
obstruction, The older studies that investigated the relation between inflammation
and airway cartilage were handicapped by the fact that the appropriate method to
correct for airway size was not yet known40, A recent study by Nagai and coworkers®
expressed cartilage as a volume proportion of the total wall area. Inflammation of the
airways results in an increased thickness of the airway wall and, therefore, could
result in a reduced volume proportion of airway cartilage?2. Since we investigated a
large number of patients and corrected for airway size, we think that the volume of

cartilage is not reduced by inflammation and is not related to airflow obstruction.
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Table 4
Maximal Flow-Static Recoil Estimates of Airway Conductance and Collapsibility

First author 1 Py cm Hy0O $Gys (emHyO-1s-1)
Leaver? Controls i0 -0.8 (3.8-1.1 0.09 (0.06-0.12)
Zamel4! Controls 6 - (0.5-09) - (0.08-0.14)
Tiddens Predicted, ail 59 1.05 (-0.95-2.5) 0.11 (0.08-0.15)
Predicted, male 44 1.24 (0.13-2.54) 0.12 (0.16-0.15)
Predicted, female 15 0.51 (-0.95-1.97) - (0.08-0.14)
Leaver Patients 17 3.1 (0.6-5.8) .05 (0.02-0.08)
Zamel  Emphysema 5 - (L1277 - (0.08-0.19)
Zamel  Peripheral obstr. 2 - (1533 - (0.05-0.09)
Tiddens Patients, all 59 0.12 (-3.8-5.3) 0.13 {(0.03-0.29)
Male 44 0.15 (-3.8-4.8) 0.12 (0.03-0.29)
Female 15 0.02 (-2.5-5.3) 0.14 {0.07-0.26)

Definition of abbreviations: n = number; sG,; = specific conductance upstream the flow-limiting
segment calculated as Gy, devided by TLC of patient; Py, = collapsibility of Bow-limiting segment;
Peripheral obstr. = patients with obstruction of peripheral airways

Predicted Values of Airway Conductance and Airway Collapsibility

To our knowledge no reference values are available for G and Py,'. In previous
studies, (3, was corrected for Jung volume by dividing Gy by the predicted or actual
TLC of the subject (Table 4)% 41, In these studies, patients were compared to a limited
number of healthy subjects, without matching for age or sex. Yernault and coworkers3!
described an increase in Gyg with age that was comparable for males and females.
Gy was higher in males than in females. We calculated predicted values for G and
Ptm; (Gus(pred) and Py, (pred)) for each patient using reference values for both elastic
recoil pressure and maximal expiratory flowsll. 14, In agreement with the study of
Yernault and coworkers3!, Gyg(pred) and Py’ (pred) increased with age and were
higher for males than for females. An increase in G with age was described by a
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number of authors31. 42-44, The decrease of maximal flows at fixed lung volumes,
with increasing age, is predominantly related to decreased lung elastic recoil pressure.
Our resuits suggest that the decrease in recoil is greater than the decrease in flow. We
speculate that this preservation of flow could be the result of a disproportionately
greater loss of elasticity in the airways relative to the loss of recoil in the parenchyma.
This could cause airways to be more distended at any lung elastic recoil pressure.
Our predicted values for Gy and Py, were derived from two prediction equations
generated in different groups of normal subjects. It can be argued that the increase in
predicted Gy is an artifact caused by combining the two sources of data. However,
we do not believe that this is the case. The mean value for Gyg, for the 9 normal male
subjects of Leaver and coworkers? (mean Gy = 0.65 L.s-l.emHp0-1; mean age = 35
yrs) fall within the predicted normal range (Figure 3). In addition, in this study we
calculated the mean Gy for the 23 male subjects (mean age 63 yrs; height 174 cm)
without airflow obstruction (FEV{/VC (pred) > -2 SD) and for the 21 male subjects
(mean age 62 yrs; height 173 cm) with airflow obstruction (FEV| /VC(pred) < -2
SD). For patients without airflow obstruction, Gy, was 1,04 Ls-l.emH,0-1 (134%pred),
for patients with airflow obstruction Gy, was 0.63 L.s-lemH,0-1 (80%pred). The
increased G, in the patients without airfiow obstruction could be explained by the
same process we have invoked from the age related increases; a greater loss of airway
clasticity than tung elasticity. The decreased Gy in the patients with airflow obstruction
is likely to be caused by inflammatory thickening of the inner wall area.

Conclusion

In a group of 59 COPD patients strong correlations were found between airflow
obstruction on the one hand and lung elastic recoil and airway conductance on the
other, No correlation was found between airflow obstruction and nieasures of airway
collapsibility. Airway conductance was correlated to the inner wall thickness. No
correlation was found between airflow obstruction and the volume of airway cartilage.
Nor was there a significant correlation between the volume of the cartilage and airway

inflammation, Therefore, changes in the amount of cartilage are probably not impor-
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tant for the pathogenesis of chronic obstructive lung disease. Finally none of the
airway dimensions was related to the maximal flow-static recoil plot estimate of airway
collapsibility, Therefore, we think that the maximal flow-static recoil model does not

adequately estimate the collapsibility of the flow-limiting segment.
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Introduction

The contraction of smooth muscle in isolated airway segments can be measured in
several ways. First, as a change in flow or perfusion pressure in perfused airway
segments!-3. Second, as a change in lumen narrowing with the application of video-
imaging6. Third, as a change in pressure in a constant volume fluid-filted airway
segment (isometric contraction)’. 8, or as a change of volume in a constant pressure
fluid-filled airway segment (isobaric contraction)?. Studies have been primarily done
on isolated airway segments from animals. For human airways only limited data are
available® 5.9-11, The methodology to study isobaric contraction of airway segments
is not well established’. The aim of this work was to develop a sensitive device to
assess the smooth muscle function in isolated airway segments under isobaric
conditions. We developed a micro-plethysmograph that is able to measure small vo-
lumes (0.01 to 700 pL) displaced by a constricting or dilating airway segment at any
given pre-load or transmural pressure. In addition, this device can be used to measure

leak or diffusion at any transmural pressure.

Methods

Experimental set-up

Figure | shows the experimental set-up we used to measure the isobaric contraction
and relaxation of airway segments, employing a special ultra-sensitive plethysmograph.
In addition, this set-up can be used to measure isometric contraction, compliance,
hysteresis, and collapsibility as described elsewherel2. Tt consists of a double jacketed
organ bath in which an airway segment is mounted on 2 stainless steel cannulas. The
organ bath is filled with Krebs-Henseleit buffer (composition in mM: NaCl 118, KCl
4.7, CaCly 2.5, MgSOy4 1.2, KH»PO, 1.2, NaHCOj3 25, glucose 5.55) at a temperature
of 37°C and continuously gassed with carbogen (5% CO; in 95% O,). The airway
segment and tubing are filled with buffer. Pressure is measured at both ends of the
airway segment (Prox and Py;g) using pressure transducers with a low compliance
(143PC £ 1psi, Micro Switch, Freeport, lllinois, USA). All connecting tubing has a

low compliance.
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Figure 1. Diagram of the experimental set-up to measure dynamic properties of isolated airway segments. Definition of abbreviations: Pgir
= differential pressure transducer; Vy = valve to connect air compartment to atmosphere; B¢ = reference barrel; B meas = measurement
barrel; V= valves used for the filling and to obtain identical fluid levels in both barrels; T = large bore tubing; Vpump = valve to connect
pump to plethysmograph or to airway: Vpuox and Vg;e = valves located at the proximal or distal end of the airway; Pprox and Py = pressure
transducers 1o measure the transmural pressure at the proximal and distal end of the airway: The system is servo controlled, which means
that the pressure signal from Py controls the syringe pump.
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The compliance of the entire system is 0.03 L. cm H>O-1. By means of 3-way valves,
the airway segment can be connected to a micro-plethysmograph. Furthermore, it
can be connected to a reservoir filled with buffer for perfusion. Finally, it can be
connected to a gas-tight syringe mounted on a computer controlled high-precision
syringe pump (Harvard 22, Harvard Apparatus Inc, South Natick, MA, USA) for

inflation and deflation,

Micro-plethysmograph

DESIGN. The micro-plethysmograph (Figure 1) consists of 2 identical water- and air-
tight cone-shaped plexiglass barrels each with a maximal filling volume of 350 mL.
One is a measurement barrel (Bj,.q5) Which can be connected to the airway or to the
pumnp, while the other serves as reference barrel (B,.¢). Both barrels can be filled with
buffer to any desired volume by opening a valve located at the bottom of the barrels
which connects these to a filling reservoir by means of large bore tubing (T) .

The valves (Vy), located in the large bore tubing, are kept open during the filling
process so the barrels communicate and therefore will contain identical fluid levels.
After the filling process the valves (V) are closed. The air compartments of the bairels
are connected by non compliant fubing, located on top of the barrels, to the side-ports
of a differential pressure transducer (pressure range 0-2 em HyO, LCVR, Celesco,
Canoga Park, CA, USA).

Pressure or temperature changes in the environment will affect both barrels
simultaneously and therefore will have little if any effect on the differential pressure.
The high storage capacity for heat of the buffer used to filt the barrels adds to the
temperature stability of this micro-plethysmograph.

To set the differential pressure between the barrels at 0 cm HyO, valves (V) located
on top of the micro-plethysmograph can be opened to connect the air compartments
of the barrels to the atmosphere. The plethysmograph is in the measurement mode
when both top valves (V) and bottom valves (V) are closed. Any volume change
within the measurement barrel (B,qqs) Wwill result in a change of the differential
pressure. The measurement barrel can be connected by means of a 3-way valve o a

high-precision syringe pump to calibrate the micro-plethysmograph.
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For measurements, the micro-plethysmograph is connected to the cannulated airway
in the organ bath.

The plethysmograph is mounted on a stand and its height can be varied in a precise
but slow manner by micro screw, or in a gross but quick fashion by unfocking a clamp
and sliding the plethysmograph up or down the stand manually.

MEASUREMENT RANGE AND RESOLUTION. The resolution of the micro-plethysmograph
depends on the volume of the air compartment in the barrels. This volume can be
varied anywhere between 5 and 350 mL by changing the fluid levels within the barrels.
In the case of a low fluid level, and therefore a big air volume, the sensitivity of the
micro-plethysmograph to volume changes will be low but the range that can be
measured will be large. In the case of a high fluid Ievel and therefore a small air
volume, the sensitivity to volume changes will be high but the range that can be
measured will be small. The resolution and maximal measurement range of the
plethysmograph depends also upon the sensitivity of the differential pressure
transducer. The differential pressure transducer we used is available for pressure ran-
ges from 0-2 to 0-1000 cm HyO. For our study we used a pressure range of 0 to 2 cmm
H>0.

TRANSMURAL PRESSURE, The transmural pressure is measured at both ends of the
airway with pressure transducers (Ppx and Pg;g). These transducers are connected
to outlets at the side of the cannulas by tubing of fow compliance. Because airway,
cannulas, and tubing are all fluid filled, transmural pressure changes of the airway
can be readily detected. In order to set the transmural pressure of the airway, its
lumen is connected to the micro-plethysmograph while the distal valve (V gi5) is closed.
The airway is considered patent when the pressures measured at the proximal and
distal end of the airway (Pprox and Pyisy) ave identical. The transinural pressure in the
airway is now the sum of three factors. The first factor is the hydrostatic pressure
which depends on the height of the fluid column in the measurement barrel relative to
the level of the airway. The second factor is the pressure in the air compartment of the
measurement barrel relative to the atmosphere. This pressure is atmospheric when
the top valves (V) are opened. With the top valves (V) closed, volume changes

within the air chamber of the measurement compartment will change the pressure

109



Micro-PLETHYSMOGRAPH AND SMaLL VoLUME DISPLACEMENTS

within the air compartment and therefore the transmural pressure. To coirect for these
pressure changes the height of the micro-plethysmograph can be adjusted to keep the
transmural pressure at a constant level. The third factor is the height of the fluid
column on top of the airway within the water-bath. In our experiments we keep this
factor small by submerging the airway just below the surface of the fluid.

CALIBRATION AND DRIFT, A calibration and drift procedure is done before each
measurement because volume changes within the micro-plethysmograph and chan-
ges in ambient temperature and pressure could affect its calibration and stability. The
micro-plethysimograph is calibrated by a semi-automated procedure as follows
(Figure 2). First, the measurement barrel (Bjyeqns) is connected to the high-precision
pump with valve (Vpyup). The first differential pressure is set while both top valves
(Vaum) are opened to the atmosphere. Therefore, this pressure should be 0 cm HyO
(Figure 2), Next, the top valves are simultancously closed and a preset volume of
fluid is automatically infused in one minute by the pump into the measurement barrel
(Bueas)- There should be a perfect linear relation between the infused volume and the
differential pressure (cal in Figure 2). Immediately after infusion has been completed,
the second differential pressure is automatically recorded by the computer. Next, the
computer calibrates the calculated difference between the two pressures into the
infused volume. These known pressures and volames are used for calibration purposes.
After infusion of the calibration volume the recording is continued for another mi-
nute to record drift {drift I in Figure 2). Next, the top valves (V) are re-opened to

reset the differential pressure at 0 cim HyO.

Signal processing

The signals from the differential pressure transducer, the transmural pressure
transducers (Ppyox and Pyig), and from the high precision pump are processed on-line
by a computer (at least 4865X, 25 MHZ). The analog signal generated by the
differential pressure transducer (Pgy) is first excited and demodulated (1.CCD-005,
Celesco, Canoga Park, CA, USA), Full scale voltage output is = 5 V. All signals are
converted to digital signals (DAS 1601, Keithley, Taunton, MA, USA). Fuil scale
digital output of this converter is reached at an analogue input of £ 10 V.
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Figure 2. Shows an isobaric contraction after stimulation of the smooth muscle with methacholine.
The upper panel shows the transmural pressure measured at the proximal end of the airway. The
lower panel shows the volume signal of the plethysmograph. Definition of abbreviations: airway
closed = during calibration the airway is closed at both ends; cal = calibration volume is infused
info plethysmograph; driftl = registration of drift of plethysmograph the first minute after infusion
of calibration volume; airway open = after calibration and drift have been recorded airway is re-
connected to plethysmograph; drifi 2 = recording of drift after the plethysmograph is connected to
the airway; MCh = moment when methacholine (10-4M} is added to the organ bath. Next fiuid is
pumped by the airway info the plethysmograph; drift corrected = recording after correction for
drift 2.

The absolute accuracy of the converter is 0.01% of the reading + I, maximal error is
0.03%. All signals are simultanecously displayed on-line on the PC-screen by a multi-
channel registration program (MKR system, custom-made software, Erasmus
University and University Hospital/Sophia Children’s Hospital, Rotterdam, The
Netherlaads). In our computer setup the sampling rate can be varied between 0.01
and 4000 Hz.
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Figure 3. Isobaric relaxation after stimulation of the smooth muscle with isoprenaline (10-4 M).
The upper panel shows the transmural pressure measured at the proximal end of the airway. The
volume signal is corrected for drift as shown in Figure 2, The arrow indicates the moment when
isoprenaline {Iso) is added to the organ bath, fluid moves out the plethysmograph into the relaxing
airway. Note that the transmural pressure within the airway remains at a constant level during the
relaxation.

RESOLUTION OF PLETHYSMOGRAPH, In our setup we use a 12 bit A/D-convertor, the
resolution of the digitized signal is therefore maximally 4096 levels. Input sensitivity
of the DAS-1601 convertor is software programmable and provides gains of 1, 10,
100, and 500 V. In our setup we used an analog input of 10 V. The analog input from
the differential pressure transducer (Pgig) was £ 5 V resulting in a maximat digital
output of 2048 levels. When the volume of the air compartments is 5 ml., the estimated
measurement range will be = 10 L. (Table 1). The theoretical resolution at this level
will therefore be 20 uL / 2048 or 0.01 pL. With air compartments of 300 mL, the
corresponding maximal measurement range will be + 600 pL. The theoretical
resolution will then be 1200 P /2048, or 0.59 pL.. Experiments to define the technical
propetties of plethysmograph
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Table |
YOLUME OF AIR COMPARTMENT AND RESOLUTION

Volume air Volume Theoretical
compartment measurement range resolution
(mL) (uL) (uL)
5 + 10 0.01
10 +20 0.019
50 + 100 0.098
100 + 200 0.2
150 + 300 0.29
200 + 400 0.39
250 500 0.49
300 + 600 0.59
350 700 0.68

Experiments fo define the techmical properties of plethysmograph

DIFFERENTIAL PRESSURE TRANSDUCER AND STABILITY OF SIGNAL. We evaluated the
static common mode rejection of the differential pressure transducer for different
pressure levels. To do this, we connected the tubes coming from the 2 side ports of
the differential pressure transducer (Py;ry) to a four-way valve. Next, a gastight syringe
(0-100 uL. TLL, Hamilton, Reno, Nevada, USA) was connected to another inlet of
the valve. The remaining inlet of the valve was connected by tubing of low compliance
to a virtually noncompliant pressure transducer (143PC + 1psi, Micro Switch, Freeport,
Illinois, USA). Next, we fluctuated the pressure in this closed system in a cyclic
fashion between -5 and 5 cm HyO by moving the plunger of the syringe.
CALIBRATION, RESOLUTION, AND DRIFT. We measured reproducibility of calibration,
resolution, and drift of the micro-plethysmograph at 5 different air volume levels of
the air compartment (3, 9, 19, 74, and 290 mL) as follows. The differential pressure
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signal was sampled at a rate of 60 Hz. At each air volume level we infused, in one
minute, a calibration volume of 50% of the estimated measurement range (5, 10, 20,
75 and 300 uL) into the measurement barrel (B,q,s) With the automated calibration
procedure. Drift was recorded for one minute after infusion, after which the top valves
were opened and left open for an equilibration period of five minutes. This period
was chosen to reduce possible temperature effects by the calibration procedure on
the baseline recording of drift. Next, the top valves were closed again for 30 minutes
to record baseline drift, After this drift recording, the top valves were opened again to
reset Pyige at ¢ cm H;O. Finally, three complete calibration procedures were done one
after another. We calculated for each volume level the mean and range of the infused
volume and resolution of the calibration procedure. Furthermore, we calculated the
drift foliowing calibration and the baseline drift.

TEMPERATURE RELATED DRIFT. To estimate the temperature related drift of the micro-
plethysmograph we simultaneously measured the differential pressure (Py;g) and the
temperature in the laboratory. Temperature was measured using a thermocouple probe
(DU-3, Ellab, Copenhagen, DK). The plethysmograph had a volume of the air
compartments of 19 mL corresponding to a measurement range of + 40 pL. For this
recording both batrels were connected to the differential pressure transducer (Pg;e).
Recording was started at a differential pressure of 0 cm HyO. Temperature and pressure
were sampled at a rate of 60 Hz. Recording continued for 24 hours, We knew that
within this time frame the ambient temperature would change because of automatic

changes of the building's climate control settings.

Examples of measurements of isobaric contraction and relaxation

PREPARATION OF AIRWAY SEGMENT. A human peripheral airway was dissected out
from a lobectomy specimen. Parenchyma and blood vessels were removed from the
airway using a dissection microscope (Stemi 2000, Carl Zeiss, Oberkochen, Germany)
and external cold light source (KL1500 electronic, Schott, Wiesbaden, Germany).
All side branches were identified and ligated to make the airway watertight. Next, the
airway was mounted in the organ bath onto stainless steel cannulas in a watertight
fashion (Figure 1). The airway'was perfused to test for patency and possible leaks.
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BASELINE DRIFT. The plethysmograph was filled with buffer to obtain an appropriate
measurement range for the cannulated airway. Next, the plethysmograph was calibrated
and its drift recorded. The airway was connected to the plethysmograph while the top
valves of the plethysmograph were open. The transmural pressure was set at 10 cm
H,0O by adjusting the height of the plethysmograph. Next, Vi, were closed and
baseline volume displacement out of the plethysmograph recorded for 2 minutes to
estimate drift and fluid loss due to leak (drift 2, Figure 2). After this procedure airway
smooth muscle was either contracted or relaxed.

ISOBARIC CONTRACTION AND RELAXATION (PHARMACOLOGIC STIMULATION).
Sufficient methacholine (or isoprenaline) was added to the organ bath to produce a
10-4M solution. The contractile or relaxation response of the airway was recorded
until no more fluid was displaced into or out of the plethysmograph.

ISOBARIC CONTRACTION (ELECTRICAL FIELD STIMULATION). The airway was stimulated
10 times with electrical field stimulation via platinum plate electrodes parailel to the
tissue (30 sec trains of 30 V, 0.3 msec, 30 Hz square pulses of alternating polarity),
During these stimulations, the height of the plethysmograph relative to the airway

was adjusted manually to compensate for pressure changes within the air compartiment,

Results

Differential pressure transducer and common mode rejection
The differential pressure remained 0.00 £ 0.01 cm H,O while the pressure at both

sides of the transducer was increased.

Calibration, resolution and drift

CALIBRATION. Zero differential pressure did not vary between calibration procedu-
res. However, by closing the top valves the Pg; increased by 23 bits at the most
sensitive setting of the plethysmograph and by 2 bits at its least sensitive setiing.
We calculated that the resolution was reduced as a result of this artifact by 1.1 to
0.3 % for its most and least sensitive setting respectively. The time of infusion was
60.59 + 0.2 (60.28 to 60.7) seconds. The overall variability between the volumes
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infused for the calibration procedure was 2.5 and (.4% for its most and least sensitive
setting respectively.

RESOLUTION. Table 2 shows the maximal achieved resolution with the micro-plethys-
mograph in relation to the volume of the air compartment in the plethysmograph. At
its most sensitive setfing a volume change of 0.017 pL in the micro-plethysmograph
could be detected. At its least sensitive setting, a change of 0.421 L. could be detected.
DRIFT. The absolute drift in the first minute after infusion of the calibration volume
was highest when the plethysmograph was in its least sensitive setting (Table 2).
When drift was expressed as percentage change of volume infused per minute, it was
2.6 and 1.8 % min-! for its most sensitive and least sensitive settings respectively.
Baseline drift 5 minutes after the calibration procedure was 1.7 and 0.2 % min-! of
volume infused for its most sensitive and least sensitive settings respectively.
TEMPERATURE-RELATED DRIFT. The temperature varied between 20.5°C at night and
21.73°C during the day. The shift of the temperature from one steady state situation
to the next took place over a period of four hours. Drift varied maximally between
-0.15 and 0.16 pl. min-! or £ 0.4% of the volume measurement range during the 24
hours recording. Drift was fastest during temperature shifts. At night, temperature
remained stable at 20,7°C for 10 hours. Drift remained constant in this period at a
level of 0.03 PL min-1 or 0.07% min-! of the volume measurement range.
EXAMPLES OF ISOBARIC CONTRACTION AND RELAXATION. The airway that was
cannulated for the isobaric contraction after methacholine had an internal radius of 1
mm and length of 12.6 mm. The estimated volume was therefore 40 pL.. Figure 2
shows the recording of the isobaric contraction and relaxation. The measurement
range of the plethysmograph was set at a full-scale resolution of & 100 L. First, the
plethysmograph was calibrated with a volume of 50 UL in 1 minute (Figore 2). Note
the straight linear relation between volume and time while the fluid was pumped into
the plethysmograph. The drift of the micro-plethysmograph after infusion of 50 uL
was 0.18 UL min-1. Drift and leak when the airway was connected to the plethysmo-
graph was 0.34 L min-1, After the airway was constricted with methacholine, it
displaced a volume of 16.7 [iL (corrected for baseline drift) in 15 minutes. Note that

the transmural pressure remained constant during the contraction since we
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Table 2

RESOLUTION AND DRIFT CHARACTERISTICS OF THE MICRO-PLETHYSMOGRAPH

Volume air Volume Volume Resolution Absolute drift Relative drift
compartment calibration infused observed first minute first minute
(L) (uL) (uL) (ML) (UL min-1)
3 5 47 (4.6 to 4.7) 0.017 -0.1 (-0.08 t0 -0.17) 2.6
9 10 9.2 (9.1109.3) 0.025 0.2 (-0.14 to0 -0.3) 22
19 20 19.1 (18910 19.3) 0.046 -0.2 (-0.09 10 -0.37) 1.2
74 75 74.5 (7410 75) 0.103 -0.5 (-0.21 t0 -1.13) 0.7
290 300 295.8 (295.8 t0 299.2) 0.421 -5.2 (-4.14 10 -6.7) 1.8

Values of volume infused and absolute drift are presented as means and range in parenthesis. Volume air compartment = volumne of air in the
barrels which sets the resolution of the plethysmograph; Volume calibration = preset volume used for calibration procedure; Volume
infused = pump speed multiplied by actual time of infusion: Resolution observed = volume infused divided by the number of pixels:
Absolute drift = drift in first minute directly after infusion of the calibration volume in pL: Relative drift = drift in first minute directly after

infusion of the calibration volume in percentage of the volume infused
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Figure 4. Example of repetitive isobaric contraction of an isolated airway segment. The upper
panel shows the transmural pressure measured at the proximal end of the airway. The volume signal
is corrected for drift as shown in Figure 2. Arrows indicate the onset and end of the electrical field
stimulation (EFS). After onset of a stimulus flnid is pumped by the airway into the plethysmograph.
Note that the transmural pressure within the airway remains at a constant level during the contractions,

compensated for the increase in pressure in the air compartment by adjusting the
level of the plethysmograph.

Figure 3 shows the same airway as in Figure 2 but after relaxation with isoprenaline.
A volume of 26.2 pL. moved from the plethysmograph into the airway in 10 minutes.
Figure 4 shows the contractile response of a second airway with an internal radius of
| mm and length of 12.7 mm. The estimated volume was therefore 40 uL. Drift and
leak of the airway connected to the plethysmograph was 0.58 UL min-1. The airway
was stimulated 10 times with electrical field stimulation (30 sec trains of 30V, 0.3
mssec, 30 Hz). The airway pumped an average volume of 3.73 sem £0.05 range 3.43
to 4.03 L.
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Discussion

This micro-plethysmograph is, to our knowledge, the first instrument capable of
measuring true isobaric contraction or relaxation of airway tube preparations. The
micro-plethysmograph is able to measure small volume displacements by a contracting
airway at any given pre-load or transmural pressure in a highly sensitive and
reproducible way. With the micro-plethysmograph, we are able to measure the
contractile properties of airway tube preparations within a diameter range of 1 to
S mm, a length range of 5 to 20 mm, and a volume range of 3 to 400 UL with high
accuracy. The most sensitive setting is used when we measure times airways that can
only displace small quantities of fluid. The least sensitive setting is used for larger
airways.

Properties of hollow contractife structures can be studied at any physiological
transmural pressure. Before the development of this apparatus, studies done in our
and other laboratories to measure isobaric contraction on isolated airway segments
neglected the increase in pressure induced by the volume displacements?. This
introduces a substantial error when studying isobaric contraction at low transmural
pressures, Our micro-plethysmograph compensates for the pressure changes induced
by the volume displacements,

The resolution of the micro-plethysmograph was slightly lower than the theoretically
calculated resolution, There are several reasons for this, Firstly, the filling volume is
estimated at each level with an accuracy of £ 1 mL. A higher filling volume will
increase resolution and decrease measurement range, while a lower volume level will
decrease resolution and increase measurement range. Our filling vohume may have
been higher than used to calculate the theoretical resolution. Secondly, we did not
add the volume of air in the tubing going from the barrels to the differential pressure
transducer to the volume of the air compartment. We estimate this voluine to be 0.8 mL.
Therefore we systematically underestimated the volume of the air compartment of
the plethysmograph, leading to an overestimation of resolution. Thirdly, drift during
the time of infusion of the calibration volumes was in the opposite direction to the
pressure rise in the calibration volume. Any reduction of calibration time will reduce

the influence of drift on the second calibration pressure and therefore make calibration
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more accurate. Fourthly, closure of the top valves of the plethysmograph induced a
very small drop in the differential pressure. This artifact can be reduced by using
automated electric rotary valves instead of the hand controlled rotary valves we used.
We could also set zero calibration pressure after closure of the top valves and reset of
the 0 cm H,O differential pressure after the calibration procedure.

The three-dimensional architecture of a segment of airway or other tissue is an im-
portant factor in determining its contractile behavior. Thus intact tissues will give
more realistic information on the contractile properties of smooth muscle than tissue
strips or rings8. 13. The model as displayed in Figure 1 could also be used to study the
contractile properties of other watertight and hollow structures such as blood vessels,
gut, and ureter. In addition the plethysmograph can be used to measure permeability
of a tube at different transmural pressures.

The design of the micro-plethysmograph can be adapted for the situation where the
tissues under study require different volume ranges than the ones we used. With large
volume displacements, the differential pressure transducer can be exchanged for a
less sensitive one, A second possibility is to increase the volume of the barrels. These
adaptations will reduce the resolution of the plethysmograph unless the resolution of
the measuring system is increased. With small volume displacements the resolution
of the plethysmograph could be doubled by amplifying the voltage output of the
demodulator to = 10 V to profit from the full-scale digital output of the A/D conver-
tor. A match of A/D-convertor input sensitivity to output range of the pressure
transducers also results in doubling of the resolution. Furthermore, a 16 bit A/D-
convertor would increase resolution 16-fold.

In conclusion, we developed a micro-plethysmograph that can measure small volu-
mes displaced by contractile tube-like structures. The load against which the tube is
contracting can be kept constant (i.e. isobaric). In addition this device can be used to

measure feak or diffusion at any transmural pressure.

120



CHAPTER 5

Acknowledgements

We thank Alex Brouwer, for his advice on the design of the micro-plethysmograph

and for building it, and Huib de Bruin for running the experiments with hunyan airways.

21



MicrO-PLETHYSMOGRAPH AND SMALL VOLUME DISPLACEMENTS

—

References

. Mitchell HW, Willet KE, Sparrow MP. Pertused bronchial segment and bronchial strip: narrowing vs.

isometric force by mediators. J Appl Physiol 1989; 66: 2704- 2709,

. Mitchell HW, Sparrow MP. Increased responsiveness to cholinergic stimulation of smaH compared to

large diameter cartilaginous bronchi. Eur Respir J 1994; 7: 298-305.

. Sparrow MP, McFawn PK, Omari TI, Mitchel! HW. Activation of smooth nuscle in the airway wall,

force production, and airway narrowing. Can J Physiol Pharmacel 1992; 70: 607-614.
Hulsmann AR, Raatgeep HR, Bonta 1, Stijnen F, De Jongste JC. The perfused human bronchiolar fube:
characteristics of a new model. J Pharmacol Toxicol Meth 1992; 28: 28-34.

. Hulsmann AR, Raatgeep HR, Den Hollander JC, Stijnen T, Saxena PR, Kerrebijn KF, De Jongste JC,

Oxidative epithelial damage produces hyperresponsiveness of human peripheral airways. Am J Respir
Crit Care Med 1994; 149: 519-525.

. Mitchell HW, Sparrow MP. Video-hmaging of lumen narrowing; muscle shortening and flow respon-

siveness in isolated bronchial segments of pig. Eur Respir J 1994; 7. 1317-1325.
Moreno RH, Hogg JC, McLean TM, Pare PD. Tsovolumetric and isobaric rabbit tracheal contraction in
vitro. J Appl Physicl 1987; 62: 82-90.

. Gray PR, Mitchell HW. Effect of diameter on force generation and resonsiveness of bronchial segments

and rings. Eur Respir I 1996; 9: 500-505.

. Baldwin DR, Sivardeen Z, Pavord 1D, Knox AJ. Comparison of the effects of salbutamot and adrenaline

on airway smooth muscle contractility in vitro and on bronchial reactivity in vivo. Thorax 1994; 49:
1103-1108.

10, McFawn PK, Miichell HW, Bronchial compliance and wall structure during development of the immature

11.

human and pig lung. Bur Respir J 1997; [(: 27-34.
Tiddens HAWM, Hop WCI, de Bruin H, de Jongste JC. What determines compliance of human small
airways? Am J Respir Crit Care Med 1996; 155: A545.

12. Tiddens HAWM, Hofhwuis W, Bogaard 3, Hop W(J, de Bruin H, Willems LNA, de Jongste JC, Compliance,

13,

hysteresis, and collapsibility of human small airways. Submitted 1997,
Huismann AR, Jongste JC. Studies of human airways in vitro: a review of the methodology. I Pharmacol
Toxicol Methods 1993; 30.

122



CHAPTER 6

Compilance, Hysteresis, and Collapsibility of Human Small Airways

Harm A.W.M. Tiddens, Ward Hofhuis, Jan M. Bogaard, Wim C.J. Hop, Huib de
Bruin, Luuk N, A, Willems, and Johan C. de Jongste

Department of Pediatrics, division Respiratory Medicine, Department of
Biostatistics and Department of Pathology, Erasmus University
and University Hospital/Sophia Children’s Hospital, Rotterdam.
Department of Pulmonary medicine Leiden University Medical Center,
The Netherlands

Submitted for publication.

123



CoMPLIANCE AND HYSTERESIS OF AIRWAYS

Introduction

In chronic obstructive pulmonary disease (COPD) airway inflammation is associated
with increased airway wall thicknessl. This thickness is relatively more severe in
peripheral airways than in central airways, and is more pronounced in patients with
more severe airflow obstructionl. Similar findings were obtained in patients who
died with or from asthma 2. 3, Thickening of the airway wall as such has little effect
on airway resistance!, However, in combination with smooth muscle shortening it
causes an important increase of airway resistance 5, The extent which the smooth
muscle in airways of COPD patients shortens will depend on the force it develops
and on the load against which the smooth muscle has to contract. The data on abnormal
airway smooth muscle force in patients with COPD are conflicting 6. 7. A decreased
load has been suggested as an explanation for increased smooth muscle shortening in
asthmatic airways8, 9. This is unlikely because chronic inflammation is associated
with deposition of fibrous tissue such as collagen and elastinl9-12, This probably
makes airways stiffer (i.c., less compliant) and increases the load against which the
smooth muscle contracts. We hypothesize that airway wall thickness is an important
determinant of the mechanical properties of airways and that reduced compliance
makes the airways less coliapsible and decreases their distensibility and hysteresis.

This study was undertaken to evaluate the relation between compliance, collapsibility,
and hysteresis, on the one hand, and wall dimensions of human peripheral airway
segments on the other hand. Therefore, we have developed an experimental model to
study compliance, hysteresis, and collapsibility of isolated human small airway
seginents at baseline tone conditions and after maximal contraction and relaxation of

the airway smooth muscle.

Methods

Stucly Population
Lung tissue was obtained from 31 patients who had a lobar resection or pneumo-
nectomy for a peripheral lung lesion. These patients were mostly smokers and were
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classified as “COPD” although one-third had a lung function within the normal range
and, therefore, did not strictly fulfil the ATS criteria. Pre-operative routine lung function
was obtained from 27 out of 31 patients. Forced expiratory volume in { s (FEVy),
forced vital capacity (IFVC), maximal flows at 50% (Vmaxsg) and 25% (Vmaxss) of
FVC, functional residual capacity (FRC), total lung capacity (TLC), residual volume
(RV), and RV as a fraction of TLC (RV/TLC%pred) are all expressed as percentage
predicted!3. We used FEV, expressed as a percentage of FVC (FEV |/FVC), as an
indicator of the severity of airflow obstruction. Reversibility of bronchial obstruction
was expressed as the absolute change in FIEV | as a percentage of the predicted FEV
(DFEV %pred) and as a percentage of the actual pre-bronchodilator FEV,
(DFEV %ini).

This protoco! was approved by the institutional review board for human studies.

Airway Segments

Lung tissue was collected and transported on ice in carbogenated (5% CO», 95% O3)
Krebs-Henseleit buffer (composition in mM: NaCl 118, KC14.7, CaCl, 2.5, MgSO,
1.2, KHyPO41.2, NaHCO;3 25, glucose 5.55). Peripheral airways were identified,
cannulated with a thin plastic cannula and dissected out with surrounding parenchyma.
The airways were stored overnight in carbogenated Krebs-Henseleit buffer at 4°C.
Next morning, parenchyma and blood vessels were removed with the help of a
dissection microscope (Stemi 2000, Carl Zeiss, Oberkochen, Germany) and all side
branches identified and ligated in a water-tight fashion. Airway segments at least 5
mm in length were selected for in vitro measurements. The internal diameters of the
endings of the airways were estimated using the microscope by selecting stainless
steel cannulas (1, 1.5, 2, 3, or 4 mm) that most closely fitted the diameter of the
airway. Next, the airways were mounted in the organ bath on the cannuias in a
watertight fashion. The airways were perfused to test for patency and possible leaks.
The length of the unstretched airway within the inner borders of the cannula sutures
was measured by a digital calipers (precision 0.1 mm). Next, we stretched the airway
to 140% of this length, that being the estimated length of an airway close to TLC14,
At this length the airway remained patent at fow transmural pressures and after

contraction by methacholine, The volume (in UL) of the airway was estimated by the
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formula 7 #2 [, where r is the average of the radius (mm) of the 2 cannulas and { is the

length (mm) of the stretched airway.

Description of Experimental Set-up

Figure 1 shows the experimental set-up we used to measure the dynamic properties
of the airway segments, It consists of a double jacketed organ bath in which the
cannulated airway segment was mounted. The organ bath is filled with Krebs-Henseleit
buffer at a temperature of 37°C and continuously gassed with carbogen. Airway seg-
ment and tubing are filled with buffer. All connecting tubing has a Jow compliance.
Pressurc was measured at both ends of the airway segment (Pprox and Pyig) using
pressure transducers with a low compliance (143PC + 1psi, Micro Switch, Freeport,
Iltinois, USA). The compliance of the whole system was 0.03 pt. cm H,;0O-1, By
means of a 3-way valve, the airway segment can be connected to a gas-tight syringe
mounted on a computer-controlled high-precision syringe pump (Harvard 22, Harvard
Apparatus Inc, South Natick, MA, USA) for cyclic inflation and deflation. Further-
more, the segment can be connected to a micro-plethysmograph that was designed to
measure small volume displacements from or to the airway under isobaric conditions.
Finally, the segment can be connected to a reservoir filled with buffer for perfusion.
The transmural pressure signals (Ppqox and Pyig), the volume signal of the syringe
pump, and the volume signal of the micro-plethysmograph (Pgig) are all displayed on
the PC monitor. The system is servo-controlled, with the pressure signal from Pppox

being used to control the syringe pump.

Measurement Protocol

The Krebs buffer in the organ bath was replaced every 15 minutes throughout the
experiments. Between tests the airway was perfused for 10 minutes, The speed of the
pump for inflation and deflation was set at 8 times the estimated volume of the airway
segment per minute. From a pilot study, we estimated that this would give a cycling
rate between 1 and 4 cycles per minute.

LEAK TEST. To test for a leak the airway was inflated by the pump until a transmural
pressure of 15 cm HpO was obtained. Next, the spontaneous rate of pressure drop of
the segment within the first minute of inflation was registered. In case of leakage it
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was either impossible to inflate the airway to 15 cm H;O, or its transmural pressure
dropped rapidly to 0 cm HyO after inflation stopped.

PRESSURE-VOLUME RELATIONSHIP AT BASELINE. Zero pressure of the proximal and
distal valves was set by connecting the airway lumen to the atmosphere. The airway
was then connected to the pump, Next, the airway was cyclically inflated and deflated
between +15 and -15 cm H,0 using the computerized servo-controlled pump
(Figure 2). The upper pressure limit of 15 cm HpO was chosen since it corresponds to
a transmural pressure of 30 cm H»O in an air filled system 5. This transmural pressare
is likely to inflate the airway to a level comparable to TLC. Three complete inflation-
deflation cycles were done. After the third cycle, the airway was inflated to 15 cm
H>O at which point the pump automatically stopped. We recorded the spontaneous
pressure drop within two minutes to estimate maximal hysteresis and leak.
1SOBARIC CONTRACTILITY AND RELAXATION, To monitor the contractile response to
methacholine or relaxation response to isoprenaline the airway was connected to the
micro-plethysmograph. The transmural pressure was set at 10 cm H,O by adjusting
the height of the plethysmograph. Baseline volume displacement out of the
plethysmograph was registered for 2 minutes before sufficient methacholine or
isoprenaline was added to the organ bath to give a final concentration of 10-4M. The
isobaric constriction or relaxation was recorded until no more fluid was displaced
into the plethysmograph or until the rate of fluid displacement out of the plethysmeo-
graph became constant.

PRESSURE-VOLUME RELATION IN THE PRESENCE OF METHACHOLINE AND [SO-
PRENALINE. These were measured as described for baseline tone.

ISOBARIC RELAXATION. To monitor the relaxation response to isoprenaline the airway
was connected to the micro-plethysmograph. The transmural pressure was set at 10
cm HyO by adjusting the height of the plethysmograph. Baseline volume displacement
out of the plethysmograph was registered for 2 minutes before isoprenaline (10-4M)
was added to the organ bath. The isobaric relaxation was recorded until the rate of
fluid displacement out of the plethysmograph became constant.
PRESSURE-VOLUME RELATION AFTER ISOPRENALINE. This was measured as described

for baseline.
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MICRO-PLETHYSMOGRAPH MULTI-CHANNEL REGISTRATION
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Figure 1. Diagram of the experimental set-up to measure dynamic properties of isolated airway segments. Definition of abbreviations:
Vprox and Vi = valves located at the proximal or distal end of the airway: Vpmp = valve to connect pump 10 airway: Ppox and Pgjg =
pressure transducers to measure the transmural pressure at the proximal and distal end of the airway; Micro-plethysmograph = device to
measure small volume displacements under isobaric conditions; Multi-channel registration = system for processing of pressure and volume
signals; high precision pump = pump for cyclic inflation and deflation of airway. The system is servo-controlled, with the pressure signal
from Pyrox controlling the syringe pump.
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CHAPTER 6

EXAMPLE OF TRACING SPECIFIC HYSTERESIS
10 4
2
1
3
9 54
£
2
o
>
0
3 Pressure {cm HoO)
20 -15 -10 -5 6 5 10 156 20 0

Pressure {cm HpO)

Figure 2, Example of pressure volume-tracing. The arrow head shows the direction of the loop.
Dynamic compliance (Cdyn} is the division of infused volume by {5 cm HyO. Specific hysteresis is
the shaded area of the pressure-volumte loop above 0 cm H;0 expressed as the percentage of the
area of maximal hysteresis.

FIXATION. Finally, the airway was perfused with formalin (10%) from the distai end
at a driving pressure of 10 em HyO. The valve was closed as soon as formalin came
out of the proximal valve and the Krebs buffer in the organ bath was quickly replaced
with formalin. After fixation for 12 hours at a transmural pressure of 10 cm HoO, the
airway, including the ligatures at both ends, was gently pushed off the cannulas with

forceps and stored in formalin untii being processed for histology.

Compliance, Hysteresis, Collapsibility, and Contractility

Compliance (Cdyn, (L (cm H»O)-1) was calculated from the volume infused to inffate
the airway from 0O to 15 em HpO (Figure 2). The transition point of the pressure-
volume curve where inflation changes to deflation was selected as the upper pressure
limit for the Cdyn calculation because it is least affected by hysteresis. Furthermore,
itresults in the Cdyn of the stretched airway close to TL.C where collagen is known to
be an important mechanical determinant!6, Therefore, Cdyn should be sensitive to
changes in airway collagen content. Hysteresis (0, gL cm HoO) was calculated as the
area of the pressure-volume loop between 0 and 15 cm H;O. Collapsibility (Pcol, cm
H50) was defined as the pressure of the deflation limb where the distal pressure did
not follow the proximal pressure thus indicating closure of the airway lumen.
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Table |

STUDY POPULATION AND LUNG FUNCTION CHARACTERISTICS

n Patients Mean SD Range
Age, years 29 6l 11 22-73
Sex, male ; female 20:9
Lung or lobe resected, right side 14
Lung or lobe resected, left side 15
TLC, % pred 18 100 15 67-132
FRC, % pred 9 108 36 74-190
RV, % pred I8 138 59 65-252
FEV |, % pred 27 80 17 43-106
FVC, % pred 27 99 17 59-135
FEV/FVC, % 27 65 12 41-85
FEV /FVC%pred 27 84 15 55-115
RV/TLC%pred 18 129 61 72-273
Vmaxsg, % pred 11 42 22 11-77
Vmaxys, % pred 13 38 22 6-83
DFEV| % pred 23 | 3 -7-6
DFEV; % ini 23 1.6 4 -8-7

Definition of abbreviations: TLC = total lung capacity; FRC = functional residuat capacity; RV =
residual volume; FEV, = forced expiratory volume in 1 s; FVC = forced vital capacity; FEV (/FVC
= forced expiratory volume in | s as percentage of FVC; FEV/FVC%pred = FEV | as a fraction of
FVC; RV/TLC%pred = RY as a fraction of TLC; Vmaxsg = maximal flow at 50% of EVC; Vmaxss,
9o pred = maximal flow at 25% of FVC; DFEV| % pred = change of FEV | after bronchodilatation
as a percentage of predicted FEV(; DFEV| % ini = change of FEV | after bronchodilatation as a

percentage of pre-bronchodilator FEV,

Cdyn, 1, and Pcol were calculated for each cycle. We analyzed Cdyn, 1, and Pcol of
the first cycle (Cdyny, 11, and Pcol) separately because we observed that these were

always substantially different from those of subsequent cycles. The latter were similar
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and were therefore taken together (Cdyn, 13, and Pcol). The first cycle was excluded
for analysis when it did not start exactly from 0 cm HyO transmural pressure. Volume
foops could not be analyzed for hysteresis in 11 airways where we used a high syringe
volume and low speed of the pumyp as this caused artifacts in the PV loops,

To normalize compliance for the volume of the airway segment, Cdyn; and Cdyn
were divided by the volume of the airway segment as calculated by morphometry
(sCdyn, sCdyn). Hysteresis was normalized as a percentage of the area of the maximal
possible hysteresis {s1;, sn) which was defined as the product of volume infused and
the upper pressure limit (15 cm H50), The spontaneous pressuse drop within 2 minutes
after the last inflation was normalized for the inner surface area of the airway (internal
perimeter times length) (specific pressure drop, cm HyO mm-2),

We calculated the maximal volume displaced by the airway segment after methacholine
(Va), or isoprenaline (V). The response was negative when fluid moved out of the
contracting segment into the plethysmograph and positive when fluid moved into the
relaxing airway segment out of the plethysmograph. The response was corrected for
the rate of baseline fluid movement before methacholine or isoprenaline was added.
To correct for the volume of the airway segment, Vy and Vi were expressed as the

percentage of the volume of the airway segment as calculated from morphometry.

Airway Dimensions

To estimate airway wall dimensions and volume of the lumen, the segment was cut in
cross section at both ends just inside the ligatures, decalcified, and embedded in paraffin
in such a way that it could be cut in cross-section. A random starfing point was selected
within the first 0.5 mm at one end of the airway using a randomization tabie. Sections
of 5 pum thickness were cut all the way through the airway with a microtome. Every
100th section (0.5 mm) was selected for morphometric analysis, We estimated that
with this procedure we could obtain a reliable estimate of the mean airway wall
dimensions. Sections were stained with a combined Gomori frichrome and elastin
stain. This stain resufted in a good color contrast between airway wall structures.
The measurements made are shown in Figure 3 and include: inner perimeter (P;) and
area of the [umen bounded by the respiratory epithelium (Ajp); basement membrane
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perimeter (Py,) and the area enclosed by this perimeter (Ap,,); the outer muscle
perimeter (Pp,,) and the area enclosed by this perimeter (A,,,); the outer perimeter
(P,) and the area enclosed by this perimeter (A,); the area occupied by smooth muscle
(WA,;,)); and the area occupied by cartilage (WA .4;1).

Furthermore we measured the height of the respiratory epithelium (Hgy;) and the
fraction of Py, covered by epithelium (Fgy;). Hepi was measured as follows, First, a
grid containing parallel sinusoids was superimposed over the computer image of the
airway. When respiratory epithelium was present at the point where the sinusoid
crossed the basement membrane, we measured the epithelial height by drawing a
straight line perpendicular to the membrane and measuring from the membrane to
the top of the ciliary border. The length of this line was automatically computed.
When respiratory epithelium was absent, a zero was scored for height. Second, Hep;
was calculated for each airway section by computing the average of at least 15 epithelial
height measurements around the lumen. Fep; was calculated by dividing the number
of intersecting points through the basement membrane covered by respiratory
epithelium with the total number of intersecting points, including the intersecting
points at sites where the respiratory epithelium was absent. WA,; was calculated by
multiplying Ppy, by Heyp;,

From these measurements we calculated the inner wall area including epithelium
(WA; = Ap-A;), inner wall area excluding epithelium (WA, = Ano-Abm), Outer
wall area (WA, = Ay-Ape) and the total wall area (WA, = A,-A;). This nomenclature
which was proposed for quantifying subdivisions in the bronchial walll7.

Airway dimensions were measured using an automated image analysis system (KS
400, Kontron Electronic, Eching/Munich, Germany).

Measurements of airway dimensions were performed by 2 observers (WH and HdB).
Each observer measured a different set of airway dimensions for all airways. The
inter-observer variability was assessed to compare airway dimensions of this study
with a previous study where we studied patients with variable degrees of airway wall
thickeningl. This would give us evidence as to whether the patients we included in

the present study had airway wall thickening in the same range as in previous studies.
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Table 2
MECHANICAL PROPERTIES OF AIRWAY SEGMENTS
FOR THE FIRST AND CONSECUTIVE CYCLES

Condition n Cycle | n Cycle 2, 3, and 4 Average
Mean + 8D (range) Mean % SD (range)

Compliance (Cdyn) uL. cm HyO-1

Baseline 22 .45+ 1.0 (0.2 t0 3.8) 35 1,524+ 1.0 (0.2 0 3.8)
Methacholine 22 1.36 £ 1.1 (0.1 to 3.6) 35 142+ 1.1 (0.1 0 3.9)
Isoprenaline 33 2.43+1.5(0.1t05.7) 35 262+16(0.11t05.9)

Specific Compliance (sCdyn) cin HyO-!
Baseline 22 0.053 £ 0.02 (0.02 to 0.09) 35 0.059 £ 0.03 (0.01 t0 0.10)
Methacholine 22 0.049 £ 0.03 (0.01tc 0.09) 35 0.052 £ 0.03 (0.0! to 0.09)
Isoprenaline 33 0.080%x0.03 (0.0 0 0.15) 35 0.085 £ 0.03 (0.01-0.15)

Hysteresis (n) g, e H,0

Baseline 18 759+ 71 (4t 261) 24 55.9x54 (1 to 187)
Methacholine 18 70.1 £ 81 (010 267) 24 43.5+45 (310 223)
Isoprenaline 25 63.2 + 88 (4 to 268) 26 48.1 £ 39 (3 t0 138)
Specific Hysteresis (s11) %
Baseline 18 198+ 9 (4 t034) 24 135+7(1t039)
Methacholine 18 18.0+ 11 (4 t0 43) 24 12.9 £ 8 (210 35)
Isoprenaline 25 11.2+ 6 (2 t028) 26 7.1 x4(1to016)
Collapsibility (Pcol) cm H30

Baseline 35 40x5(-1610 1) 35 SBA4+5-17t0])
Methachoiine 35 40E5(-16to 1) 35 3514 (-16i0 1)
Isoprenaline 35 2.123¢-11to 1) 35 -19+2.6(¢11to])

Mechanical properties of isolated airway segments at baseline, after contraction with methacheline,
and after relaxation with isoprenaline. The mechanical properties examined are compliance { Cdyn),
hysteresis (1)), and collapsibility {(Pcefy. Compliance was normalized for airway volume (sCdyn)
and hysteresis for the maximal possible hysteresis {sn). The values for the first cycle and for the
average of the consecutive cycles are shown separately since the mechanical properties of the first
cycle were different from subsequent cycles.
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Figure 3. Diagram of measured airway dimensions.

Both observers remeasured 15 randomly selected airways that were measured by the
observer (HT) of the previous study. The intra-observer variability was assessed by
remeasurement of 10 randomly selected airways after an interval of 2 months.

Inflammatory changes of membranous airways were graded using the pictorial grading
method of Wright and coworkers!8, The following indices were graded in the
membranous bronchioles: inflammation, fibrosis, muscle hypertrophy, pigment
deposition, goblet cell metaplasia, and squamous cell metaplasia. A total membranous
airways disease score for each lung specimen was calculated by summing the mean

scores of the six morphological indices {(maximal score: 6 x100 = 600).

Statistical Analysis
The inter- and intra-observer variability were calculated by expressing the difference

of the first and the second measurement as a percentage of the average of both
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Table 3
DIMENSIONS OF ISOLATED AIRWAY SEGMENTS

Airway dimensions mean £ SD (range)
Internal perimeter rmm 6.1t1.2(4.1-84)
Airway wall thickness rmm 0.3x0.1(0.11-0.61)
Length of airway segment mmn 14.2 + 4.2 (6.7-21.2)
Eguarions of Airway Dimensions (in mm) as a Function of Ainway Size
Wall area basement membrane (WAy,,) VWAL, =0.19 + 0.071 Py,
Outer wall area (WA,) VWA, =-0.15 + 0.206 Py,
Total wall area (WA,) VWA, = -0.06 + 0.226 Py,
Smooth muscle area (WA4,,,) VWA,, =0.04 +0.034 Py,
Cartilage arca (WA ;4) VWA gy = -0.18 + 0.067 Py,
Epithelial area (WA ;) VWA gpi =-0.01 + 0.042 Py,

observations. This percentage was plotted against Py, to defect systematic errors
dependent upon airway size!9,

For each airway and each airway wall dimension, we calculated the average and the
standard error of the mean (sem). To estimate the accuracy of our morphometric
approach, we calculated for each airway the coefficient of variation of the mean using
the formuia (100% x sem) / mean. In this formula the sem relates to the variation
between sections within a single airway.

The relationships between each airway wall dimension (WA, WApn,, WA, WA,
WAm, WAcart, WAepis Hepis Fepis) and airway size (Pyy,) were assessed using linear
regression analysis. Previous studies found linear relationships between the square
root of airway wall areas and airway size!, 20-23, We did a square root transformation
on the airway areas of this study, again resulting in normal distributions of data.

We calculated the average specific compliance, specific hysteresis, and collapsibility
for the first cycle (sCdyn,, s1; , Pcoly) and for the average of the second, third, and
fourth cycle (sCdyn, s1}, sPcol) for all airway seginents. Furthermore, we calculated
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the average specific pressure drop. This was done for each of the three contractile
conditions (baseline, methacholine, and isoprenaline). To compare the mean outcome
of two values, the paired t-test was used. We investigated the correlation between the
mechanical properties of the second, third, and fourth cycle (sCdyn, s1, Pgop) with
airway wall dimensions (WAy,n,, WA, WA, WA, WA, WAepi, Fepi) using
Spearman’s correlation coefficient (R). When a mechanical property correlated to
various airway wall dimensions in univariate analysis, we studied their simultaneous
effects using muitiple regression analysis.

The level of significance was set at p = 0.05 (two sided). Data are expressed as mean

+ standard deviation and range, uniess indicated otherwise,
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Resulis

Study Population and Lung Function

Lung function and patient characteristics of the COPD patients are shown in Table 1.
Out of the group of 27 COPD patients with pre-operative lung function test results, 8
patients had no significant reduction of maximal expiratory airflow (FEV |/FVC
>70%), 12 patients had a mild reduction of maximal expiratory airflow (FEV /IFVC
60 to 70%), and 7 patients had a more severe reduction (FEV/FVC <60% predicted).
Increased residual volume {RV > RV (pred) + 28D) was present in 5 of the 18 patients
who had body-plethysmography. Reversibility of bronchiat obstruction defined as
DFEV %pred > 15% and DFEV | %ini > 5% was not present in any of the 23 patients.

Airway Segments

We successfully completed all measurements of 35 cannulated watertight airway
segiments. The diameter of the cannulas used was 1.3 £0.39 (1 to 2} mm, while the
{fength of the stretched airways was 14.2 £ 4.2 (6.7 to 21.2) mm. The median of the
estimated volume of the segments was 30.7 (5.3 to 66.6) pL.. Cycling frequency was
3.1 £1.9, 5+54, and 1.8 + 0.9 cycles min-1 for baseline, methacholine, and
isoprenaline respectively. At baseline, methacholine, and isoprenaline, 13, 13, and 2
respectively out of the 35 first cycles started above 0 cm HyO and were therefore

excluded from analysis.

Compliance, Hysteresis, and Collapsibility

The values for compliance and specific compliance (Cdyn and sCdyn), hysteresis
and specific hysteresis (n and s1), and collapsibility (Pcol) at baseline, after
methacholine, and after isoprenaline are shown in Table 2 and in Figure 4.

On average, the specific compliance of the first cycle (sCdyn) was 13, 11, and 8%
below the mean sCdyn of the subsequent cycles for baseline (p < 0.001), methacholine
(p = 0.03), and isoprenaline (p < 0.001) respectively (Figure 4), The mean sCdyn
after methacholine was 0.009 cm H,0-1 below that of baseline (p = 0.04). sCdyn
after isoprenaline was 0.033 cm HyO- higher compared to baseline (p < 0.001) and
0.042 cm Hy0-! higher compared to methacholine (p < 0.001). Expressed as percen-
tages, these differences were 4, 101, and 197%, respectively.

137



CoMPLIANCE AND HYSTBRESIS OF AIRWAYS

0.124
o o R=-0.37
3] = 0.05
0.104 o P
o
. o
! o
éc)\.O.ClE?v—
I [u] o o
€ 0.06- o o
0.02+ B o o o
g o @©
0.00 T T T T T T T T 1
.00 0.02 004 0.08 Q.08 0.10 0.12 0.14 0.16 0.18
WA (mm2)
40+
R=086
p= 0.004
304 o
£ a0l ]
& a o o g o
o
a o
10 a
o
a G o
0 1 T T 13 T T T T 1
0.00 0.02 004 005 0.08 0.10 0.12 Q.14 0.16 0.18
WAmM (mm2)
40+
R=-0.68
p= 002
70 o a
4 o a
~ 60 4
2 o a "o
[&] o]
& 5 a
i
w40 a
30
20 T T T 1
4} 10 20 30 40
s1 (%)

Figure 5. (A) Scatter plot of specific dynamic compliance (sCdyn} versus smooth muscle area
(WA, after the airway segment was contracted with methacholine.

(B) Scatter plot of specific hysteresis {s1)) versus smooth muscle area (WA}

{C) Scatter plot of FEV; over FVC (FEV/FVC) versus specitic hysteresis (s1).
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The mean specific hysteresis of the first cycle was 34, 30, and 37% higher compared
to s of the subsequent cycles for baseline, methacholine, and isoprenaline respectively
(p < 0.001) (Figure 4). The mean sn after methacholine was not significantly diffe-
rent from baseline, s1} After isoprenaline was 6.8% lower compared to baseline (p <
0.001) and 7% lower compared to methacholine (p < 0.001). Expressed as percenta-
ges, these differences were 9 and 39% respectively.

The mean pressure drop within the two minutes after the last inflation of the compliance
measurement was 6.5, 7.1, and 7.2 cm H,0 for baseline, methacholine, and
isoprenaline respectively. The mean specific pressure drop for these conditions were
0.009, 0.001, and 0.001 cm H,O mm-2, The differences between the three conditions
were not significant.

The collapsibility of the first cycle was 0.6, 0.5, and 0.2 cm H»O below Pcol of the
next cycles for baseline, methacholine, and isoprenaline respectively (all p < 0.001)
(Figure 4). Pcol after isoprenaline was 1.5 and 1.6 cm H,O above the values at baseline
and with methacholine, respectively (both p < 0.001). The collapsibility at baseline
and after methacholine were not significantly different. After maximal contraction,
there were 5 airways that collapsed at pressures of 0 cmy HyO or higher. After maximal
relaxation, this number increased to 9. Pcol and sCdyn after methacholine were
significantly correlated (R = 0.54, p = 0.001). In other words, the stiffer the airway
after methacholine, the less collapsible it was.

The median fluid volume displaced by methacholine-induced constriction was -9.4
(-41 to 10) pL or -37 (-103 to 119) % of the estimated airway volume. For the relaxing
airway after isoprenaline these values were 5.9 (-7 to 46 ) uL or 31 .4 (-14 to 58) %.

Afrway Dimensions

The intra- and inter-observer variability were well below 10% and 15% respectively
for each of the airway wall dimensions. There was no systematic relationship bet-
ween airway size (Py;,) and the intra- or inter-observer variability for any variable.
The mean coefficients of variation of the individual means for the airway dimensions
for Ppm, WApm, WA, WA, WA, WA, Hepi, and Feyi were 4, 6, 8, 8, 10, 33, 12,
and 13% respectively. Characteristics of the airways are shown in Table 3.
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Highly significant (p < 0.002) linear relations were found between the square root of
all air-way wall areas and Py, There was a positive correlation between He,; and
Ppim (R =0.43, p=0.02), and a negative correlation between Fyp; and Py, (R =-0.39,
p = 0.04). The average He,; was 10.7 £ 6.3 (0.1 to 28.7) pm and Fep; was 47 £ 24
(4 to 99) %. The membranous airways discase score was 119 + 40 (38 (o 223).

Lung Function versus Compliance, Hysteresis, and Collapsibility.

Specific hysteresis at baseline correlated to FEV |/EVC (R = -0.57, p=0.06) and RV/
TLC%pred (R = 0.5, p = 0.05). Hysteresis after methacholine correlated to FEV )/
FVC (R =-0.68, p = 0.015) (figure 5), RV (R = 0.5, p = 0.05), and RV/TLC%pred (R
= .67, p = 0.007). There was no correlation between hysteresis and parameters of
reversibility (DFEV %pred and DFEV [ %ini). Specific compliance and collapsibility

did not correlate to the parameters as mentioned above.

Airway Dimensions versus Compliance, Hysteresis, and Collapsibility

Specific compliance (sCdyn) at baseline, after methacholine, and after isoprenaline
was independent of airway size (p = 0.2). Specific compliance at baseline correlated
significantly to the total wall area (WA,) (R = -0.35, p = 0.04 and outer wall arca
(WA, (R = -0.39, p = 0.02), but not to other airway wall areas. Since the WA,
components WAep; and WAy, did not correlate to sCdyn, we conclude that WA, is
the most important component for sCdyn at baseline. After methacholine, sCdyn
correlated negatively to the amount of smooth muscle (WA} (R = -0.37, p = 0.05)
(Figure 5) and to the area of epithelium (WAgpi) (R =-0.37, p = 0.05). Due to the
strong correlations of WA, and WAe,;, no conclusion about which of the two variables
was more predictive for sCdyn could be obtained using multiple regression analysis.
Specific compliance after isoprenaline did not correlate to any of the airway
dimensions. The difference between sCdyn after isoprenaline and methacholine
correlated significantly to WA, (R=0.45, p=0.02) but not to WA,;.

The difference between sCdyn; and sCdyn at baseline, after methacholine, and
isoprenaline did not correlate to any airway wall dimension.

Specific hysteresis (s1}) at baseline was positively correlated to WA (R =041, p=
0.04) and to WA, (R = 0.44, p = 0.04), but not to other airway wall dimensions
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(WApm, WA car, WAg:). Because WA and WA, were significantly correlated, it was
not possible to differentiate whether WA; or WA, was the most predictive dimension
for sh in a multiple regression model. Specific hysteresis after methacholine correlated
to WA; (R = 0.54, p = 0.006), WA, (R =0.52, p =0.01), and WA, R=0.6,p =
(.004), and to WA, (R = 0.42, p = 0.04). Multiple regression analysis showed that
WA, was the only remaining significant predictive dimension (p = 0.01) (Figure 5).
Specific hysteresis after isoprenaline did not correlate to any of the airway dimensions.
The difference between sn; and sn at baseline, after methacholine, and after
isoprenaline did not correlate to any airway wall dimension.

The specific pressure drop after the fourth inflation, indicating hysteresis and leak,
was correlated negatively to all airway dimensions for baseline, after methacholine,
and after isoprenaline (p < 0.01). Multiple regression analysis showed that at baseline,
WA, was the only remaining significant predictive dimension for the pressure drop.
After methacholine, WA, was the only significant dimension (p = 0.04) determining
the pressure drop. After isoprenaline, multiple regression analysis showed that WA,
and WA.,; were both predictive. Due to the strong correlations between the two, no
conclusion about which variable was most predictive could be obtained. Thus, small
airways with thinner epithelium and smaller outer airway wall area had a faster pressure
drop after the final inflation.

Collapsibility (Pcol} of the airways at baseline, after methacholine, and after
isoprenaline did not correlate to any of the airway wall dimensions (WAp;,;, WA,
WA, WAm, WAcar, WAepi)-

Discussion

Chronic inflammation of the airways results in fibrous tissue deposition and thickening
of the airway wall. We thought it likely that this remodeling makes the airway less
compliant. This study was undertaken to evaluate the relation between compliance,
collapsibility, hysteresis and airway wall dimensions of human peripheral airway

segments. This refation was studied for baseline tone, after maximal confraction, and
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after maximal relaxation of the smooth muscle. Our results show that the bronchial
smooth muscle area, not total wall area, is an important determinant for airway

compliance, hysteresis, and collapsibility.

Compliance

In previous studies of airways from patients with COPD it was shown that the inner
and outer wall area were positively correlated to inflammatory changes within the
airway walll, 20, Furthermore, we know that chronic airway inflammation causes
increased elastin and collagen deposition and increased smooth muscle areal0. 21,
Therefore, we expected airway wall areas to be important determinants for airway
compliance (sCdyn). Indeed, at baseline tone, sCdyn correlated to the outer airway
wall area. After maximal contraction of the airway smooth muscle, sCdyn decreased
and smooth muscle area was the most important determinant for sCdyn, After maximal
relaxation of the smooth muscle tone we expected the outer and inner wall area to be
important determinants for the remaining sCdyn. These results show that smooth
muscle area not the outer or inner airway wall area is important for sCdyn, In fact,
smooth muscle tone had a substantial influence on sCdyn: compliance doubled when
we maximally relaxed the airway. How can we explain that the inner and outer airway
wall area did not correlate to sCdyn? First, it could be that the airways we investigated
were not thickened by chronic inflammation. We think this is unlikely since the
selection criteria for lung tissue for the present study were the same as in a previous
study! and both the airflow obstruction and the airway dimensions of this study are
comparable to those in previous studiesi. 20-23, Second, we investigated small airways
in COPD, where inflammatory changes are known to be most severe!. Third, we
have studied preparations with a wide variation of sCdyn and airway wall areas.
Fourth, inflammation scores were within the same range as in a previous study! and
these scores correlated positively to the total airway wall area. We think that the lack
of correlation between inner and outer wall area versus sCdyn could be explained by
assuming that WA, and WAy, correlate poorly to the presence of structural
components such as collagen because of a lack of sensitivity of the measurement to
changes in collagen content, which determine sCdyn of airways in the high volume

range.
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Specific compliance at baseline was two-thirds of sCdyn of the maximally relaxed
airway, and this was due to an initially high intrinsic contractile state. This high baseline
tone could partly be an artifact related to our tissue preparation. However, we believe
that there is also a substantial bascline tone in vivo. The specific compliance we
found at baseline was even slightly higher than several of the in vivo studies of human
airways suggested, taking into account differences in methodology24-27, A high
baseline tone of human airway smooth muscle in vivo might explain why such small
changes were seen in compliance in asthmatic patients in vivo after inhalation of
histamine?3. It remains puzzling why none of the patients in our study and only one
out of 58 patients in a previous study showed reversibility after bronchodilatation|!.

The bailance between smooth muscle tone passive wall elasticity and recoil pressure
will determine airway diameter in vivo. The volume of the maximally relaxed airway
at a pressure of 15 cm HpO is 50% higher than its volume at maximal contraction. We
estimated that the diameter of the maximally relaxed airway was on average 27%
higher than the maximally contracted airway. Similar findings were obtained in excised
dog lobes by Hahn and co-authors26. They found that the mean airway diameter of
small airways increased by 31% compared to baseline after a bronchodilator was
given at a transpulmonary pressure of 30 cm H>O. Our findings support the iimportance

of smooth muscle tone for airway diameter.

Hysteresis

Smooth muscle tone is known to be an important contributor to hysteresis2% 30, We
found a significant decrease of s1 with maximal relaxation compared to baseline and
to the maximally contracted airways. However, we did not find a difference between
sn at baseline and after maximal contraction of the smooth muscle. This can be
explained by the smaller increase in volume necessary to inflate a contracted airway
to the pressure limit of 15 cm H»O. Surprisingly, a substantial portion of s1 was not
contributed by smooth muscle tone. After maximal relaxation, mean s1} was still 53%
of baseline sn. Hysteresis of lung tissue is related to four different mechanisms; kine-
tics of cross-bridge attachment-detachment, kinetics related to the surface film, kine-
tics of fiber-fiber networking within the connective tissue matrix, and the kinetics of
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recruitment-derecruitment3!, Since we studied fluid-filled airway segments, surface
tension and recruitment did not play an important role. Therefore it is likely that the
remaining s originates within the connective tissue matrix of the airway wail.

At baseline, sn was correlated both to the smooth muscle area and to total airway
wall area. After maximal contraction of the smooth muscle, its arca was the most
important airway wall dimension determining sn. After maximal relaxation, the total
wall area was not correlated to s1. These findings suggest that the total wall area does
not reflect changes in fibrous tissue composition which determines s1. We therefore
conclude that smooth muscle is the single most important airway dimension for sn.
Specific hysteresis at baseline and after methacholine correlated significantly to lung
function parameters of airflow obstruction, suggesting that smooth muscle tone plays
an important role in airfiow obstruction in COPD. Why bronchodilators can reduce
hysteresis substantially in vitro but not in vivo is puzzling. We suggest that tethering
forces of the lung parenchyma on small airways are reduced or unevenly distributed
and therefore insufficient to dilate the entire airway even after relaxation of the
bronchial smooth muscle.

The specific pressure drop was best predicted by the thickness of the outer airway
wall together with the epithelial area. Since specific pressure drop was independent
of the contractile status of the airway, it probably represents pressure loss due to
diffusion rather than to hysteresis. Diffusion may depend on the presence of intact
epithelium32, Indeed there was considerable loss of epithelium, especially in the
smaller airways, as a result of the procedure to make the airways watertight. Therefore,
we may have overestimated hysteresis and compliance for the smaller airways.
However, since hysteresis and compliance after isoprenaline did not correlate with
the epithelial area, this epithelial loss is not a likely explanation for differences in

hysteresis and compliance between segments.

Collapsibility
To our knowledge, this is the first study on the relation between collapsibilify and
airway dimensions of human small airways. Airway collapse in vivo depends on

transmural pressure, stiffness of the airway wall, and recoil pressure of the parenchyma.
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Collapsibility was correlated to smooth muscle tone and not to any of the airway
dimensions. Reduction of smooth muscle tone made the airway more compliant and
more collapsible. Airways with the biggest change in compliance between the
maximally contracted and maximally relaxed state also had the biggest change in
collapsibility. The importance of smooth muscle tone for airway collapsibility has
been reported for different animal species. Trachea and large airways of lambs, dogs,
rabbits, and pigs were less compliant and less collapsible when stimulated with a
bronchoconstrictor33-36,

Many airways coliapsed at negative pressures close to 0 cm HyO or higher. In vivo
these airways will depend on parenchymal recoil pressure to remain open. Small
airways are more collapsible compared to central airways. Segmental bronchi obtained
from infants who died from sudden infant death syndrome collapsed at transmural
pressures of -11.4 (-4 to -16) cm HpO36, Central airways are probably less collapsible
due to the high percentage of the airway wall made up of cartilage?2, We conclude
that collapsibility of small airways will mainly depend on smooth muscle tone and

parenchymal support.

Effects of Volume History

The mechanical characteristics of the first cycle were substantially different from the
subsequent cycles. On the first cycle, airways were less compliant, had a greater
hysteresis, and were less collapsible compared to subsequent cycles. Similar findings
relating to compliance and hysteresis were obtained in bronchi and tracheal strip
preparations from dogs2%, 37, Also, the effect of volume history on compliance and
hysteresis has been described for normal subjects, asthmatics, and COPD patients38-41,
In the general population and in COPD patients a deep inhalation results in broncho-
dilatation38, 41, In asthmatics deep inhalation can result in broncho-constriction or
-dilatation. In COPD, this effect is reduced but still present after inhalation of
bronchodilators 41. In fact, we found that the difference in sCdyn and st between the
first and the consecutive cycles persisted even atter maximal relaxation by isoprenaline.
We therefore conclude that the effect of volume history on sCdyn and s1 is not only
related to smooth muscle tone but also to the connective tissue .within the airway
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wall. We did not find a correlation between the effect of volume history and any of
the airway wall areas. Our data suggest that wall areas do not reflect fibrous tissue

composition, which probably determine mechanical qualities.

Implications for Therapy, and Conclusions

In this study we showed that smooth muscle area and tone are important determinants
for the dynamic properties of human small airways of patients with COPD. Airway
compliance is an important predictor of airway diameter and fung compliance42, 43,
In fact, in this study we showed that maximal bronchodilatation doubled compliance
and increased the diameter of the airway segments independently of airway wall
thickness. In other words these airways had reversible bronchoconstriction. In vivo
we previously found indirect evidence that narrowed airways can still be reversible in
spite of wall thickening!. Pre-operatively measured reversibility in COPD patients
was correlated to airway wall thickness.

Furtherimore, we showed that reduction of smooth muscle tone resulted in a decrease
of airway hysteresis and therefore has the potential to reduce the work of breathing,
Our findings support the use of bronchodilators for COPD patients#4. But their use
could come at a price, because the reduced smooth muscle tone increases airway
collapsibility and could therefore facilitate airway closure. In combination with
emphysema, dilated airways lacking parenchymal support could collapse at positive
transmural pressures and thickening of the airway wall is clearly not protective against
airway collapse.

We conclude that smooth muscle area, not the total wall area, and smooth muscle
tone are important determinants for airway compliance and hysteresis. In addition,
we found that smooth muscle tone is an important determinant for airway collapsibility.
Hysteresis of human isolated airway segments is increased in COPD patients with

severe airflow obstruction.
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Introduction

In most cystic fibrosis (CF) patients, chronic airway inflammation leads to progressive
airflow obstruction and increased bronchial responsiveness. The morphological
features of CF lungs obtained at autopsy have been described in a number of stu-
dies!-4, Extensive inflammation of the bronchial walls and an increased volume
proportion of the lung occupied by bronchi was found in CF lungs compared to
controls! \3. It is not clear however, how these pathologic findings relate to the severity
of airflow obstruction and increased bronchial responsiveness in CF patients, From a
previous study we know that thickening of the airway wall of small caitilaginous
airways is an important determinant of airflow obstructiond. In addition, another
striking finding in CF lungs is the degeneration and sloughing of airway epithelial
cells6, The respiratory epithelium plays an important role in the modulation of airway
responsiveness /-8, How the thickening of the airway wall and the loss of epithelium
are distributed along the bronchial tree in CF patients is unknown,

The aim of our study was to measure changes of airway wall dimensions in CF lungs,
and to compare these dimensions to those of chronic obstructive pulmonary disease
{(COPD). CF lungs were obtained from lung transplantation, lobectomy, and autopsy.
We measured the airway wall dimensions and epithelial loss in these lungs by means
of computerized morphometry. For COPD we used airway wall dimensions from a
previous study3. Airway dimensions of CF and COPD patients were inserted into a

computational model to study their effect on airway resistance and responsiveness,

Methods

Study Population

Lung tissue was obtained from 20 CF patients. In lung tissue of 3 patients we could
not identify any intact airways, these patients were therefore excluded from farther
analysis. Lung tissue of the remaining 17 CF patients was obtained from lung
transplantation (n = 12), lobectomy (n = 1), and autopsy (n = 4). All autopsy lungs
came from patients who died from respiratory failure. The autopsy was done within
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48 hours after death. Airway dimensions of CF patients were compared to those of 72
COPD patients who had a lobar resection or pneumonectomy for a solitary peripheral
lung lesion. These COPD patients were previously describedd. The morphology of
the respiratory epithelium could not be measured in these COPD patients. We therefore
measured the epithelium in a separate group of 22 COPD patients. COPD patients
were excluded when segmental or larger airways were found to be obstructed during
bronchescopy or at pathological examination. Informed consent was obtained in all
cases. Clinical data of the CF and COPD patients are summarized in Table 1.

Table 1
STUDY POPULATION CHARACTERISTICS AND LUNG FUNCTION

Cystic Fibrosis COPD
n Mean + SD (range) n Mean + SID (range)

Age, years 17 241419 (7-45) 72 61+£9.5(37-83)
Male/female 10/7 54/18

Pack years 0 54.7 + 34,5 (0.4-180)
Current smokers 0 45

TLC (% pred) 11 110+ 17 (80-152) 72 109 £ 15 (81-154)
FRC (% pred) 11 147 £33 (104-197) 72 123 £24 (70-177)
RV (% pred) 11 284+ 53 (199-368) 72 133+ 34 (66-219)
FEV; (% pred) 17 27 £16(36-105) 72 94 + 18 (58-135)
FVC (% pred) 17 41 £17(14-78) 72 96 £ 13 (64-134)

FEV/EVC (% pred) 17 56 + 19 (36-105) 72 92 +12(55-114)

Definition of abbreviations: COPD=chronic obstructive pulimonary disease; SD=standard deviation;
Pack years=number of years smoking one pack of cigareties a day; TLC=Total lung capacity; (%
pred)= % of predicted value; FRC=functionat residual capacity; RV=residual volume; FEV =forced
expiratory volume in 1 second; FVC=forced vital capacity; FEV /FVC=forced expiratory volume
in 1 second as fraction of forced vital capacity.
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Lung Function Studies

For CF patients we obtained the most recent lung function tests performed prior to
lung transplantation or autopsy. These were done in 3 different lung function
laboratories. Dynamic lung volumnes could be obtained from ali patients. Static iung
volumes were present for 11 out of 17 CF patients. Lung function of the group of 72
COPD patients was done within one week prior to surgery in a single laboratory3,
Values were expressed as a percentage of the predicted values according to the
prediction equations of Quanjer®. 10, For the four CF patients below the age of 18
years we used the prediction equations of Zapletalll. We expressed FEV| as the
absolute percentage of FVC. Lung function data of the separate group of 22 COPD
patients were obtained from 4 different lung function laboratories in a non-

standardized way; hence we have not further analyzed these values.

Morphological Studies

The central bronchi of the CF transplant recipients lungs were gently washed to remove
sputum, with 0.9% saline, delivered through a fine catheter. The [avage was continued
until the return fluid was clear. Next the lung was fixed in 10 % formalin for at least
24 hours. COPD specimens were inflated with 10 % formalin or 2 % glutaraldehyde
at a pressure of 25 cm H»O and submerged in the fixative for at feast 24 hours. The
fixed specimens were serially sliced at I cm intervals in a sagittal plane. Intrapulmonary
cartilaginous airways that were cut in cross section were randomly selected from
each specimen for morphometric analysis. Tissue blocks containing cartilaginous
airways were decalcified, embedded in paraffin, and cut at 5 micron thickness. The
CF airways, and the COPD airways used for measurements related to the respiratory
epithelium, were stained with a combined Gomori trichrome and Gomori elastin stain.
This stain resulted in a good color contrast between airway wall structures and
secretions within the lumen. The airways of the group of 72 COPD patients were

stained with haematoxylin and eosin and using the Masson’s trichrome technique.

Measurement of Airwvay Dimensions
Sections from cartilaginous airways from CF and COPD patients that were transversely
cut and did not show bifurcation or disruption of the wall were selected for
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Figure 1. Diagram of measured airway dimensions

measurement. The measurements made are shown in Figure 1 and include: basement
membrarne perimeter (Py,,,,) and the area of the lumen inciuding respiratory epithelium
bound by the basement membrane (Agy,); the outer muscle perimeter (Pp,e) and the
area enclosed by this perimeter {(Ay,o); the area occupied by smooth muscle (WA,);
and the area occupied by cartilage (WA ,). From these measurements we calculated
the inner wall area (WA = Apo-Abm). We used nomenclature which was proposed
for quantifying subdivisions in the bronchial walil2, Farthermore we measured the
height of the respiratory epithelium (Hepi) and the fraction of the Pyyy, covered by
epithelium (Fepi). Hep; was measured as follows. First, a grid containing parallel
sinusoids was superimposed over the computer image of the airway. The probability
of the sinusoidal grid line intersecting with the basement membrane is random and
independent of the orientation of the membrane. Second, when respiratory epithelinm
was present at the point where the sinusoid crossed the basement membrane, we
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measured the epithelial height by drawing a straight line perpendicular from the
membrane to the top of the ciliary border. The length of this line was automatically
computed. When respiratory epithelium was absent a zero was scored for height.
Third, Hep; was calculated for each airway section by computing the average of at
least 15 epithelial height measureinents around the lumen. Sites where respiratory
epithelium was missing were not included in this average. Fep; was calculated by
dividing the number of intersecting points through the basement membrane covered
by respiratory epithelium by the total number of intersecting points, including the
intersecting points at sites where the respiratory epithelium was absent, The wall area
covered by epithelium (WA,;) was calculated by multiplying Py, by Hepi and Fep;.
WA;; was expressed as the percentage of the area of the fully relaxed airway lumen
{A%pm) occupied by respiratory epithelium for CF and COPD airways at a Py, of 1 to
35 mun. These calculations were made for Fepy; = 1 in which case, the basement
membrane was completely covered by the epithelium and for Fy; as found in the
airways of CF and COPD patients.

Histological Staining and Inage Analysis

Airway dimensions of COPD airways except for WA, Hepi, and Fep; were measured
oit Hematoxylin and eosin stained sections using a microscope fitted with a camera
lucida that superimposed the cursor-light of a digitizing board onto the microscope
image of the airway. WA, was measured on a trichrome stained section using an
automated image analysis system (Bioview, Infrascan, Vancouver BC, Canada). An
area of smooth muscie was selected by the observer and color thresholding was used
to compute the muscle area. The operator was able to interact with the program to
adjust the threshold so that all the muscle and only the muscle was included in the
measurement. All airway dimensions of the CF patients and Hep;, and Fep; of the
second group of 22 COPD patients were measured using an automated image analysis
system (KS 400, Kontron Elektronic, Eching/Munich, Germany). Airways too large
to be recorded in one image were recorded in four separate images that were merged
to a single image.

Measurements of airway dimensions were performed by 2 observers (HT and LK).
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The intra-observer variability was assessed by remeasurement of 10 randomly selected
airways with an interval of 2 months, To evaluate the possible influence of different
methodologies used in this study we assessed the inter-study variability as follows.
We selected randomly 15 hematoxylin and eosin stained airways that were measured
previously by observer HTS. Recuts were done from the tissue blocks of these airways
and sections were stained with a Gomori trichrome and Gomori elastin stain, Next
these sections were measured on the KS400 system by another observer (LK). The
inter-study variability therefore is the sum of the variability between 2 obsetrvers, 2

image analysis systems, 2 different sections, and 2 staining techniques.

Statistical Analysis

The intra-observer and inter-study variability were calculated by expressing the
difference of the first and the second measurement as a percentage of the average of
both observations!3, This percentage was plotted against Py, to detect systematic
errors dependent on airway size. Furthermore we calculated the mean and the standard
error of the mean (sem) of the measurements that were compared.

Repeated measurement analysis of variance (RMANOVA), which allows for
differences between and within patients, was used to asses the relationships between
airway wall dimensions (WApy, WA, WA, Hepis Fepi) and airway size (Ppp) 4 15,
RMANOVA analyses the patients as a continuum and thus avoids the bias that would
result from making subgroups of patients. The previous work of Bosken and
coworkers16, Kuwano and coworkerst7, and Tiddens and coworkersd found linear
relationships between the square root of airway wall areas and airway size. Square
root-transformation of the present data (WApy,, WA, WA, ) again resulted in nor-
mal distributions of data around the linear regression lines. In the analysis the airway
size values were centered by subtracting the mean value for Py, of 14mm from all
values of Pyy,. The intercept of the individual regression lines for individual patients
of a particular airway wall dimension therefore denotes its level at a Py, of [4mm.
The average slope and intercepts of the CF patients were compared to those of the
COPD patients. The level of significance was set at p=0.05 (two sided). Data are
expressed as mean + standard deviation and range, unless indicated otherwise.
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Computational Analysis of Altered Airway Dimensions for Ainwvay Resistance

To predict the effect of airway dimensions on airway resistance we used a
computational model, as described by Wiggs et al!8 and modified by Lambert et
al19. 20, Briefly, the geometry of the bronchial tree in the model is a dichotomously
branching network with 16 generations, The model is designed to examine the relative
contributions of airway wall dimensions on airway responsiveness. The dose-res-
ponse relationship of airway resistance against an increasing dose of a hypothetical
bronchoconstricting agent that causes smooth muscie shortening was calculated. In
the model the airway smooth muscle in each generation of the tracheo-bronchial tree
contracts in response to the agonist and shortens until the stress generated by the
muscle is maximal. The plateau of the dose-response curve is achieved when the
muscle stress in all airway generations is maximal. The model takes account of both
the geometry and the mechanics of the airway and parenchymal tissue.

The computatiotial model used the following airway wall dimensions: For COPD
patients airway dimensions (YWAy,, and \/WAm vs Ppm) were derived from a single
data base which contains patients with and without airflow obstruction (St. Paul’s
Hopsital, Pulmonary Research Laboratory, Vancouver, Canada). For membranous
airways (Pp, 2-4.7 mm) equations were derived from a study by Kuwano et all7, For
cartilaginous airways (P, 4.7-58 mmy) equations were derived from a study by Tiddens
et als.

For CF patients, we used the same equations for membranous airways as for the
COPD patients!7 since we could not obtain a sufficient number of membranous airways
in CF patients to calculate a reliable regression equation for these airways separately.
For cartilaginous airways of CF patients we used the equations (WA, and \/WAm
v8 Py} derived from the present study as shown in Figure 2. Differences in the
computed dose response curves of CF and COPD airways are therefore the result of
differences in cartilaginous airways dimensions only. For the epithelial area of
membranous and cartilaginous airways in CF and COPD patients we used the equation
for \/WAepi vs Py, of the present study.

In the model we assumed that the area of smooth muscle is correlated with force ina
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linear fashion. From the simulated dose response curves we calculated, baseline
resistance, the dose of a hypothetical agonist that caused a 10-fold increase in resistance

(PDp), and the maximal plateau resistance achieved.

Resulis

Lung fimction

Lung function characteristics of the CF and COPD patients are shown in Table 1.
All CF patients had severe airflow obstruction (mean FEV |/FVC 331 3 (29 to 38)%).
Out of the group of 72 COPD patients , 24 patients had a maximum expiratory airflow
within the normal range(FEV {/FVC >75%), 21 patients had a mild reduction (FEV/
FVC 65 to 75%) and 27 patients had a severe reduction {FEV [/EVC <65% predicted).
The inclusion criteria for the second group of 22 COPD patients were the same as for
the first group of 72 patients. We assume therefore that the distribution of airflow

limitation was similar in both groups.

Morphologic Studies

Morphometric measurements were made on 88 CF airways. The mean number of
airways per patient was 4.8 (1 to 11). The range of the Py, was .48 to 38 mm, this
corresponds to an airway diameter of 0.47 to 12 mm. Airway size ranged from the
main stem bronchus to the bronchioles, or airway generations 1 to 1621, The range of
the Py, of the cartilaginous airways only was 5.9 to 38 mm,

From the group of 72 COPD patients 341 cartilaginous airways were measured, a
mean of 4.7 (3 to 7) airways per patient. The range of the Py, was 5 to 34 mm. This
corresponds to an airway diameter of 1,5-10,9 min, or airway generations 1 to 12 21,
From the second group of 22 COPD patients 63 airways were measured, mean 2.9 (1
to 10} airways per patient. The range of the Py, was 1.5 to 26 mm. This corresponds
to an airway diameter of 0.5-8.3 mm, or airway generation 2 to 16 21,

The intra-observer variability was -1.5 sem + 0.85% for Py, 2.6 sem = 2.17% for
WApm » 7.8 sem £ 11.2% for WA, -4.8 sem + 3.31 % for WA, and 1 sem + 4.03
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Figure 2. Morphometric airway dimensions versus airway size. The dashed regression line represents
the relation of an airway dimension versus perimeter basement membrane (Py,,,) for CF patients
(triangles), The solid line represents the relation of an airway dimension versus Py, for COPD
patients {circles). Formulas for the regressions are displayed in the graphs. {A) WAy =inner wall
area without epithelial area. {B) WA ,=wall area occupied by smooth muscle area. (C) WA y=wall
area occupied by cartilage. (D} Hepi=height of respiratory epithelium. Note the square root
transformed vertical axis. There are 88 data points plotted from 17 CF patients in the figures. There
are 341 data points from 72 COPD patients plotted in figure (A), (B), and (C), and 63 data points
from 22 COPD patients in figare (D). Due to overlap of data points, some circles and triangles
appear filled.
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% for Hepi. The inter-study variability was 4.6 sem £ 2.6% for Py, -5.8 sem £ 7.5 %
for WAy, , -3.5 sem £ 11.8 % for WA, -6 sem 2 20.7% for WA_,; . There was no
systematic relationship between airway size (Ppy,) and the intra-observer or inter-
study variability for any variable. For CF patients, highly significant (P<0.001}) linear
relations were found between airway wall dimensions (YWAy,,, VWA, VWA s
and Hepi) and airway size (Py,y,) (Figure 2). For COPD patients the linear relations
between \’WAbm, + WA, and VWA, and Py, are described elsewhereS, The linear
relation between epithelial height (Hep;) and Py, was highly significant (P<0.001)
for COPD patients,

Afrway Dimensions

Figure 2 shows airway dimensions ¢ WApm. v WAL, \‘WAcan, and Hepp) versus airway
size (Pyyy,) for CF patients and COPD patients. \fWAbm, \/WAm, and Hep; versus Py
were at a significantly higher level for CF patients in comparison to COPD patients
(p<0.001, <0.01, and <0.0] respectively). VWA 4 versus Py, was at a lower level
for CF patients than for COPD (P<0.01). Table 2 shows the ratios between the airway
dimensions for CF and COPD airways in the Py, range of 5 to 35 mm. Fep; was 0.77
for CF and 0.91 for COPD (P<0.01).There was no relation between airway size and
Feyi for CF and COPD. Figure 3 shows the percentage of the lumen of the fully
relaxed airway occupied by respiratory epithelium for CF and COPD airways at a
Py of 1 to 35 mm,

For airway dimensions of CF patients we used airways obtained from transplantation,
lobectomy, and autopsy. This could have introduced a bias. The analysis was therefore
repeated without the 16 airways obtained from autopsies and lobectomy. This had
very little influence on the equations for airway dimensions ¢ WAbm,\/WAm, VWA carts
and Hep,;) versus airway size (Py,,). The fraction of the Py, covered by epithelium
increased from 70 to 77 percent. The differences between the airway dimensions of
CF and COPD patients remained highly significant.

Airway Dimensions and Ainvay Resistance
Figure 4 shows the dose-response relationship of airway resistance against the log
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Figure 3. This figure shows the percentage of relaxed airway lumen covered by epithelium versus
airway size. This was calcluted for cystic fibrosis (CF), and chronic obstructive pulmonary disease
(COPD) patients. The percentage was calculated with and without faking the epithelial loss into
account,

Definition of abbreviations: P¥y, = perimeter of basement membrane in the fully relaxed airway;
Fepi = Fraction of basement membrane covered with epithelium. When Fey; = [ the basement
membrane is completely covered by epithelivm.

(dose) of a hypothetical bronchoconstricting agent for CF and COPD airways. The
curves are shown for CF and COPD when we introduced WAy, WAgpi*Fepi, and
WAgpi, In a stepwise fashion into the computational model. Since we found that the
area of smooth muscle was increased in CF compared to COPD this would increase
the force generated by the smooth muscle for CF in the model. However, we do not
know whether in vivo the smooth muscie force is increased in CF, We therefore did
the dose-response relationship for CF first with the WA, equation of COPD. This
simulation showed us the effect of WAy, WA pi*Fepi, and WA,,; on airway resistance
without increased simooth muscle force, The simulations with the WA, equation of
CF showed us the effect of WAy, WAepi*Fepi, and WAg,,; on airway resistance with
an increased smooth muscle force .

Baseline resistance for CF was 32 to 219% higher than in COPD for the different
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Figure 4, Simulated resistance-dose curves to study the effect of airway dimensions on airway
resistance for COPD=chronic obstructive pulmonary disease, and CF=cystic fibrosis. The lnes
represent the dose-response relationship of airway resistance against an increasing dose of a
hypothetical bronchoconstricting agent. Computations were done with airway dimensions of the
fotlowing 3 groups of patients; COPD (dotted line); CF with the smooth muscle dimensions of
COPD patients (solid line}; and CF with CF smooth muscle (dashed line). For each of the three
groups we did the following simulations; I=without epithelium; 2=with epithelium but taking
epithelial loss into account, 3=with intact epithelium. The humps in the CF with CF smooth muscle
lines show the moment when the smooth muscle tension equals the load in a given generation of the
bronchial tree. When this is the case in all generations the plateau is obtained.

simulations. The PD g for CF was (.3 to 0.6 log dose below that of COPD patients.
The maximal resistance was 215 cm HyO / (Ls-1) higher for CF than in COPD when
we did the simulation without WAy, and with the WA, of COPD for both CF and
COPD. When we changed for CF the WA, equation from COPD to CF, and therefore
increased the force of the smooth muscle, a maximal plateau resistance was not reached
below a resistance of 1000 cie HyO/Ls-1 at which point the calculation was stopped.
The maximal resistance in COPD increased from 49 to 83 em HyO/Ls-! when we

introduced the epithelium into the simulation.
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Table 2
RATIO BETWEEN CF AND COPD

Ppm WApm WA, WA can Hcpi

5 33 4.7 - 1.6
10 2.1 3.2 0.9 1.4
15 1.7 2.5 0.7 1.3
20 1.4 2.1 0.6 1.2
25 1.2 I.8 0.6 1.2
30 1.1 1.6 0.5 1.1
35 1.1 1.4 0.5 L.

Definition of abbreviations: CF=cystic fibrosis; COPD=chronic obstructive pulmonary disease;
Py = perimeter basement membrane; WAy,;,= inner wall area without epithelial area; WA ;= Smooth
muscle area; WAcyq=cattilage area; Hepi=epithelial height,
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Discussion

To our knowledge this is the first study in which the dimensions of a large number of
airways have been measured in a group of CF patients suffering from end-stage lung
disease. The airway dimensions of CF patients were compared to those of COPD
patients with varying severity of lung disease. Furthermore we studied the effects of
these dimeitsions on airway resistance and responsiveness in a computational model.
Our results show that CF patients have a significant increase in airway wall area and
smooth muscle area, taller epithelium, and a decrease in cartilage area compared to
COPD patients. In addition we found a high percentage of epithelial loss in these
patients. The changes in airway dimensions of CF patients are likely to contribute to
the severe airflow obstruction, increased bronchial responsiveness and reversibility

as described in these patients.

Airway dimensions

We found a substantial increase of the inner wall area and smooth muscle area of CF
patients compared to COPD patients. This increase was larger in peripheral airways
than in central airways (Table 2) and would be even more impressive if compared to
normal airways for two reasons. First, we did not compare CF patients to healthy
controls but to COPD patients in which the inner airway wall is also thickenedS.
Second, it is likely that there was a selection bias towards analysis of the better airways
present in the CF lungs. Many airways had to be excluded from morphometric analysis
since they were so heavily inflamed that histological structures could not be identified
adequately. The inner airway wall area of CF patients of airways with a Py, of 10
mm was increased in comparison to COPD by 210% and is similar to the inner wail
area in patients who died from asthma as described by Kuwano and coworkers!?.
The bronchial smooth muscle arca of CF patients of airways with a Py, of 10 mm
was increased by 320% compared to COPD and is even 33% higher than in patients
who died from asthmal7,

For CF and COPD patients we found that the height of the respiratory epithelium
increased with increasing size of the airway. The height of the respiratory epithelium
in central airways of COPD patients was comparable to that of healthy subjects?2
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The height of the respiratory epithelium of CF patients was increased in comparison
to COPD by 60 to 10% for peripheral and central airways respectively. The cause of
the taller respiratory epithelium is unknown.

The area occupied by the thickened respiratory epithelium was not increased in our
study because of the increased fractional loss of epithelium in CF patients compared
to COPD. Inadequate fixation due to mucus impaction or the use of lobectomy or
autopsy specimen could account for the increased epithelial loss. However, even when
we excluded airways obtained from lobectomy or autopsy specimen the fractional
loss in CF remained substantially higher than in COPD,

In a study by Dovey and co-authorsé the area of ciliated cells in bronchioles of 16
patients who died of CF lung disease was increased when compared to controls. In
this study the epithelial area was not related to airway size and therefore no valid
size-corrected comparison could be made between CF and controls?3,

A number of authors have suggested a correlation between airway inflammation and
the amount of cartilage in COPD patients24-26, We and others did not find such a
correlations. 27, 28, For CF patients however the area of cartilage in central airways
was reduced compared to COPD. Loss of airway cartilage could result in increased
airway collapsibility and therefore contribute to the severe expiratory airflow limitation
as seen in the end stage lhung disease of CF patieats. In addition, the mechanical
properties of the cartilage might be affected by the chronic inflammatory process.

Airway Dimensions and Bronchial Responsiveness

Increased bronchial responsiveness to bronchoconstricting agents was reported in 29
to 55% ot CF patients?9-34 while increased bronchial responsiveness to bronchodilators
is present in a similar percentage3!l, 34-36, The origin of this increased bronchial
responsiveness is not clear. In CF patients thickening of the inner wall area increased
computed baseline resistance up to 66% percent when compared to COPD, When the
epithelial area was added to the inner wall area the PD;g of the dose-response curve
shifted further to the left for CF and COPD airways. The plateau resistance nearly
doubled for COPD patients as a result of this, suggesting that the epithelial area
contributes substantially to broachial responsiveness in CF and COPD.

We found an increased smooth muscle area in CF compared to COPD patients.

166



CHAPTER 7

The increase in smooth muscle area could be the result of hypertrophy or hyperplasia
of smooth muscle or an increase in smooth muscle matrix 37-38, An increase in smooth
muscle area does not necessarily imply that the force generated by the smooth muscle
is increased. However, there are some indirect argunents that increased smooth muscle
force could be present in CF patients, First, many patients have an increased response
fo directly acting bronchoconstrictors29-34, This response to bronchoconstrictors as
indicated by PDyg and fall in FEV is limited30. 33, Yet, it implies that the smooth
muscle is able to shorten to some extent despite the load against which its has to
shorten. This load is most likely increased due to thickening and stiffening of the
heavily inflamed airway wall39, 40, Second, a large percentage of CF patients have an
increased response to bronchodilators3l, 34-36_ This implies that even under baseline
conditions the smooth muscle is shortened to some extent despite of the increased
load,

Respiratory Epithelium

Loss of respiratory epithelium in CF airways has been described by a number of
authors but was never quantifiedd. 41. We found that one third of the basement
membrane in central and peripheral CF airways was not covered by epithelium, This
high loss of epithelium might be related to the washing procedure of the large airways
after the pneumonectomy. We think this is unlikely since epithelial loss in peripheral
airways was as high as in central airways. The respiratory epithelium has a number of
important functions and its loss in airways of CF patients can contribute to bacterial
colonization, ongoing inflammation, and to impaired lung function. The respiratory
epithelium forms a barrier that prevents penetration of substances present in the lumen
into the airway wall8, Furthermore, normal respiratory epithelinm forms a protection
against colonization by bacteria. Its loss in airways of CF patients has been associated
with the presence of Psendomonas aeruginosa42, Another important function of the
respiratory epithelium is modulation of smooth muscle tone by production of relaxing
factors and by inactivation of bronchoconstricting mediators and neurotransmitters#3-
45, Loss of epithelial cells could therefore enhance bronchial responsiveness to
histamine and methacholine#6. In fact, in asthma it has been shown that the greater

the loss of respiratory epithelivm in biopsy specimens the greater the degree of airway
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responsiveness*7. The extensive loss of respiratory epithelium we found in CF could

therefore contribute to an increased bronchial responsiveness in these patients.

Altered Airwvay Dimensions and Therapy

The thickening of the inner airway wall we found in CF airways increases baseline
resistance. Airway wall thickness and airflow obstruction in patients with chronic
obstructive pulmonary disease are correlated to inflammatory changes3, It is likely
that the thickening of the airway wall of CF patients is also related to chronic
inflammation. Anti-inflammatory therapy might somewhat reduce this thickening
and thus improve lung function. In fact, treatment with oral or inhaled steroids, or
with ibuprofen improved lung function and slowed the progression of lung disease in
CF patients48-50,

Anti-inflammatory and antibiotic treatment might limit the ongoing damage to the
respiratory epithelivm and move the balance towards repair of the epithelial layer

and restitution of its functions,

Conclusion

CF patients with end-stage lung disease have substantial thickening of their inner
wall area and smooth muscle area when compared to patients with COPD. In addition
we found a reduction of the cartilage area in the central airways. Finally we found an
increased height of the epithelial layer and a high percentage of epithelial loss. These
changes in airway dimensions are likely to contribute to the severe airflow obstruction,
and to the increased bronchial responsiveness to bronchoconstricting and

bronchodilating agents as described in CF patients.
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Introduction

About one fifth of preterm infants who require mechanical ventilation progress to a
chronic pulmonary syndrome called bronchopulmonary dysplasia (BPD), BPD is
characterized by respiratory distress, oxygen dependence, and chest radiograph
abnormalities beyond the first month of lifel, 2. Pulmonary function tests in patients
with BPD show abnormalities of lung volumes, airway resistance, forced expiratory
flows, lung compliance, and airway responsiveness in the short as well as in the long
term?3-15, The cause of these lung function abnormalities is incompletely understood.
There is mounting evidence that inflammatory lung injury may play a key role in the
pathogenesis of BPD2. 16, 19, Factors such as barotrauma, oxygen exposure, and
infection are thought to trigger inflammation!7-19, The chronic inflammation in airways
and parenchyma can contribute to the lung function abnormalities described above in
analogy to asthma20 and chronic obstructive pulmonary disease (COPD)20. 2L, Post-
mortem examination of the lungs of infants who died with BPD show epithelial injury,
inflammatory cell infiltrate, increase of bronchial smooth muscle, interstitial fibrosis,
and a decrease of airway diameter22-26, In these studies, the thickness of the inner
and outer parts of the airway wall, which have shown to be important determinants of
airflow obstruction in asthma and COPD, were not measured20, 21.27, 28, Furthermore,
there have been no systematic studies of BPD relating airway dimensions to airway
size. In asthma and COPD peripheral airways are more thickened compared to central
airways and contribute substantially to airflow limitation20, 21,

Another factor that may contribute to lung function abnormalities in BPD is loss of
airway epithelium. The epithelium has bronchodilator activity because it synthesis
refaxing substances and protects the underlying airway tissue against broncho-
constrictor stimuli29, In asthina, loss of epithelium has been shown to correlate with
airway responsiveness30,

The purpose of this study was to investigate whether the smooth muscle area and
inner airway wail area are increased in BPD and whether this increase is mnore severe
in peripheral airways compared to more central airways. We, therefore, studied lung
tissue of BPD and sudden infant death syndrome patients (SIDS), obtained from
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autopsies, and measured airway wall dimensions and epithelial loss in airways in

these lungs by means of computerized morphometry.

Methods

Study Population
A list was obtained of all autopsy cases done on infants between 1984 and 1995 from

a national pathology registry. From this list infants were selected who were diagnosed
as having BPD or SIDS. Copies of the pathology reports were obtained in all cases.
For the BPD patients the post-conceptional age was calculated as the sum of gestational
and postnatal age. Next, we selected all BPD patients who received mechanical
ventilation, who died from respiratory failure, and with a post-conceptional age of 30
weeks or older. The control population was selected from those cases in the registry
Iabeled as SIDS, without a history of chronic pulmonary disease and selected for the
best possible match for sex and age. A copy of the autopsy report and all available
paraffin blocks containing lung tissue were obtained for each case.

Morphological Studies
Paraffin blocks were cut at 5 pm thickness and stained with a combined Gomori

trichrome and elastin stain. This stain resulted in a good color contrast between airway
wall structures, In each tissue block all airways cut in cross section that did not show
bifurcation or disruption of the wall were selected for further morphometric analysis.
Airway dimensions were measured using an automated image analysis system (KS
400, Kontron Electronic, Eching/Munich, Germany). Measurements of airway
dimensions were performed by 2 observers (WH and HdB). Each observer measured
a different set of airway dimensions for all airways. The measurements made (Figure 1)
include: basement membrane perimeter (Py,),,) and the area enclosed by this perimeter
(Apm): the outer muscle perimeter {Py,o) and the area enclosed by this perimeter
(Amo); the outer perimeter (P,) and the area enclosed by this perimeter (A,); the area

occupied by smooth muscle (WA;); and the area occupied by cartilage (WA 400)-
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Figure 1. Diagram of measured airway dimensions.

We also measured the average height of the respiratory epithelium (Hep;) and the
fraction of the Py covered with epitheliumy (Fepi). Hepi was measured as follows.
First, a grid containing parallel sinusoids was superimposed over the computer image
of the airway. When respiratory epithelium was present at the point where the sinusoid
crossed the basement membrane, the epithelial height was measured by drawing a
straight line perpendicular to the membrane and measuring from the membrane to
the top of the ciliary border. The length of this line was automatically computed.
When respiratory epithelium was absent, a zero was scored for height, Hep; was
calculated for each airway section by computing the average of at least 15 epithelial
height measurements around the lumen. Fep,; was calculated by dividing the number
of intersecting points through the basement membrane where respiratory epithelium
was present with the total number of intersecting points.

From the above measurements we calculated the area within the basement membrane
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of the fully dilated airway (A¥*pp,= Ppn2 47), the inner wall area excluding epithelium
(WApm=Ano-Ann), outer wall area (WA, = A -Ap,), the total wall area excluding
epithelium (WA = Ag-Appy), the wall area occupied by epithelium (WAep; = Ppp, *
Hepi ). We have used the nomenclature for quantifying subdivisions in the bronchial
wall as proposed by Bai and coauthors3!. To estimate the importance of the effect of
the epithelial area on the lumen area WA, was expressed as a percentage of A%y
(WAepi /A%pm %). The contractile status of the airway was examined by comparing
Apm versus airway size (P, of BPD and SIDS patients.

The BPD and SIDS cases were measured in random order. The observers had no
knowledge of the clinical history. The intra- and inter-observer variability was assessed

by remeasurement of 10 randomly sclected airways after an interval of 2 months.

Statistical Analysis

Repeated measures analysis of variance (RMANOVA), which allows for differences
between and within patients, was used to assess the relationships between airway
wall dimensions (WApy,, WA, WA, WAy, WA o, WAgp: » Hepis Fepi) and airway
size {Ppp). Previous studies found linear relationships between the square root of
airway wall areas and airway size20, 21, 28,32-34_ 'We did a square root transformation
on the airway arcas of this study, again resulting in normal distributions of data. To
obtain a linear relationship between WAe,; /A%,y % versus airway size (Pyy,) both
variables were log transformed. Next, for each of the airway dimensions versus airway
size the mean slope and intercept was calculated, for the BPD and SIDS groups
separately, using an iterative search for optimal values33, 36, The intercept and slope
were investigated for their linear relation with age and gender for BPD and SIDS
patients combined and for each group separately.

The distribution of airway size was plotted after logarithmic transformation for the
BPD and SIDS patients and compared using nested analysis of variance. The level of
significance was set at p = 0,05 (two sided). Data were expressed as mean + standard
deviation and range, unless indicated otherwise. The intra- and inter-observer
variability of morphometric measurements was calculated by expressing the difference

of the first and second measurement as a percentage of the average of both
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observations37. This percentage difference was plotted against Py, to detect systematic

errors dependent on airway size.
Results

Study population

The characteristics of the study population are shown in Table 1. The median post-
conceptional age at birth was [75 days for the 5 BPD patients. No data were available
on the post-conceptional age of the SIDS patients which was therefore set for all
patients at 38 weeks or 266 days. The median post-conceptional age at time of death
was 299 and 372 days for BPD and SIDS patients, respectively.

Airway Wall Dimensions

Morphometric measurements were made on 75 airways from 5 BPD patients with a
mean of 15 + 3.4 (10 to 18) airways per patient and 176 airways from [1 SIDS
patients with a mean of 16 * 10.8 (4 to 39) airways. The intra- and inter-observer
variability, for each of the airway wall dimensions, were always less than 10% and
15%, respectively. There was no systematic relationship between airway size (Pyp,)
and the intra- or inter-observer variability for any variable.

Analysis of variance of Py, showed no significant difference between the two groups.
The median values for Py, were 0.82 and 0.81 for BPD and SIDS patients, respectively.
This corresponds to a median dilated airway diameter of 0.26 mm. The frequency
distribution of Py,;;, was not significantly different between the two groups. The linear
relations between the square root of airway dimensions (\/Abm, N WApm, YWAL, YWA,,
VWA, ‘\/WAcpi ) and airway size (Ppp), and between log (WAepi/A¥py, %) and log
(Pym) were all highly significant (p < 0.001) for BPD and SIDS patients (Table 2 and
Figure 2). There was no significant correlation between Fepi and Py, for either group.
The median Fep; was 0.986 (0.9 to 1) and 0.85 (0.52 to [) for BPD and SIDS patients
respectively (p = 0.02). When we excluded all airways with an Fe,,; below 0.85. WA
for BPD patients was (.17 mm2 higher than of SIDS patients (p < 0.001) (Figure 2).
The linear relation between the square root of V Hepi and Pyy, for BPD patients was on
average (.85 pm higher than the STDS patients (p < 0.001) (Figure 2). WA, expressed
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Figure 2, Morphomelric airway wall dimensions versus airway size. The solid regression line
represents the relation of an airway wall dimension versus basement membrane perimeter (Pyp,) for
BPD patients (circles), The dashed line represents the relation of an airway dimension versus Py,
for SIDS patients (squares). (A} WAy, = inner wall area exclusive of the epitheliuin (B) WA, =
outer wall area, (C)} WA, = total wall area exclusive of epithelium {I}) WA, = smooth muscle area.
(E) WAcp; = area of epithelium. Note the square root transformed vertical axis. There are 74 data
points plotied from 5 BPD patients and 175 data points from 11 SIDS patients in figure A, B, C, and
D. For Figure E, there are 68 and {36 data points from the BPD and the STDS patients respectively.
Due to overlap of data points, some circles appear filled.
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as a percentage of A*,, was 48% greater for BPD than for SIDS patients (p < 0.001)
(Figuare 3). The cross sectional lumen area of all airways (\/Abm versus Pp,y,) was not

significantly different between both groups.
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Figure 3. Percentage of surface area of relaxed airway lumen occupied by epithelium as a function
of airway size. Definition of abbreviations: Pyy, = perimeter basement membrane; WAqy £ A%pyy,
{%) = wall area occupied by epithelivm expressed as a percentage of the relaxed lumen area.

The solid regression line represents the BPD patients, and the dashed regression line the SIDS
patients.

The slopes of the regressions Q) WApm, \f WA, VWA,,,) versus airway size Py were
all steeper for BPPD than for SIDS patients (P < 0.001) (Figure 2). The intercepts, but
not the slopes, of the \(WAt and NJWAep; versus Py, regressions were significantly
higher for BPD than for SIDS patients (P < 0.001) (Table 2 and Figure 2). Table 3
shows the ratios between the airway dimensions for BPD and SIDS airways at a Py,
between 0.5 and 8 mm. Gender did not influence the siope or infercept of any airway
wall dimension versus airway size regression. Age had a very small effect on the
slope of the VWA, versus Py, regression for both groups (P < 0.001). WAy, increased
by 6.4 x 10-5 mm? for an increase in age of 100 days. The SIDS patients were 71 days
older than the BPD. Correction for this age difference increases the difference in
WApm between the groups by 4.5 x 10-5 mm?2 which is negligable. Age did not influence
the slope or intercept of any other airway dimension versus airway size regression.

For the BPD patients 16 out of 75 airways (21%) contained cartilage, and for the
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Table 1

STUDY POPULATION CHARACTERISTICS

Bronchopulmoenary Dysplasia

Patient Sex

Post-conceptional age Post-conceptional age

Other diagnosis

No. M/F (at time of birth) (at time of death) in fangs at autopsy
days days
1 M 167 216 -
2 F 243 251 -
3 M 175 299 pneumonia
4 F 184 390 infarction lower lobe
5 F 172 613 -
299 (216-613)

Median (range) 175(167-243)

Control Subjects (SIDS)

6 F
7 F
8 M
9 F
10 F
11 M
12 M
13 M
14 F
15 F
16 M
Median (range)

266
266
266
266
266
266
266
266
266
266
266

266 (-)

288
293
315
316
35]
372
390
440
560
623
646
372 (288-646)

some infiltrate

mucus in airways
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Table 2
EQUATIONS FOR AIRWAY WALL DIMENSIONS AS A FUNCTION
OF AIRWAY SIZE
Wall dimension  Bronchopulm. Dysplasia Control Subjects p-value
(SIDS) slope
slope * Py,  intercept slope ¢ Py,, intercept

VWA, = 0.126 0.0275 0.101 0.0276 <0.001
VWA, = 0.363 -0.055 0.257 -0.052 <0.001
VWA, = 0.363 -0.008 0,282 -0.027 <0.001
VWA, = 0.07 0.025 0.045 0.026 <0.001
VWA p; = 0.082 0.082 0.078 0.059 0.4
VHepi = 0.35 5.06 0.48 3.93 0.4

Definition of abbreviations: Py, = basement membrane perimeter; WAy,,, = inner wall area exclusive
of the epitheliuny; WA, = outer wall area; WA, = smooth muscle area; WA,; = area of epithelium;
Hepi = height of epithelium; p value = level of significance.

SIDS patients 29 out of 176 airways (16%). This number of airways was too smatl fo

make a meaningful comparison for \/WAcm versus Py, between the groups using

RMANOVA.
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Table 3
RATIO FOR AIRWAY WALL DIMENSIONS
BETWEEN BPD AND CONTROL SUBJECTS (SIDS)

Py (mm) WAy WA, WA, WA, WAepi
0.5 1.35 2.73 1.60 1.53 1.58
1 1.43 2.26 1.35 1.79 1.43
2 1.49 2.11 1.25 2.02 1.31
4 1.52 2.05 1.20 2.19 1.22
8 1.55 2.02 1.18 2.30 1.17

Definition of abbreviations: BPD = bronchopulmonary dysplasia; SIDS =sudden infant death
syndrome; Py, = perimeter basement membrane; WAy, = inner wall area excluding epithelium;
WA, = outer wall area; WA, = total wall area; WAy, = smooth muscle area; WA, = wall area

accupied by epithelium.

Discussion

Among the possible mechanisms underlying airflow obstruction in BPD are thickening
of the airway wall, increased smooth muscle mass, and epithelial loss. To our
knowledge this is the first study in which wall dimensions of a large number of airways
have been measured in relation to airway size in patients with BPD. The aim of this
study was to compare airway wall dimensions of BPD patients with those of infants
without chronic airways disease. We tested the hypotheses that the inner airway wall
area, smooth muscle area and epithelial loss in BPD is increased, and that the increase
in areas is more severe in peripheral airways compared to more central airways. Lungs
of BPD and SIDS patients, who served as controls, were obtained from stored autopsy
material. We measured the airway wall dimensions and epithelial loss in these lungs
by means of computerized morphometry. Our resuits show that there are important
differences between BPD and SIDS patients, with substantial thickening of all airway

wall dimensions in BPD.
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Airway Dimensions

In previous studies structures of interest were expressed as a proportion of lung
volume?24, 38, This introduced an important bias. Since the compliance of the lungs of
BPD patients is decreased? fixation of the lung at a given pressure results in a lower
lung volume than that of controls with normal lung compliance. The voluime proportion
of the lung occupied by airway wall will, therefore, be relatively higher in lungs of
low compliance than in lungs of normal compliance, Furthermore, airway diameter
was used as a measurement for airway size in these studies. Airway diameter depends
on the contractile status of the bronchial smooth muscle and on the tethering forces
by the parenchyma and is, therefore, not suitable as an estimate of airway size. The
perimeter of the basement membrane as used in our study has been shown to be
independent of parenchymal and muscle state and is, therefore, used as the gold
standard of airway size39,

For the present study we were able to calculate the relation between airway dimensions
and airway size in a highly reliable fashion since we measured a large number of
airways for each patient at different generations of the bronchial tree. All BPD airway
wall dimensions were increased over the entire size range of airways we measured
when compared with the STDS patients. The total wall area was proportionally greater
in the smaller airways. A comparable distribution of airway wall thickening has been
found in other diseases characterized by chronic inflammation of the airways such as
asthma20, 27, COPD?2!, and CF28,

The amount of smooth muscle was substantially increased in BPD and proportionally
more so in central airways than in peripheral airways. The smooth muscle area in
airways with perimeters of | and 4 mm (diameters 0.3 and 1.3 mm) was increased by
79 and 119 %, respectively. In a study similar to ours, smooth muscle area in 9 preterm
infants {mean post- conceptional age 27.3 weeks) with chronic lung disease was
compared to that in 46 preterm infants who died within 72 hours of birth26, Bronchial
smooth muscle was significantly higher in the children with chronic lung disease in
airways with a diameter of 3.1 mm or higher, but not in the smaller airways.

That we did find significantly more smooth muscle in small airways in BPD patients
may be related to the sensitive statistical method we used, and to the different selection

of control tissue.
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Abnormalities in the volume or mechanical qualities of airway cartilage might
contribute to the pathophysiology of airflow limitation in BPD. Chronic airway
inflammation has been related to loss of cartilage in other diseases characterized by
chronic inflammation of the airways such as COPD#0 and cystic fibrosis28. The
question as to whether the amount of airway cartilage is decreased in BPD remains
unanswered by the present study. Airway cartilage is a highly variable structure in
more peripheral airways. Therefore, a larger number of cartilaginous airways has to
be sampled to estimate its relation to airway size in a reliable fashion.

To our knowledge, this study is the first to show that the lumen area occupied by
epithelium was increased in BPD compared to SIDS patients. This difference was
still present and significant after we excluded airways with a high loss of epithelium
and could not be explained by differences in the contractile status of the airways as
estimated by the cross sectional lumen area. The increased epithelial area in BPD
substantially reduces the airway lumen, especially in the sinall airways.

The loss of epithelinm was minimal in the BPD patients and, surprisingly, extensive
in some of the SIDS patients. Extensive loss of epithelium was found previously in
central airways of BPD patients who had assisted ventilation4!. This damage was
less severe in segmental bronchi. In the study by Sward-Comunelli and coworkers
28% of the airways showed extensive loss of epithelium and were, therefore, excluded
from analysis26, The loss of epithelium in some of the SIDS patients might have been
caused by necrosis of the tissue before tissue fixation which can result in detachment
of the epithelium from the underlying basement membrane. Whether this will occur
will depend on both the time delay between death, cooled storage, and autopsy+2. We
think it likely that especially time delay between the moment of death and moment of
storage was shorter for the BPD than for some of the SIDS patients since the first all
died in hospital. Furthermore, loss of epithelitm might be the result of an infection of
the lower airways since such infection of the airways might damage the epithelium
directly or reduce the time between the moment of death and moment of necrosis.
We note that SIDS patients [0 and 12 showed signs of infection and had a high
epithelial loss of 13 and 48%, respectively.
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Lung Function and Airway Dimensions

Altered airway dimensions can have a substantial effect on lung function43. In BPD,
lung function abnormalities such as increased airway resistances. 9, 11, reduced forced
expiratory flows6. 8, 11, 12 and increased bronchial responsiveness!Z have been
described. Thickening of the inner and outer airway wall area are likely to contribute
to these lung function abnormalities, Thickening of the inner wall in the absence of
smooth muscle shortening has relatively liitle effect on airway resistance bug, in
combination with smooth muscie shortening, it increases airway resistance drasti-
cally?7. Furthermore, thickening of the inner wall increases upstream airway resistance
which results in reduced maximal expiratory flows during forced expirationd4, 45,
Thickening of the outer airway wall partly uncouples the smooth muscle layer from
the tethering forces of the parenchyma46. 47, The bronchial smooth muscle can,
therefore, shorten more at a given force development, Thus thickening of the inner
and outer wall area can both contribute to the lung function abnormaiities as described
in BPD.

Airways of BPD patients contain substantially more smooth muscle than airways
from SIDS patients. In asthma increased smooth muscle mass is associated with
increased maximal force generation and, therefore, increased smooth muscle
shortening#8. To our knowledge there are no in vitro data to support the hypothesis
that a simiiar relation is present in BPD. There are, however, some indirect arguments
that the smooth muscle tone plays a role in airflow obstruction in BPD. Firstly,
increased responsiveness to bronchodilators is common in BPD3-5, 11, 12,49 guggesting
that smooth muscle shortening explains part of the airway narrowing. Secondly, fung
compliance is decreased in BPDY and increases after nebulization of bronchodilators3,
Increased smooth muscle tone could contribute to this increased lung compliance30,
Thirdly, the parenchyma of BPD patients is highly abnormal23, 24, This is likely to
interfere with the tidal volume streiching of bronchial smooth muscle that seeins
necessary to reduce smooth muscle tone3l: 52, Abnormal parenchyma-airway
interaction might, therefore, contribute to increased smooth muscle shortening in
BPD.
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Implications for Therapy

Both the inner and outer airway walls are thickened in BPD, and this is probably
related to chronic inflammation. Anti-inflammatory medications such as inhaled
corticosteroids seems a rational choice to reduce thickening of airway wall and thus
improve lung function. Indeed, maintenance treatment with nebulized beclomethasone
improved hung function in infants with BPD33, It is unknown whether the changes in
the architecture of the bronchial wali, such as fibrous tissue deposition, are entirely
reversible with anti-inflammatory treatment. Though these lung function abnormalities
decrease with age they can still be found in adolescents and young adults?. i1,
Regarding the increased smooth muscle area in combination with airway wall
thickening and abnormal lung parenchyma, use of bronchodilators seems a rational
choice to limit airflow obstruction!, It has been shown that bronchodilators reduce
airway resistance and increase lung compliance in BPD# 3, 54, Their efficacy should
be evaluated for each individual patient because reduced smooth muscle tone can
also increase airway collapsibility and, therefore, facilitate airway closure34.

We conclude that airways of BPD patients, at the severe end of the disease spectrum,
show extensive thickening of the inner and outer airway wall areas, epithelial area,
and smooth muscle area when compared to airways of SIDS patients. Differences in
the ante- or postmortem conditions might have reduced or increased differences in
airway wall dimensions between both groups. However, when the altered airway
dimensions in BPD patients are representative for the in vivo situation they explain
much of the pathophysiology of airtlow limitation and reversibility of bronchial
obstruction. Based on these findings, maintenance treatment with inhaled steroids

and beta-agonists seems a rational choice to improve lung function in these patients.
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CHAPTER 9

Summary, General Discussion, and Future Research

Summary

Airway inflammation, airflow obstruction and bronchial hyperresponsiveness are well
known features of asthma, chronic obstructive pulmonary disease (COPD), cystic
fibrosis (CF), and bronchopulmonary dysplasia (BPD). Chronic inflammation of
airways is associated with structural and functional changes of the airway wall and
parenchyma. However, how these changes are related to airflow obstruction and
bronchial responsiveness is complex and not completely understood. Understanding
the relationship between structare and function in chronically inflamed airways and
parenchyina is needed to improve therapy.

This thesis contains investigations of airway structure and function in COPD, CF,
and BPD.

Chapfer 1 contains a general introduction to the thesis and the aims of the study.

In Chapter 2, the pathology of airway inflammation and the structure-function
relationships of components of normal and diseased airways for patients with asthma,
COPD, CF, and BPD are reviewed.

In Chapter 3 structure-function relationships in airways from COPD patients are
described. The question as to whether airflow obstruction and peripheral airway
inflammation correlated with airway wall thickness and the amount of bronchial
smooth muscle in cartilaginous airways was addressed. In addition, the theoretical
relationship between airway dimensions and airway resistance was studied with a
computational model. Lung tissue was obtained from 72 patients, mostly smokers,
with different degrees of obstructive pulmonary disease who were operated on for a
solitary peripheral lung lesion. In 34| transversely cut cartilaginous airway sections
airway size and airway wall dimensions were measured. Inflammation scores for
non-cartilaginous airways from the same lungs were evaluated. Pre-operatively
measured maximal expiratory flows and the response to a bronchodilator were
correlated with airway wall dimensions. Maximal expiratory flow, the reversibility
of airflow obstruction, and peripheral airway inflammation were found to be
significantly related to the inner airway wall area but not to the smooth muscle area.
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It was concluded that airflow obstruction and its reversibility in COPD is in part
caused by thickening of the cartilaginous airway wall, and is related to inflammatory
changes.

In Chapter 4 the relationship between upstream conductance, as estimated from the
maximal flow-static recoil (MFSR) curve, and inflammation and thickening of the
airway walls was investigated. In addition, the relationship between the collapsibility
of airways and the amount of airway cartilage and the thickness of the airway walls
was investigated.

Maximal expiratory flow can be reduced by three different mechanisms; loss of lung
elastic recoil, decreased airway conductance upsiream of flow limiting segments,
and increased collapsibility of airways. It has been suggested that the relative
contributions of lung recoil, airway conductance, and airway collapsibility to airflow
obstruction during forced expiration can be estimated from an MFESR curve. Lung
tissue was obtained from 72 patients with different degrees of airflow obstruction
who were operated on for a solitary peripheral fung lesion. Maximal flow-static recoil
curves to estimate upstream resistance and airway colapsibility were derived in 59
patients from pre-operatively measured maximal expiratory flow-volume and pressure-
volume curves. In 341 transversely cut airway sections airway size, airway wall
dimensions and inflammatory changes were measured. Airflow obstruction correlated
with lung elastic recoil and the MFSR estimate of airway conductance but not to
airway collapsibility or to the amount of airway cartilage. The upstream condtictance
decreased as the inner wall became thicker. Airway collapsibility did not correlate
with the amount of airway cartilage, inflammation, or airway wall thickness. The
MFSR model does not adequately reflect the collapsibility of the-flow limiting seg-
ment,

In Chapter § we describe a micro-plethysmograph developed in our laboratory to
assess smooth muscle responses in isolated airway segments under isobaric conditions
and an experimental set-up to measure the dynamic properties of airway segments.
For the study of airway responsiveness in vitro, airway segments have important
advances over strip or spiral preparations. However, the method for studying isobaric

contraction of segments is not well established. For this reason we developed the
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micro-plethysmograph which has a volume measurement range of 10 to 700 UL, a
resolution of 0.02 to 0.4 UL, and a drift of 2.6 to 0.7 % of measurement range min-!
for its most and least sensitive setting, respectively. The plethysmograph is able to
compensate for the pressure changes induced by the volume changes, thus enabling
frue isobaric measurements. We show examples of the isobaric contraction and
relaxation of isolated human airway segments after stimulation of an airway segment
by methacholine, isoprenaline, and by electrical field stimulation. Apart from studying
airway responses, the micro-plethysmograph is potentially useful for studying the
contractile properties of watertight and hollow structures such as blood vessels, gut,
and ureter. In addition, this device can be used to measure leak or diffusion through
the wall at any transmural pressure.

In Chapter 6 the relationship between compliance, collapsibiiity, and hysteresis of
isolated human smali airway segments, on the one hand, and airway wall dimensions
on the other hand are described. Airway wall dimensions are important determinants
for the mechanical properties of airways, Chronic airway inflammation is likely to
change these mechanical properties, Lung tissue was obtained from 31 patients with
different degrees of airflow obstruction who were operated on for a solitary lung
lesion. Segments of 35 small airways were mounted on cannulas in an organ bath and
inflated and deflated cyclically between +15 and -15 cm H,O. For each airway this
was done at baseline, after methacholine, and after isoprenaline. Specific compliance
(sCdyn), specific hysteresis {s1}), and pressure at which the airways collapsed (Pcol)
were calculated from each recording. Airway wall dimensions were measured
morphometrically, Lung function parameters of airflow obstiuction were correlated
to sCdyn, s1}, and Pcol. At baseline, after methacholine, and after isoprenaline sCdyn
was 0.059, 0.052, and 0.085 cm H,O-1, s was 13.5, 12.9, and 7.1%, and Pcol was -
34, -3.5, and -1.9 cm H,O respectively. Differences between sCdyn, s1 and Pcol
after methacholine and after isoprenaline were highly significant (p < 0.001). Smooth
muscle area, but not total wall area, was an important determinant for sCdyn and for
sn after methacholine. Specific hysteresis at baseline correlated with RV/TLC (R =
0.5, p = 0.05) and after methacholine with FEV /FVC (R = -0.68, p = 0.02) and RV/
TLC (R =0.5, p = 0.05). From these results we conclude that smooth muscle area and
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smooth muscle tone, but not total wall area, are important determinants for airway
compliance, hysteresis, and collapsibility. Hysteresis seems to be an important
determinant for chronic airflow obstruction

In Chapter 7 airway dimensions of CF patients were measured and compared to
those of COPD patients. The importance of these dimensions for airway resistance
were estimated in a computational model. In most CF patients, chronic airway
inflammation leads to progressive airflow obstruction and increased bronchial
responsiveness. It is not clear how the airway pathology relates to the severity of
airflow obstruction and increased bronchial responsiveness in these patients. Airway
dimensions were measured in lungs obtained from CF patients who underwent lung
transplantation (12), lobectomy (1), or autopsy (4). These dimensions were compared
to those of airways from lobectomies of 72 patients with COPD. Airway dimensions
of CF and COPD patients were infroduced into a computational model to study their
effect on airway resistance. The inner wall area and smooth muscle area of peripheral
CF airways were increased 3.3- and 4.3-fold respectively compared to those of COPD
airways. The epithelinm was 53% higher in peripheral CF airways. The sensitivity
and maximal plateau resistance of the computed dose-response curve were
substantially increased in the CF patients compared to COPD. The changes in airway
dimensions of CF patients are likely to confribute to the severe airflow obstruction,
and increased bronchial responsiveness to bronchoconstricting and bronchodilating
agents as described in these patients. _
In Chapter 8 airway dimensions of BPD patients were measured and compared to
those of control subjects. Whether airway wall dimensions contribute to lung function
abnormalities in BPD is unknown, Lung tissue of patients with BPD was obtained at
autopsy and lung tissue from children who died from sudden infant death syndrome
(SIDS) patients served as control group. Airway wall dimensions and epithelial loss
were measured in 75 airways from 5 BPD patients and 176 airways from 11 SIDS.
Repeated measures analysis of variance was used to assess the relationships between
airway wall dimensions and airway size for BPD and SIDS patients. Little epithelial
loss was present in the BPD patients while extensive loss was observed in some of

the SIDS patients. The inner wall area, outer wall area, epithelial area, and smooth
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muscle area were all substantially thicker (all p < 0.001} in the BPD than in SIDS
patients. It is likely that the increased thickness of the airway wall components
contributes to airflow obstruction and its reversibility in BPD patients.

General discussion

Airways in COPD, CF, and BPD have showed a number of features in common that
are relevant for the understanding of the pathophysiology of airflow obstruction and
bronchial hyperresponsiveness. From the study of isolated airway segments we have
gained important information on structure-function relationships of chronically
inflamed airways. In this section we discuss, for different airway wall components,
how the results of our studies fit into the pathophysiology of airflow limitation and

bronchial hyperresponsiveness.

EPITHELTUM. The epithelium in the airways showed substantial loss of epithelium in
CF and only little loss in COPD and BPD. Much higher epithelial loss, of half the
basement membrane area, was found previously in biopsies of COPD patientst, This
might have been an artifact caused by increased fragility of the epithelium?. 3, Extensive
loss of respiratory epithelium in CF airways has been described previously but was
never quantified 5. It is likely that some of the observed damage to the epithelium is
related to improper fixation. However, epithelial loss in CF patients was substantial
even when we excluded tissues obtained at autopsy. The higher epithelial loss
previously described in BPD is probably an artifact related to the delay between the
time of death and time of autopsy. Damage of airway epithelium is a common finding
in patients with asthma. As is discussed in chapter 2, loss of epithelivm impairs
mucociliary clearance resulting in mucus retention which can contribute to airflow
obstruction and, perhaps, to closure6. Furthermore, it can contribute to bronchial
hyperresponsiveness?. We therefore believe that increased fragility and loss of

epithelium is a true feature common to chronically inflamed airways.

INNER AIRWAY WALL. Thickening of the inner airway wall area was present in COPD,
CF, and BPD. The thickening was more prominent in CF than in COPD. In fact, the
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thickening was comparable to that described in patients who died from a severe asthma
attack. Airway wall thickening was relatively more pronounced in smaller cartilaginous
airways than in more central airways. This has important implications for treatment.
In patients with chronic airway inflammation, aerosol deposition is inhomogeneous
and more in central than in peripheral airways8-10, Thus, it seems important to develop
methods that deliver drugs more effectively to abnormal peripheral airways.

Airway wail thickening increases airway resistance even in the absence of smooth
muscle shortening and thus can contribute to airflow limitation. In fact, in COPD we
found a strong correlation between maximal airflow and upstream conductance, It is
possible that the decreased airway conductance results in a more peripheral position
of the flow limiting segment and that this contributes to the airflow limitation.
Thickening of the inner airway wall can amplify the effect of smooth muscle shortening
drastically as we have shown with the computational model. Whether this plays an

important role in vivo is doubtful for reasons discussed in the next paragraph.

SMOOTH MUSCLE. The amount of sinooth muscle in cartilaginous airways in patients
with COPD was not related to airflow limitation. We cannot conclude from this study,
however, that the amount of smooth muscle is normal in COPD. We measured airways
of smokers operated on for a lung tumor and variable degrees of airflow obstruction.
Even smokers with lung function within the normal range might have altered airway
dimensions compared to healthy non-smokers. In airways from: CF and BPD patients
we did find a substantial increase in the amount of smooth muscle. This increase in
smooth muscle mass could result in an increase in constricting force generation and,
hence, more severe airway narrowing. Whether or not smooth muscle shortening is
increased depends not only on the force but also on the load on the smooth muscle.
We did not measure this load but we have some indirect arguments that this load is
normal: Airway wall thickness in COPD was not related to the compliance of airways
suggesting that even in thickened and inflamed airways the dynamic properties are
not substantially altered. However, we do not know whether compressibility of
thickened airways is normal. Theoretically, compressibility of thickened airways could

be decreased reducing dynamic compression during forced expiration at the site of
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the flow limiting segments. Baseline tone was high and close to maximal tone in
isolated airways and was substantially reduced with a bronchodilator. If this reflects
the in vivo situation then the question arises as to why bronchodilators have so littie
effect in many COPD patients? We think this is due to defective airway-parenchyma
dependence. We found that the first inflation of the airway segment increased
compliance. This confirms earlier studies where a relationship was found between
stretching of a smooth muscle preparation and the compliance of the preparation. In
vivo, the airway is stretched by the parenchyma during infiation of the lung. Loss of
alveolar attachments to the airway wall results in decreased stretching of the airway
and thus airway compliance remains low and the diameter small for a given transmural
pressure. However, many studies have failed to relate measurements of emphysema
to airflow obstructionlt 12, We believe that loss of alveolar attachments, of even
small parts of an airway segment, are probably sufficient to reduce airway diameter,
distort airway configuration, and thus increase airway resistance. Three dimensional
reconstructions of peripheral airways in emphysematous lungs could, therefore,
provide us with relevant information on the impact of loss of alveolar attachments on
the atrway structure!3. In BPD and CF, abnormalities of the parenchyma have been
described and the same mechanism as that described above might play a role. In
conclusion, we believe that increased smooth muscle shortening is present in COPD
due to abnormal parenchyma-airway interactions and, perhaps, to an increase in smooth

muscle force. It is uniikely that the load on the bronchial smooth muscle is increased.

CARTILAGE. Observing a large number of airways microscopically made it clear that
airway cartilage is well integrated within the connective tissue and smooth muscle
network of airways. Alterations of airway cartilage are therefore likely to influence
airway mechanics. We did not find a difference in cartilage between COPD patients
with and without airflow limitation. Cartilage is a very irregular structure and is
therefore difficult to measure morphometrically in a reliable fashion. Therefore, we
might have missed small differences in cartilage volume. However, in CF airways
there was substantially less cartilage than in COPD airways. Loss of cartilage is likely
to make airways more collapsible and might therefore contribute to airflow limitation

197



Sunimary, GENERAL Discussion, aND FUTURE RESEARCH

in CF. We did not investigate the mechanical properties of the airway cattilage. These
mechanical properties could be altered due to chronic inflammationl4 and thus
influence the [oad for the bronchial stmooth muscle and the collapsibility of the airways.
The amount of cartilage might be reduced in severe chronic airway inflammation 15

but whether this contributes to airflow limitation is unknown.

OUTER WALL AREA. The outer wall was difficult to measure in large cartilaginous
airways using our morphometric approach since there is no clear boundary between
the outer airway wall and the lung parenchyma. As a result, the variability of the
measurement was high. In small airways it was much easier to distinguish the outer
wall area from the parenchyma and here the variability was low. It has been suggested
that thickening of the outer wall area could uncouple the smooth muscle from the
tethering forces of the parenchyma. As discussed previously in this chapter we sup-
port the idea that the parenchyma-smooth muscle interaction is an important
determinant for airway compliance. Thickening of the outer airway wall could therefore

contribute to airflow obstruction,

Directions for Future Research

SMOOTH MUSCLE. The exact role of the bronchial smooth muscle in the patho-
physiciogy of airflow obstroction and bronchial responsiveness in asthma and COPD
is still incompletely understood. 1t is not clear whether smooth mmuscle shortening in
asthma is increased due to increased smooth muscle shortening capacity or increased
force generation, to a decreased load, or to a combination of these three.

The relationship between smooth muscle shortening and the load imposed on the
smooth muscle by the inner wall area can be studied more adequately in isolated
airway segments than in strip preparations. The importance of parenchyma-airway
interactions on smooth muscle mechanics are probably underestimated. It is now
recognized that cyclic expansion of the airway by tidal volume breathing and/or deep
inspirations are important to reduce smooth muscle tonel6-18, Abnormalities in
parenchyma-airway interactions might therefore play a key role in the pathogenesis

of chronic airflow obstruction, Animal models of emphysema could be used to study
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these interactions in more detail. Furthermore, preparations of isolated airway segments

with intact parenchyma could be developed.

EMPHYSEMA. The impact of loss of alveolar attachments on the three dimensional
airway geometry in vivo should be studied in more detail. Studies of this kind will
provide insight on how emphysema can lead to airflow obstruction. We hypothesize
that peripheral airways of patients with emphysema are distorted and show narrowed
sections due to loss of parenchyma-airway interdependence. A “distorted airway in-
dex” should be developed to test this “distorted airway theory” (Figure 1).

Distorted Airway Theory
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End inspiration

End expiration
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Figure 1. Schematic view of interaction between peripheral airway and parenchyma at end
insprivation and at end expiration. I = section of airway with normal alveolar attachments and,
therefore, maximally increased cross sectional area at end jnspiration, TT = section of airway with
“moderate emphysema”. Compliance is reduced due to impaired parenchyma-airway interaction,
At end inspiration this section is somewhat distorted and its cross sectional area reduced. III =
section of airway with "severe emphysema”, The airway is stiff due to absent parenchyma-airway
interaction. At end inspiration this section is very distorted and its cross sectional area substantially
reduced.
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AIRWAY WALL THICKNESS AND TREATMENT. Airway wall thickening is more severe in
peripheral airways than in central airways in asthma, COPD, CF and BPD. Aerosol
deposition of drugs used in the treatment of these diseases is inhomogeneous and in
central airways preferentially. How chronic airway disease influences the pattern of
aerosol deposition in lungs of children is largety unknown and should be investigated.
Drugs should be developed that can more effectively target peripheral airways even

in the presence of chronic airway inflammation.

COMPUTATIONAL MODELS OF AIRWAY RESISTANCE. Airway mechanics are complex
due to the large number of variables involved. Computational models have been
developed to organize available knowledge on airway mechanics. The importance of
these models is underestimated. In fact, worldwide, only a few groups work on the
improvement of such models. Models are, by definition, a simplification of reality
but they enable us to study complex interactions between variables. Furthermore,
they highlight the gaps in our knowledge. Such models have helped us to understand
the importance of airway wall thickness for airway resistance, A more systematic
worldwide approach is needed to improve available models and to direct research to
fill in missing components, Furtherinore, a computational model of airway resistance
in infants and children should be developed for our understanding of airway
pathophysiology in children which is probably dramatically different from that in

adults.

COMPUTATIONAL MODEL AND MOLECULAR BIOLOGY. Knowledge of the molecular
biology of the airway has expanded enormously over the last decades. However, few
researchers within that field seem to see the whole picture. We think the time has
come to develop a computational model of airway molecular biology in parallel to
airway physiology. This will force molecular biologists to integrate knowledge and
fo define outcome measurements relevant for disease activity., Some molecular
biologists say that there are too many interactions and reality is too complex for a
computational model. We state the opposite: since there are so many interactions and

reality is so complex - start modeling!
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CAST STUDIES OF INFANT LUNGS. Detailed knowledge of airway geometry at diffe-
rent ages is required for the development of adequate computational models of airway
function in children. However, to date, the airway geometry of children has not been
investigated systematically. Airway geometry can be measured from casts of lungs,

obtained froin autopsies of children.
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Samenvatting

Ontsteking van de lichtwegen, luchtwegobstructie en bronchiale hyperreactiviteit
zijn belangrijke kenmerken van astma, chronisch obstructief longlijden (COPD), cystic
fibrosis (CF) en bronchopulmonale dysplasie (BPD). Chronische ontsteking van lucht-
wegen is geassocieerd met functionele veranderingen van de luchtwegwand en van
het longparenchym. Hoe deze veranderingen gerelateerd zijn aan luchtwegobstiuctie
en bronchiale hyperreactiviteit is complex en onduidelijk. Een beter inzicht in de
relatie tussen structuur en functie van chronisch ontstoken luchtwegen en parenchym
is noodzakelijk, het zou kunnen leiden to betere therapie.

Dit proefschrift bevat de resultaten van een aantal studies naar de structuur en functie
van luchtwegen afkomstig van patiénten met COPD, CF en BPD.

Hoofstuk 1 geeft een algemene introductie van het proefschrift en de doelen van de
studies.

Hoofdstuk 2 geeft een overzicht van de pathofysiologie van luchtwegontsteking en
de structuur-functierelaties van componenten van normale en zieke luchtwegen bij
patiénten met astma, COPD, CF en BPD.

In hoofstuk 3 worden de structuur-functiereiaties van luchtwegen afkomstig van
COPD- patiénten beschreven. De vraag wordt beantwoord of luchtwegobstructie en
ontsteking in perifere luchtwegen correleert met de dikte van de wand van kraakbeen-
houdende luchtwegen en de hoeveelheid glad spierweefsel in die wand. Verder wordt
de theoretische relatie tussen luchtwegwanddimensies en luchtwegweerstand bestu-
deerd in een rekenkundig computermodel. Longweefsel werd verkregen van 72 pa-
tignten met verschillende mate van chronisch obstructief longlijden die geopereerd
werden aan een solitaire perifere longafwijking, Bij 341 transversaal aangesneden
secties van kraakbeenhoudende luchtwegen werden zowel de grootte van de lucht-
weg als verschillende dimensies van de wand gemeten. Verder werd een ontstekings-
score bepaald in het longweefsel bij niet-kraakbeenhoudende luchiwegen. De pre-
operatief gemeten maximale uitademingssnetheid en de reactie op een bronchus-
verwijder werden gecorreleerd met de luchtwegwanddimensies.

Pe maximale unitademingssnelheid, de reversibiliteit van fuchtwegobstructic en de
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ontstekingsscore van perifere luchtwegen waren alle significant gecorreleerd met het
volume van de binnenwand maar niet met het volume van het bronchiaal spierweef-
sel. De conclusie van dit hoofdstuk is dat bij pati€nten met COPD luchtwegobstructie
en de reversibiliteit hiervan ten dele veroorzaakt wordt door ontstekingsgerelateerde
verdikking van de wand van kraakbeenhoudende luchtwegen.

In hoofdstuk 4 wordt de relatie onderzocht tussen de stroomopwaartse conductantie,
zoals geschat met de “maximal flow-static recoil” (MFSR)-curve, en de ontsteking
en verdikking van de luchtwegen. Verder werd de relatie onderzocht tussen de
collapsibiliteit van luchtwegen, de hoeveelheid kraakbeen in de wand en de dikte van
de luchtwegwand.

De maximale uitademingssnelheid kan verminderd zijn door drie mechanismen; ver-
lies van de elastische retractiekracht van de long, verminderde luchtwegconductantie
stroomopwaarts van de flow-limiterende segmenten en toegenomen collapsibiliteit
van de luchtwegen. Het is gesuggereerd dat het relatieve aandeel van de elastische
retractiekracht van de long, conductantie van de luchtwegen en fuchtwegcollapsibiliteit
voor luchtwegobstructie kan worden geschat met een MESR-curve. Longweefsel werd
verkregen van 72 patiénten met luchtwegobstructie in verschillende ernst, die geope-
reerd werden aan een solitaire perifere longafwijking. Om de conductantie en
collapsibiliteit van luchtwegen te schatten werden MESR curves samengesteld uit
pre-operatief gemeten flow-volume en druk-volume curves bij 39 patiénten. Bij 341
transversale secties van kraakbeenhoudende luchtwegen werden de grootte van de
luchtweg en de wanddimensies gemeten. De mate van luchtwegobstructie correleerde
met de elastische retractiekracht van de long en met de luchtwegconductantie als
geschat met de MESR curves, maar niet met de luchtwegcollapsibiliteit en de hoe-
veelheid kraakbeen. De luchtwegconductantie verminderde met het dikker worden
van de binnenwand, Collapsibiliteit van de luchtweg correleerde niet met de dikte
van de luchtwegwand of met de hoeveelheid kraakbeen of ontsteking in de luchtweg-
wand. De conclusie van dit hoofdstuk is dat het MESR-model niet de collapsibiliteit
van het flow-limiterend segment voorspelt,

In hoofdstuk 5 beschrijven we een micro-plethysmograaf die ontwikkeld werd om

de respons te meten van glad spierweefsel in geisoleerde luchtwegen onder isobare
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omstandigheden. Tevens beschrijven we een experimentele opstelling die ontwik-
keld werd om de mechanische eigenschappen te meten van luchtwegsegmenten. Het
in-vitro meten van een contractie- of relaxatierespons bij geisoleerde luchtweg-
segmenten heeft belangrijke voordelen boven het meten aan strip- of spiraalpreparaten.
Echter, er was geen goede methode om de isobare respons van luchtwegsegmenten te
meten, Daarvoor ontwikkelden wij een micro-plethysmograat met eent volumemeet-
bereik van 10 tot 700 pL, een resolutie van 0.02 tot 0.4 pl., en een drift van 2.6 tot
0.7% van het meetbereik per minuut voor respectievelijk de meest en minst gevoelige
instelling. De plethysmograaf is in staat de druk die ontstaan is door volume-
veranderingen te compensercn. We laten voorbeelden zien van stimulatie van geiso-
leerde humane luchtwegsegmenien onder isobare omstandigheden met methacholine,
isoprenaline of met een electrisch veld. Behalve bij luchtwegen kan de micro-
plethysmograaf ook gebruikt worden om de contractiele eigenschappen te bestude-
ren van andere waterdichte en holle structuren zoals bloedvaten, darm en ureter. Ver-
der kan de plethysmograaf gebruikt worden om lek of diffusie door de wand van een
holle structuur te meten bij elke willekeurige transmurale druk.

In hoofdstuk 6 wordt de relatie beschreven tussen compliantie, collapsibiliteit en
hysterese van getsoleerde humane kleine luchtwegsegmenten enerzijds en luchtweg-
wanddimensies anderzijds. Luchtwegwanddimensies zijn belangrijk als determinant
voor de mechanische eigenschappen van luchtwegen. Chronische ontsteking veran-
dert naar alle waarschijnijkheid deze mechanische eigenschappen. Longweefsel werd
verkregen van 31 patignten met luchtwegobstructie van verschillende ernst die geo-
pereerd werden aan een geisoleerde solitaire longafwijking. Segmenten van 35 kleine
luchtwegen werden waterdicht gemonteerd op canules in een orgaanbad en cyclisch
opgepompt en leeggezogen tussen +15 and -15 cm H,0. Dit werd voor elke lucht-
weg gedaan voor de uitgangs situatie, na methacholine, en na isoprenaline. Speci-
ficke compliantie (sCdyn), specificke hysterese (s1)), en de druk waarbij de lucht-
wegcollabeerde (Pcol) werden berekend voor elke registratie. Luchtwegwand-
dimensies werden morfometrisch gemeten. Longfunctieparameters van luchtweg-
obstructie werden gecorreleerd met sCdyn, s, en Pcol. sCdyn na isoprenaline was

significant hoger en st en Pcol significant lager dan na metacholine. Het opperviak
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van het glad spierweefsel, maar niet van de totale luchtwegwand, was een belang-
rijke determinant voor sCdyn en voor s1) na methacholine. Specifieke hysterese voor
baseline correleerde met RV/TLC en na methacholine met FEV [/FVC en RV/TLC.
Uit deze resultaten kunnen we concluderen dat het oppervlak en de tonus van het
glad spierweefsel, maar niet het oppervlak van de totale wand, belangrijke determi-
nanten zijn voor de luchtwegcompliantie, hysterese, en collapsibiliteit. Hysterese lijkt
een belangrijke determinant voor chronische luchtwegobstructie.

In hoofdstuk 7 worden luchtwegwanddimensies van CF-patiénten vergeleken met
die van COPD-patiénten. Verder wordt de theoretische relatie tussen deze luchtweg-
wanddimensies en luchtwegweerstand bestudeerd in een rekenkundig computermodel.
Chronische ontsteking van luchtwegen leidt bij de meeste CF-pati&nten tot progres-
sieve luchtwegobstructie en tot een toename van de bronchiale hyperreactiviteit. Het
is niet duidelijk hoe luchtwegpathologie bij deze patiénten gerelateerd is aan de ernst
van de luchtwegobstructie en de toegenomen bronchiale reactiviteit. Luchtweg-
dimensies werden gemeten in longen van CF-patiénten afkomstig van long-
transplantatie (12), lobectomie (1) of autopsie (4). Deze dimensies werden vergele-
ken met die van luchtwegen afkomstig van lobectomie&n van 72 patiénten met COPD.
De luchtwegdimensies van CF- en COPD-patiénten werden ingevoerd in een reken-
kundig computermodel om het effect op de luchtwegweerstand te bestuderen. Het
volume van de binnenwand en van het glad spierweefsel van perifere CF-luchtwegen
was met een factor 3.3- tot 4.3 toegenomen in vergelijking met die van COPD- fucht-
wegen. Het epitheel was 53% hoger in perifere CF-luchtwegen. De sensitiviteit en de
maximale plateauweerstand van de met het computer model berekende dosis-respons-
curve waren substantiee! toegenomen in CF-patiénten vergeleken met COPD. De
veranderingen in luchtwegdimensies van CF-patiénten dragen naar alle waarschijn-
lijkheid bij aan de ernstige luchtwegobstructie en aan de bronchiale hyperreactiviteit
zoals beschreven bij CF-patiénten.

Of luchtwegwanddimensies bijdragen aan longfunctieafwijkingen zoals beschreven
voor BPD patiénten is onbekend.

In hoofdstuk 8 worden luchtwegdimensies van BPD-patiénten vergeleken met die
van controles. Longweefsel werd verkregen van obducties van patiénten met BPD en
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van overleden patiénten met de diagnose wiegedood (SIDS) welke dienden als con-
trolegroep. Luchtwegdimensies en epitheelverlies werden gemeten bij 75 luchtwe-
gen afkomstig van 5 BPD-patiénten en bij 176 luchtwegen van 11 SIDS-pati€nten.
De relatie tussen luchtwegwanddimensies en Iuchtweggrootte van BPD- en SIDS-
patiénten werd berekend met een variantic analyse (RMANOVA). Het epitheelverlies
was gering in de BPD-patiénten terwijl een unitgebreid epitheelverlies werd waarge-
nomen in sommige SIDS-patiéaten. Het volume van de binnenwand, buitenwand en
van het glad spierweefsel was substantieel groter bij de BPD-patiénten in vergelij-
king met de SIDS-patiénten. Het is waarschijnlijk dat bij BPD-pati€nten de toegeno-
men luchtwegwanddimensies bijdragen aan de luchtwegobstructie en de reversibiliteit

van die obstructie.

In de Algemene Discussie wordt besproken hoe veranderingen van de luchtweg-
wand kunnen bijdragen aan de pathofysiologie van luchtwegobstructie en bronchiale
hyperreactiviteit. De epitheliale laag van chronisch ontstoken luchtwegen is waar-
schijnlijk beschadigd door toegenomen fragiliteit. Dit heeft een gestoorde mucociliaire
klaring tot gevolg en kan bijdragen aan verhoogde tonus van het bronchiaal glad
spierweefsel.

Evenals bij astma is bij COPD, CF en BPD de dikte van de binnenwand.toegenomen.
Dit heeft een verhoogde luchtwegweerstand tot gevolg en versterkt het effect van
verkorting van het bronchiaal glad spierweefsel. De hoeveelheid bronchiaal glad spier-
weefsel is verhoogd bij patienten met CF en BPD maar niet bij rokers met luchtweg-
obstructie. In-vivo hebben bronchusverwijders weinig effect op de luchtweg-
doorgankelijkheid bij COPD., In-vitro zijn de mechanische eigenschappen van lucht-
wegen van patienten met COPD sterk athankelijk van de tonus en van de hoeveelheid
bronchiaal glad spierweefsel. De beperkte reversibiliteit van luchtwegobstructie bij
COPD wordt waarschijnlijk veroorzaakt door factoren gelegen buiten de luchtweg-
wand zoals een gestoorde parenchym-luchtweginteractie.

De hoeveelheid kraakbeen in de luchtwegwand is niet verminderd bij COPD maar
wel bij CF. Het is onduidelijk of het volume van het luchtwegkraakbeen een rol speelt

bij de pathofysiologic van luchtwegobstiuctie.
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De dikte van de buitenwand van kraakbeenhoudende luchtwegen was niet betrouw-
baar te meten bij luchtwegen van patienten met CF en COPD. De buitenwand van
kleinere luchtwegen bij BPD waren sterk verdikt ten opzichte van controles. Verdik-
king van de buitenwand ontkoppelt naar alle waarschijnlijkheid het glad spierweefsel
van het parenchym en kan aldus bijdragen aan luchtwegobstructie,

Chronische luchtwegontsteking veroorzaakt verdikking van de luchtwegwand maar
verandert de mechanische eigenschappen van de wand niet in belangrijke mate. Lucht-
wegobstructie bij chronische luchtwegontsteking kan het gevolg zijn van een ge-
stoorde luchtweg-parenchyminteractie in combinatie met verdikking van luchtweg-

wand.
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L1ST OF ABBREVIATIONS

B meas

BPD

Brer

Cdyn

Cdyny

CF

COPD
DFEV {%ini

DFEV %pred
APy’

Fepi

FEV,
FEV/FVC

FRC
FVC
GLIS

List of Abbreviations

lung volume at infinite transmural pressure

basement membrane area

area of the fully relaxed airway [umen

analog to digital converter

internal area

outer muscle area

outer area

the lung volume difference between lung volume at infinite
transmural pressure and at a pressure of 0 cim HyO

measurement barrel

bronchopulmonary dysplasia

reference barrel

average dynamic compliance of pressure-volume loops

dynamic compliance of first pressure-volume loop

cystic fibrosis

chronic obstructive pulmonary disease

absolute change in FEV | as a percentage of the pre-bronchodilator
FEV|

absolute change in FEV as a percentage of the predicted FEV)
absolute difference of Py, (pred) - Py’

fraction of basement membrane covered with respiratory epithelium
forced expiratory volume in 1 second

ratio between forced expiratory volume in 1 second and forced vital
capacity

functional residuai capacity

forced vital capacity

airway conductance upstream from flow limiting segment during
forced expiration 7

G5 expressed as percentage of G (pred)

217




LisT oF ABBREVIATIONS

Hepi
I1C

Iso
k

MADS
MCh
MFSR
n

n

i

Pbm
PCy

Pcol

Pcol;
PDp

218

Height of respiratory epithelium

inspiratory capacity

isoprenaline

the exponential constant that describes the shape of the pressure-
volume curve

membranous airways disease score

methacholine

maximal flow-static recoil

number

average hysteresis of the subsequent pressure-volume loops
hysteresis of first pressure-volume foop

Ievel of significance

basement membrane perimeter

conceniration of bronchoconstricting agent that causes a 20% fall in
FEV;

pressure of airway closure of subsequent pressure-volome loops
pressure of airway closure of first pressure-volume loop

dose that causes a 10 fold increase in baseline resistance of simulated
dose-response curve

differential pressure transducer

transducer to measure transmural pressure at distal end of airway
internal perimeter

transpulmonary pressure

transpulmonary pressure at 60% of total lang capacity
transpulmonary pressure at 90% of total lung capacity

outer muscle perimeter

outer perimeter

transducer to measure transmural pressure at proximal end of airway
predicted

transmural pressure causing airway collapse at the flow limiting

segment



List OF ABBREVIATIONS

R

RADS
RMANOVA
RV

sCdyn
sCdyn

SD

sem

sGys

SIDS
sty

5MNp

Vmaxss
Vmaxsg

Vprox
Vpu mp
Vi
WAbm

Spearman’s correlation coefficient

respiratory airways disease score

repeated measures analysis of variance

residual volume

specific average dynamic compliance of pressure-volume loops
specific dynamic compliance of first-pressure volume loop
standard deviation

standard error of the mean

airway conductance upstream from flow limiting segment during
forced expiration divided by total lung capacity

sudden infant death syndrome

average hysteresis of subsequent pressure-volume loops normalized
as a percentage of the maximal possible hysteresis

hysteresis of first pressure-volume loop normalized as a percentage
of the maximal possible hysteresis

large bore tubing

total lung capacity

volume

valve to connect air compartment to atmosphere

vital capacity

valve at distal end of the airway

volume displaced by airway segment after relaxation by isoprenaline.
expressed as percentage of volume of segment.

volume displaced by airway segment after contraction with
methacholine expressed as percentage of volume of segment
maximal flows at 25% of forced vital capacity

maximal flows at 50% of forced vital capacity

valve at proximal end of the airway

valve to connect pump to micro-plethysmograph or to airway
valves used for the filling and to obtain identical fluid levels in barrels

inner wall area, exclusive epithelium
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WA cart cartilage area

WA pi wall area covered by epithelium
WA; inner wall area, inclusive epithelium
WA, smooth muscle area

WA, outer wall area

WA, total wall area
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