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Summary
The airﬂow limitation that deﬁnes chronic obstructive pulmonary disease (COPD) is the result of a prolonged time
constant for lung emptying, caused by increased resistance of the small conducting airways and increased
compliance of the lung as a result of emphysematous destruction. These lesions are associated with a chronic
innate and adaptive inﬂammatory immune response of the host to a lifetime exposure to inhaled toxic gases and
particles. Processes contributing to obstruction in the small conducting airways include disruption of the epithelial
barrier, interference with mucociliary clearance apparatus that results in accumulation of inﬂammatory mucous
exudates in the small airway lumen, inﬁltration of the airway walls by inﬂammatory cells, and deposition of
connective tissue in the airway wall. This remodelling and repair thickens the airway walls, reduces lumen calibre,
and restricts the normal increase in calibre produced by lung inﬂation. Emphysematous lung destruction is
associated with an inﬁltration of the same type of inﬂammatory cells found in the airways. The centrilobular
pattern of emphysematous destruction is most closely associated with cigarette smoking, and although it is initially
focused on respiratory bronchioles, separate lesions coalesce to destroy large volumes of lung tissue. The panacinar
pattern of emphysema is characterised by a more even involvement of the acinus and is associated with 1
antitrypsin deﬁciency. The technology needed to diagnose and quantitate the individual small airway and
emphysema phenotypes present in people with COPD is being developed, and should prove helpful in the
assessment of therapeutic interventions designed to modify the progress of either phenotype.

The deﬁning feature of chronic obstructive pulmonary
disease (COPD) is irreversible airﬂow limitation
measured during forced expiration,1,2 caused by either
an increase in the resistance of the small conducting
airways,3,4,5 an increase in lung compliance due to
emphysematous lung destruction,6 or both. The units
for airway resistance are cm H2O/L per s and for
compliance are L/cm H2O, and their product (time),
provides the time constant for lung emptying.7 This
constant is reﬂected in measurements of the volume of
air that can be expired in one second (FEV1) and its ratio
to forced vital capacity (FEV1/FVC), which are reliable
screening tools because they are affected by both airway
obstruction and emphysema.
Figure 1 reproduces classic data from Fletcher and
colleagues8 showing the different rates of decline in
FEV1 with age for non-smokers and smokers who either
do or do not develop COPD. The horizontal lines have
been added to show the boundaries of COPD severity
recommended by a global initiative on obstructive lung
disease (GOLD).1,2 Fletcher and colleagues8 showed that
the rate of decline in FEV1 of most people who smoke is
similar to that for non-smokers, in that they remain in
the GOLD 0 and 1 category with greater than 80%
predicted FEV1. These investigators also showed that in
a susceptible minority of tobacco smokers (estimated at
15–20% of the total), lung function declines rapidly to
levels consistent with moderate (GOLD 2), severe
(GOLD 3), and very severe (GOLD 4) COPD. Their data
also showed that stopping smoking had a beneﬁcial
effect at any age. Findings based on post mortem
examination,9,10 resected lung specimens,11,12 biopsies,13
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induced sputum,13,14 and bronchoalveolar lavage,13,15 all
indicate that the lung inﬂammation is present in
everyone with a tobacco smoking habit. The reason why
only a minority of smokers experiences an excessive
decline in FEV1 is unknown, but preliminary evidence
suggests that the lung inﬂammatory response is
ampliﬁed in the susceptible group.12,16 The purpose of
this review is to discuss the nature of the lesions
associated with airﬂow limitation in terms of the host
defence of the lung.
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This is the second Seminar in a
series about COPD

Host defence of the lung
The cause of COPD is attributed to the total burden of
toxic gases and particles that individuals inhale during
their lifetime.1,2 Although atmospheric pollution
contributes to this burden, the smoking of tobacco
products is the major risk factor.1,2,17 The host defence
system against this type of insult is provided by the
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Figure 1: Rate of decline in FEV1 with age
Adapted from references 2 and 8.
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Figure 2: Anatomical features of the innate and adaptive inﬂammatory immune responses
(A) Migration of inﬂammatory cells in the epithelial layer (white arrows) and entry into the surface mucous layer of a guineapig after exposure to cigarette smoke.
(B) Histology of bronchial microvasculature. One capillary bed lies between the epithelium and muscle (single arrow) and a second lies in the adventitial compartment
below outside the muscle (double arrow). These two capillary beds are joined by connecting vessels (arrow head) that pass between the muscle bundles.
(C) Lymphoid follicle in BALT with a germinal centre (GC). The follicle is covered by a specialised epithelium containing M cells (between the arrows), which transport
antigens from the lumen into the subepithelial tissue. (D) Diagram of a regional lymph node, which differs from BALT in that it has afferent lymphatic vessels that
penetrate a capsule surrounding the node and an efferent lymphatic vessel that leaves at the hilum. The blood supply to the follicle forms a network around the outer
edge of the follicles in both lymph nodes and BALT. The vessels that form this network around the follicles located in BALT arise from the outer vascular plexus
shown in (B).

innate and adaptive inﬂammatory and immune
response.

Innate response
The innate defence system includes mucociliary
clearance of the airways, which works cooperatively with
the monocyte/macrophage system to move deposited
particles up the mucociliary escalator.18,19 Additionally,
tight junctions connecting lung epithelial cells provide a
physical barrier between the tissue and airspace. This
710

protective barrier is broken down by chronic exposure to
cigarette smoke,20–22 and this epithelial disruption initiates
an acute inﬂammatory response. The inﬂammatory cells
that migrate into the epithelium (ﬁgure 2A) are delivered
in subepithelial microvessels, and those found in the
outer wall of the airways are delivered in a second
microvascular bed located in the adventitia of the airway
wall (ﬁgure 2B). Proteins delivered to the site of
exudation23,24 and produced locally25–27 assist the migrating
phagocytes in taking up and destroying foreign particles.
www.thelancet.com Vol 364 August 21, 2004
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The cells that participate in the innate response include
polymorphonuclear
cells
(PMNs),
eosinophils,
macrophages, natural killer cells, and mast cells.
Uncommitted B cells and CD4 and CD8 lymphocytes can
also be mobilised during an innate response, but antigen
presentation and lymphocyte interaction are needed to
initiate the cellular and humoral components of the
adaptive immune response.28
Airways below the larynx are normally sterile but the
nasal passages and oropharynx are permanently
colonised by microbes.29 Aspiration from the upper
airway into the lower respiratory tract is common in
healthy people, especially during sleep, and brings large
numbers of microorganisms into the lung. The normal
host response is sufﬁcient to remove these microorganisms and maintain sterility,29 but suppression of
this response by chronic cigarette smoke exposure allows
some of these microbes to invade the natural tissue
barriers and overcome the local host defence system to
produce infection.30

Adaptive response
The innate system can recognise antigens deposited on
the lung surface and react to them but it has a limited
memory of previous exposure.31 By contrast, the cellular
and humoral immune components of the adaptive
response have exquisite memory for both soluble and
particulate antigens that are aspirated or inhaled into the
lung.32–36 Antigens deposited on the epithelial surface of
the airways may either be transported across the intact
epithelium in specialised epithelial M cells located in the
surface epithelium covering bronchial associated
lymphatic tissue (BALT; ﬁgure 2C), or penetrate the
epithelium at the site of injury. Dendritic cells arranged
in a network at the base of the epithelium and in the
lamina propria beneath the basement membrane34–36 pick
up these antigens and transport them to the BALT (ﬁgure
2C) or to regional lymph nodes (ﬁgure 2D). BALT differs
from regional lymph nodes in that it does not have a
capsule or afferent lymphatics, and receives antigen
transported from the epithelial surface.

Antigen presentation links innate and adaptive
responses
The lymphoid follicles in the BALT and regional lymph
nodes (ﬁgure 2C and D) greatly enhance the
opportunities for antigen presentation, which is the
critical link between the innate and adaptive response.
Lymphocytes migrate out of the blood at the venous end
of the microvasculature that supplies the follicle (ﬁgure
2D) by attaching to specialised high endothelial cells that
line the venules.37 The B cells leaving the blood
accumulate near the edge of the follicles and the T cells
accumulate in the parafollicular areas (ﬁgure 2D). This
accumulation allows the antigen-presenting cells
percolating through the regional lymph nodes and BALT
to present antigen to separate concentrations of T and B
www.thelancet.com Vol 364 August 21, 2004

lymphocytes.38,39 The T cells activated by an antigen
migrate out of the parafollicular areas to the edge of the
follicle, where their chance of meeting B cells that have
recognised the same antigen is improved several times
compared with the likelihood of doing so in peripheral
blood, where only one in 105 or 106 lymphocytes
recognises the same antigen. The signals delivered from
the CD4 T-helper lymphocytes to B cells that have been
activated by the same antigen initiate B-cell proliferation
at the edge of the follicle and migration into the germinal
centre where they begin to produce antibody.38,39 B cells
that produce high afﬁnity antibody capable of binding
antigen presented by a separate set of follicular dendritic
cells survive to become either memory cells or antibodyproducing B cells. These cells re-enter the circulating
blood as the lymph drains into the central venous system
and home back to the site of injury. The IgM and IgG
antibodies manufactured by the plasma cells can
neutralise extracellular microbial toxins and initiate a
much more efﬁcient process of opsonisation and
phagocytic killing than can be mounted by the innate
response. Th-2 subpopulations of CD4 T-helper cells
stimulate B-cells to manufacture greater amounts of IgE
by secreting interleukin 4, whereas transforming growth
factor (TGF)  and interleukin 5 stimulate another
population of B-cells to produce IgA.40–43
The cell-mediated component of the adaptive host
response assists in the destruction of microbes taken up
and processed by alveolar macrophages during the innate
response. A Th-1 subpopulation of CD 4 T-helper
lymphocytes recognises an antigen complex displayed on
the surface of these macrophages and secretes interferon
 to activate the macrophages and destroy the particles
inside.28 A subpopulation of CD8 lymphocytes that also
recognises antigen expressed on macrophages assists in
this process by secreting additional interferon . A
second component of the cell-mediated response
provides a different population of CD8-positive cytotoxic
lymphocytes, which recognise all nucleated cells infected
by intracellular pathogens and destroy them. This
destruction occurs in stages, including: a recognition
step, in which the cytotoxic CD8 lymphocyte uses its T
cell receptor to bind to antigen displayed on the target cell
surface; a second step, in which the molecule perforin
creates holes that connect the cytotoxic T-cell to the target
cell, and delivers granzyme into the cytoplasm; and a
third step, in which target cell caspases are activated by
granzyme to initiate the intracellular signals that result in
apoptosis of the target cell.28

Cytokine control of host response
Two important cytokines (tumour necrosis factor (TNF
and interleukin 1) initiate and orchestrate the innate
response and have a broad stimulating effect on the B
and T cells needed to develop an adaptive response.23,28,44
Experiments designed to overexpress these two cytokines
individually have shown that both induce a substantial
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Figure 3: Key lesions in chronic bronchitis
(A) Histology of bronchus with epithelial lining that extends from lumen into gland duct and gland. (B) Enlarged glands from a patient with chronic bronchitis.
(C) One of these gland at higher magniﬁcation showing inﬂammatory cells (arrow and arrowhead). Reproduced from reference 2 with permission.

local inﬂammatory reaction that disappears when
cytokine expression stops. But only interleukin 1
overexpression stimulates the collagen deposition
associated with the repair process.45,46 Cytokines such as
TGF, which have multiple roles—including antibody
isotype switching, immunosuppression, and the
initiation of connective tissue matrix production—are
important in the transition from the inﬂammatory
immune response to the repair process.47,48
The surface epithelial cells and migrating
inﬂammatory cells attracted to the site of injury are a
major source of the cytokines that initiate and control
the host response.49–55 When exposed to atmospheric
particles in vitro, macrophages increase their
production of TNF, interleukin 1, macrophage
inﬂammatory protein 1, granulocyte-macrophage
colony-stimulating factor (GM-CSF), interleukin 6, and
interleukin 8;49,50 and bronchial epithelial cells increase
their production of interleukin 1 and leukaemia
inhibitory factor.51–53
Stimulation of bronchial
epithelial cells with conditioned media from
macrophages also indicates that interactions between
these two cell types enhance the production of GMCSF, interleukin 6, and possibly interleukin 8.54
Endothelial cells seem to regulate the degranulation of
PMN.55
Some of the cytokines generated at the site of injury
in the lung have an endocrine function that stimulates
712

the hypothalamus to induce fever (TNF, interleukin
1), the liver to increase synthesis of acute-phase
proteins (TNF, interleukin 1) and the bone marrow
to increase production and release of leucocytes and
platelets (TNF, GM-CSF, interleukin 6).23,24 The
production of interleukin 8 and macrophage inﬂammatory protein 1 is important to the recruitment of
both PMN and monocytes into sites of injured lung.
GM-CSF, a haemopoietic growth factor, has been
identiﬁed as an important degranulation factor that
enhances tissue damage induced by granulocytes. The
endocrine function generated during an acute
response is relevant to human disease in that heavy
exposure to toxic dust and fumes stimulates a rise in
body temperature56 and chronic cigarette smoking
increases the production of acute phase proteins in the
liver and stimulates the bone marrow to increase the
production and release of circulating leucocytes.57,58

Pathology of COPD
The lungs of people that smoke 1–2 packages of
cigarettes per day receive a cyclic exposure to toxic
gases and particles that is repeated 20 to 40 times every
day. Those with a 50 pack-year smoking history receive
this type of daily stimulus for 25–50 years. The cough
and sputum production that are the deﬁning features
of chronic bronchitis are a manifestation of the innate
response to the toxic particles and gases in cigarette
www.thelancet.com Vol 364 August 21, 2004
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smoke. But the airﬂow limitation that deﬁnes COPD is
associated with lesions that obstruct the small
conducting airways,3–5 produce emphysematous
destruction of the lung’s elastic recoil force,6 or both.

Chronic bronchitis
The inﬂammation associated with chronic bronchitis is
located in the epithelium of the central airways (larger
than 4 mm in internal diameter) where it extends along
the gland ducts into the mucus-producing glands.59,60
This inﬂammatory process is associated with increased
production of mucus, defective mucociliary clearance,
and disruption of the epithelial barrier provided by the
innate host defence system.20–22 Inﬂammatory cells
from both the innate and adaptive host response
participate in this process.60–62 Reid63 noticed that the
bronchial mucous glands were enlarged in chronic
bronchitis (ﬁgure 3) and used the ratio of gland to
bronchial wall thickness (now referred to as the Reid

index) as a diagnostic yardstick for the pathological
diagnosis of chronic bronchitis. Thurlbeck and Angus64
reported that the Reid index was normally distributed
with no clear break between patients with and without
bronchitis, but most studies have shown a fairly small
overlap with higher values in patients with chronic
bronchitis.65,66 Chronic bronchitis is also associated
with thickening of the bronchial walls that is mainly
related to an increase in connective tissue deposition.65
Growth factors such as TGF have been shown to be
present in the central airways,67 but the complexity of
their role in this remodelling is beyond the scope of
this review.
The recognition that the normal bacterial sterility in
the lower airways is lost in the presence of chronic
bronchitis68 led to the hypothesis that there was a
natural progression from the simple mucus
hypersecretion associated with cigarette smoking to
purulent hypersecretion and obstructive bronchitis.69

Figure 4: Small airway obstruction
(A) Normal small airway. (B) Small airway containing plug of mucus with relatively few cells, which could have been produced in the glands of the larger airways and
aspirated into the smaller airways. (C) Acutely inﬂamed airway with thickened wall in which the lumen is partly ﬁlled with an inﬂammatory exudate of mucus and
cells, which has probably been produced in the small airway. (D) Airway surrounded by connective tissue, which appears as if it might restrict normal enlargement of
the lumen and unfolding of the epithelial lining that occurs with lung inﬂation.
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But the longitudinal studies undertaken by Peto and
colleagues,70 and the Copenhagen group71 have shown
that the symptoms of chronic bronchitis do not predict
the subsequent rapid decline in FEV1 that leads to
COPD (ﬁgure 1). However, acute lower respiratory
tract infections in current smokers who already have
COPD might result in a more rapid fall in FEV1.72

Small airway obstruction
Although the terms chronic bronchitis and airway
obstruction are often used interchangeably, the major
site of obstruction is actually found in the smaller
conducting airways (less than 2 mm in diameter).3–5
These airways are spread out between the fourth and
14th generation of airway branching, since the human
bronchial tree branches in a non-dichotomous fashion.73
The increase in the numbers of airways with
progressive branching rapidly expands their total cross
sectional area and lowers their resistance. In the healthy
lung, about 75% of total lower-airway resistance is
located in the central conducting airways larger than 2
mm in internal diameter, compared with 25% in the
smaller bronchi and bronchioles.3,5 Furthermore,
because the airways below the larynx account for only
50% of total resistance measured at the mouth, the
airways smaller than 2 mm in internal diameter only
account for 10–15% of total airway resistance. For this
reason, Mead74 referred to the peripheral conducting
airways as the lungs’ silent zone, where disease might
accumulate for many years with very little effect.
Many studies have shown that there are structural
abnormalities in the small airways of smokers who
might or might not have COPD.75–90 Some investigators
suggest that accumulation of mucus obstructs the small
airways of patients with COPD, but this “mucus
plugging” has also been attributed to a postmortem
artefact related to the events leading to death. However,
a recent study based entirely on surgically resected lung
tissue from patients at all stages of the GOLD
classiﬁcation of COPD showed a relation between the
accumulation of inﬂammatory exudates containing
mucus in the airway lumen and severity of COPD.90
Although some of this mucus might be produced by the
glands in the more central bronchi and aspirated into
the peripheral airways, most seems to be added to
inﬂammatory exudates that form in the lumens of the
small airways (ﬁgure 4).
The cells that migrate through the epithelium of the
small airway lumen are delivered by the subepithelial
vessels, but the lymphoid follicles associated with the
BALT are centred on the vessels in the adventitial layer
(ﬁgure 2). Any increase in tissue between the airway
smooth muscle and the lumen surface will encroach on
lumen calibre and raise resistance. Furthermore, this
effect may be ampliﬁed by smooth-muscle contraction
to account for the airway hyper-responsiveness noted in
COPD.91 Matsuba and Thurlbeck10 showed preferential
714

deposition of connective tissue in the adventitial
compartment of the airway wall in advanced
emphysema. Our more recent ﬁndings90 have
conﬁrmed this observation and suggested that this
peribronchiolar ﬁbrosis might contribute to ﬁxed airway
obstruction by restricting the enlargement of airway
calibre that occurs with lung inﬂation (ﬁgure 4D). The
inﬂammatory process in the adventitial compartment of
the small airways might also destroy the support the
small airways receive from the alveoli attached to their
outer walls. Although a decrease in the number and
strength of these attachments has been implicated in
small airway obstruction92,93 and correlates with the
decline in FEV1,94 direct measurements of peripheral
airway resistance indicate that this loss of alveolar
support is a less important cause of obstruction than the
pathology in the airway wall and lumen.3
Previous reports have also shown that B cells and CD4
and CD8 lymphocytes are present in the airway tissue of
patients with COPD, and that increases in CD8
lymphocytes95–97 and B cells98 are associated with a
decline in FEV1. This increase in lymphocytes is also
associated with an increase in BALT which is rarely
found in healthy non-smokers, is more frequent in
cigarette smokers,99 and shows a further sharp increase
in patients with severe (GOLD 3) and very severe
(GOLD 4) COPD.90 This increase in lymphocyte subtypes and the appearance of BALT at this stage of COPD
suggest the development of an adaptive immune
response that might be driven by microbial colonisation
and infection.30

Emphysema
Emphysematous lung destruction reduces maximum
expiratory ﬂow by decreasing the elastic recoil force
available to drive air out of the lung.6 The lesions
produced by emphysema were ﬁrst described by
Laennec100 and are deﬁned by dilatation and destruction
of lung tissue beyond the terminal bronchiole.101,102 The
practice of examining the postmortem lung in the
inﬂated state led to the modern descriptions of the
various forms of emphysematous lung destruction.103–110
The unit of lung anatomy on which these descriptions
are based is deﬁned by its surrounding connective
tissue septa (ﬁgure 5A) and is commonly referred to as
the secondary lobule of Miller. This unit is visible on the
surface of the lung to the naked eye and contains several
acini, deﬁned as the unit of lung supplied by a single
terminal bronchiole (ﬁgure 5B). The centrilobular or
centriacinar form of emphysema results from dilatation
and destruction of the respiratory bronchioles (ﬁgure
5C and D). This type of emphysema is most closely
associated with tobacco smoking109 and is most often
found in the upper lobes of the lung, where separate
lesions may coalesce to produce larger cavities
(ﬁgure 6A). The panacinar form of emphysema is
usually associated with 1 anti-trypsin deﬁciency,106,107,110
www.thelancet.com Vol 364 August 21, 2004
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even at the very highest levels of smoking.111 This
observation should not be confused with the fact that
only 15% of people develop COPD,8 because
emphysema is sometimes found in people who
maintain normal lung function.111 This type of
observation has become more common since the
introduction of the CT scan, but the hypothesis that this
early form of emphysema predicts a rapid decline in
function and subsequent development of COPD has not
been tested. The fact that about 40% of heavy smokers
develop emphysema and only 15% develop airﬂow
limitation reﬂects the long subclinical course of COPD.
Figure 7B shows data from a study12 in which smokers
who developed severe emphysema had an increase of
about tenfold in neutrophils, macrophages, T lymphocytes, and eosinophils present in their lungs, compared

and is more common in the lower lobes (ﬁgure 6B)
where it causes a more even dilation and destruction
over the entire acinus. Kim and colleagues110 have
presented data suggesting that one or the other of these
types of emphysema usually dominates in advanced
disease, and that dominance of the centriacinar form is
associated with more severe small-airway obstruction.
Paraseptal emphysema is deﬁned by destruction of the
outer part of the lobule near the septa and irregular
emphysema that occurs in relation to scars are
discussed elsewhere.109
The relation between cigarette smoking and the
presence of emphysema (ﬁgure 7A) shows a rough
dose-response curve between pack-years of smoking
and the presence of emphysema, but only about 40% of
heavy smokers develop substantial lung destruction,
B
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Adapted from reference 2. (A) Photograph of the pleural surface with peripheral airways ﬁlled with contrast material. The connective tissue border (single arrow)
surrounds a secondary lobule of Miller, and every terminal bronchus (TB) supplies a unit termed an acinus. (B) Low-power photomicrograph with respiratory
bronchioles (RB) and alveolar ducts (AD) branching off a terminal bronchiole. (C) Diagram adapted from reference 104 showing that centrilobular or centriacinar
emphysema is the result of dilatation and destruction of the respiratory bronchioles. (D) Contrast media ﬁlling a centrilobular emphysematous lesion (CLE).
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Figure 7: Emphysema and cigarette smoking
(A) Relation between cigarette smoking and presence of emphysema in a series
of lungs resected for small peripheral lung tumours (author’s data re-plotted
from reference 111). (B) For similar smoking histories (50–70 pack years),
control cases with normal lung function had many fewer inﬂammatory cells in
their lungs than individuals with severe emphysema (p<0·05 for all types of cell
shown; data from reference 12). Mac=macrophages.

Leucocyte kinetics in smokers

CLE

Figure 6: Comparison of centrilobular and panacinar emphysema
(A) Photograph of a mid-saggital slice of lung removed from a patient who received a lung transplant for COPD.
Note that the centilobular lesions have coalesced to produce severe lung destruction in the upper lobe. (B) Similar
specimen from a patient who received a lung transplant for 1 antitrypsin deﬁciency, in which there is less severe
but more extensive involvement of the lower lobe by panacinar emphysema. (C) Low-power photomicrograph of
the early lesions of centrilobular emphysema (CLE) that have destroyed central portions of several acini of a single
secondary lobule. (D) Slightly higher-power photomicrograph than (C), showing the much more even destruction
of the lobule in panacinar emphysema. (Specimens from Barnes Jewish hospital, Washington University, St Louis,
courtesy of Joel Cooper, with permission).

with people who smoked similar amounts but
maintained normal lung function.12 Comparison of
ﬁgure 7A and 7B strongly suggests that people who
develop emphysema have an ampliﬁed response to
cigarette smoke, but the mechanism of this
ampliﬁcation is unknown.
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One possibility is that the effect of smoking on
leucocyte kinetics increases the numbers of these cells
in lung tissue. A cardiac output of 6 L/min distributes
about 8640 L of blood to the lung in the pulmonary
circulation every 24 h, and an additional 86 L (about 1%
of the cardiac output) is delivered by the systemic
bronchial vessels. Since each litre of blood contains
about 109 leucocytes, about 8·71012 leucocytes ﬂow
through the lung every day. Both direct observations of
the pleural surface in animals and indirect
measurements in human beings have shown that
leucocytes are delayed with respect to erythrocytes as
they pass through pulmonary microvessels.112 Both
leucocytes and erythrocytes are slowed down in lung
microvessels because their maximum diameters are
slightly larger than those of pulmonary capillaries. But
the discoid shape of the erythrocyte allows it to fold and
move through these restrictions much more quickly
than the leucocytes. The arrangement of the alveolar
wall capillary bed into short interconnecting segments
provides a large number of parallel pathways for the
faster-moving erythrocytes to stream around slowermoving leucocytes (ﬁgure 8A). This effect concentrates
leucocytes with respect to erythrocytes, producing a
large pool of marginated leucocytes in the lung
www.thelancet.com Vol 364 August 21, 2004
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microvessels. These leucocytes can be rapidly mobilised
back into the circulating pool by stress and exercise.112
Cigarette smoking is known to raise the circulating
leucocyte count58 and to increase the size of the
marginated pool of leucocytes in lung capillaries by
activating PMNs and slowing them down.113,114 As ﬂow
limitation becomes more severe, the time constant for
lung emptying eventually exceeds that for the chest
wall, ﬁrst during exercise and then at rest. This change
produces dynamic hyperinﬂation, in which an increase
in alveolar pressure over pleural pressure will result in
capillary compression. Studies in patients who needed
cardiac catheterisation for other reasons have shown
that capillary compression during valsalva manoeuver
increases the pool of marginated leucocytes.115 Furthermore, the PMNs tend to be activated by their
deformation as they pass through this type of
restriction.116 Chronic exposure to cigarette smoke also

stimulates the bone marrow to release into the
circulation more immature cells that are more readily
delayed in the marginated pool in lung microvessels.117
All these factors increase the population of leucocytes in
lung capillaries.
Only a small proportion of the cells delivered to an
acute inﬂammatory site migrate out of the vascular
space into the lung tissue and airspaces.118 This
migratory process is controlled by a complicated series
of molecular events that ﬁrst prime and then trigger a
graduated response in the circulating cells. This
response begins by stiffening the cells to make them
less deformable and slow them down, followed by
mobilisation of their cytoskeleton to allow them to move
purposefully along the migratory pathway, and the
expression of adhesion proteins that allow them to
adhere to the structural cells and develop the traction
they need to move.119,120 An important series of studies by
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Figure 8: Migratory pathways for inﬂammatory cells in alveolar tissue
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Walker and co-workers120–122 has shown that
inﬂammatory cells begin this migratory process by
seeking out areas of endothelium where gaps form at
corners where three endothelial cells meet (ﬁgure 8B).
After they migrate through these gaps they come into
contact with the endothelial basement membrane near
the thick side of the capillary wall (ﬁgure 8C). Careful
three-dimensional reconstructions of the alveolar wall
based on serial electron micrographs have shown
(ﬁgure 8D) that the PMN migrate through pre-formed
holes in this basement membrane and come into
contact with ﬁbroblasts as they enter the interstitial
space. They then use the surface of the ﬁbroblast as a
guide as they cross the interstitial space and make
contact with the epithelial basement membrane.121,122
The very close association between migrating
inﬂammatory and interstitial cells suggests that the
interstitial ﬁbroblast may function as the “quarterback”
directing the ﬂow of inﬂammatory cells through the
interstitial compartment of the airway wall. When the
PMN arrives at the epithelial basement membrane it
passes through existing pores, then migrates between
alveolar type 1 and type 2 cells onto the alveolar surface
of the airspace.
The concept that the pathogenesis of emphysema is
caused by an imbalance between proteolytic enzymes
was introduced by the discovery linking severe
emphysema to 1-antitrypsin deﬁciency in humans and
by animal experiments showing that the deposition of
powerful enzymes produced emphysema-like lesions in
the lung.123 Although neutrophil elastase is the enzyme
that has been most heavily implicated in this process,
there is growing evidence that other cells and enzyme
systems are involved. Quite recent ﬁndings have also
suggested that emphysema can develop with little or no
inﬂammation, by disturbing proteoglycan synthesis and
by increasing apoptosis in the lung tissue.123
These important observations should be reconciled
with the much larger body of evidence that lung
inﬂammation provides the link between cigarette
smoking and emphysema. A better understanding of
the migratory behaviour of the inﬂammatory cells
through the alveolar wall tissue, their interaction with
structural cells, and their activation sequence as they
encounter foreign material in tissue could provide
clearer insight into the pathogenesis of the
disappearance of tissue in emphysema.

Small-airway-obstructive and emphysema phenotypes
of airﬂow limitation
Progress toward speciﬁc treatments for COPD might be
accelerated by moving beyond measurements of airﬂow
limitation to the precise diagnosis of the speciﬁc targets
responsible for the airﬂow limitation. This step will
require precise, safe, non-invasive quantitative methods
of diagnosis that will allow both the airway-obstructive
and emphysema phenotypes to serve as measurable
718

endpoints in clinical trials. The introduction of CT
scanning has provided an objective method for
measuring the extent and severity of emphysema on a
regional basis.124–127 This approach has been used to
measure the effect of replacement therapy on the
progression of emphysema in 1-antitrypsin
deﬁciency.128,129 Reports from Japan also indicate that it
may be possible to separate emphysematous from
obstructive phenotypes of COPD with high resolution
CT.130 MRI imaging of inhaled hyperpolarised gas holds
a similar promise for the diagnosis of emphysema, and
has the distinct advantage that it eliminates exposure to
ionising radiation.131–135 Although these procedures offer
limited value to practical clinical medicine in the short
term, they could become extremely important for
determining outcomes in clinical trials of any new
treatment for either phenotype of COPD.
References
1
Pauwels RA, Buist AS, Calverley PM, Jenkins CR, Hurd SS. The
GOLD Scientiﬁc Committee. NHLBI/WHO Global Initiative for
Chronic Obstructive Lung Disease (GOLD) Workshop summary.
Am J Respir Crit Care Med 2001; 163: 1256–76.
2
Global Initiative for Chronic Obstructive Lung Disease (GOLD)
Global Strategy for the Diagnosis, Management, and prevention of
Chronic Obstructive Pulmonary Disease NHLBI/WHO Workshop
Report. NIH Publication 2701. 2001. http://www.goldcopd.com
(accessed Aug 2, 2004)
3
Hogg JC, Macklem PT, Thurlbeck WM. Site and nature of airways
obstruction in chronic obstructive lung disease. N Engl J Med
1968; 278: 1355–60.
4
Van Brabandt H, Cauberghs M, Verbeken E, Moerman P,
Lauweryns JM, Van de Woestijne KP. Partitioning of pulmonary
impedance in excised human and canine lungs. J Appl Physiol
1983; 55: 1733–42.
5
Yanai M, Sekizawa K, Ohrui T, Sasaki H, Takishima T. Site of
airway obstruction in pulmonary disease: direct measurement of
intrabronchial pressure. J Appl Physiol 1992; 72: 1016–23.
6
Mead J, Turner JM, Macklem PT, Little J. Signiﬁcance of the
relationship between lung recoil and maximum expiratory ﬂow.
J Appl Physiol 1967; 22: 95–108.
7
Otis AB, McKerrow CB, Bartlett RA, et al. Mechanical factors in
the distribution of pulmonary ventilation. J Appl Physiol 1956; 8:
427.
8
Fletcher C, Peto R, Tinker C, Speizer FE. The natural history of
chronic bronchitis and emphysema. Oxford: Oxford University
Press, 1976.
9
Niewoehner DE, Kleinerman J, Reiss DB. Pathologic changes in
the peripheral airways of young cigarette smokers. N Engl J Med
1974; 291: 755–58.
10 Matsuba K, Thurlbeck WM. The number and dimensions of small
airways in emphysematous lungs. Am J Pathol 1972; 67: 265–75.
11 Cosio M, Ghezzo H, Hogg JC, et al. The relations between
structural changes in small airways and pulmonary function tests.
N Engl J Med 1978; 298: 1277–81.
12 Ratemales I, Elliott WM, Meshi B, et al. The ampliﬁcation of
inﬂammation in emphysema and its association with latent
adenoviral infection. Am J Respir Crit Care Med 2001; 164: 469–73.
13 Maestrelli P, Saetta M, Di Stefano A, et al. Comparison of
leukocyte counts in sputum, bronchial biopsies and
bronchoalveolar lavage. Am J Respir Crit Care Med 1995; 152:
1926–31.
14 Thompson AB, Daughton D, Robbins GA, Ghafouri MA,
Oehlerking M, Rennard SI. Intraluminal airway inﬂammation in
chronic bronchitis. Characterization and correlation with clinical
parameters. Am Rev Respir Dis 1989; 140: 1527–37.
15 Hunninghake BW, Crystal RG. Cigarette smoking and lung
destruction: accumulation of neutrophils in the lung.
Am Rev Respir Dis 1983; 128: 833–38.

www.thelancet.com Vol 364 August 21, 2004

For personal use. Only reproduce with permission from Elsevier Ltd.

Seminar

16

17

18

19

20

21

22

23

25
26
27
28

29

30
31
32
33

34
35

36

37
38

39

40
41

42

Keatings VM, Collins PD, Scott DM, Barnes PJ. Differences in
interleukin-8 and tumour necrosis factor-alpha in induced sputum
from patients with chronic obstructive pulmonary disease or
asthma. Am J Respir Crit Care Med 1996; 153: 530–34.
Pride NB, Burrows B. Development of impaired lung function:
natural history and risk factors. In: Calverly P, Pride NB, eds.
Chronic obstructive lung disease. London: Chapman and Hall,
1995: 69–91.
Knowles MR, Boucher RC. Mucus clearance as a primary innate
defense mechanism for mammalian airways. J Clin Invest 2002;
109: 571–77.
Green GM, Jakab GJ, Low RB, Davis GS. Defense mechanisms
of the respiratory membrane. Am Rev Respir Dis 1977; 115:
479–514.
Simani AS, Inoue S, Hogg JC. Penetration of respiratory
epithelium of guinea pigs following exposure to cigarette smoke.
Lab Invest 1974; 31: 75–81.
Hulbert W, Walker DC, Jackson A, Hogg JC. Airway permeability
to horseradish peroxidase in guinea pigs. The repair phase
after injury by cigarette smoke. Am Rev Respir Dis 1981; 123:
320–26.
Jones JG, Minty BD, Lawler P, Hulands G, Crawley JCW, Veal N.
Increased alveolar epithelial permeability in cigarette smokers.
Lancet 1980; 1: 66–68.
Abbas A, Lichtman AH, Pober J. Innate immunity. In: Cellular
and Molecular Immunology 4th edn. Philadelphia: WB Saunders,
2000: 270–90. 24. Medzhitov R, Janeway C Jr. Innate immunity. N
Engl J Med 2000; 343: 338–44.
Whitsett JA. Intrinsic and innate defenses in the lung. J Clin Invest
2001; 109: 565–69.
LaVine AM, Whitsett JA. Pulmonary collectins and innate host
defense of the lung. Microbes Infect 2001; 3: 161–66.
Bowman HG. Peptide antibiotics and their role in innate
immunity. Annu Rev Immunol 1999; 13: 61–92.
Abbas A, Lichtman AH, Pober J. Effector mechanisms of cellular
immunity. In: Cellular and molecular immunology 4th edn.
Philadelphia: WB Saunders, 2000: 291–308.
Huxley EJ, Viroslav J, Gray WR, Pierce AK. Pharyngeal aspiration
in normal adults and in patients with depressed consciousness.
Am J Med 1978; 64: 564–68.
Sethi S, Murphy TF. Bacterial infection in chronic obstructive
pulmonary disease. Clin Microbiol Rev 2001; 14: 336–63.
Medzhitov R, Janeway C Jr. Innate immune recognition:
mechanisms and pathways. Immunol Rev 2000; 173: 89–97.
Lamm ME. Interaction between antigens and antibodies on
mucosal surfaces. Ann Rev Microbiol 1997; 5: 311–40.
Neutra MR, Mantis J, Kraehenbuhl JP. Collaboration of epithelial
cells with organized mucosal lymphoid tissues. Nat Immunol
2001; 11: 1004–09.
Liu YJ. Dendritic cell subsets and lineages, and their function in
innate and adaptive immunity. Cell 2001; 106: 259–62.
Holt PG, Stumbles PA. Regulation of immunologic homeostasis
in peripheral tissues by dendritic cells: the respiratory tract as a
paradigm. J Allergy Clin Immunol 2000 105: 421–29.
Stick SM, Holt PG. The airway epithelium as immune
modulator: the LARC ascending. Am J Respir Cell Mol Biol 2003;
28: 641–44.
Kraal G, Mebius RB. High endothelial venules: lymphocyte trafﬁc
control and controlled trafﬁc. Adv Immunol 1997; 65: 347–95.
Oxenius A, Zinkernagel RM, Hengartner H. CD4+ T-cell
induction and effector functions: a comparison of immunity
against soluble antigens and viral infections. Adv Immunol 1998;
70: 313–67.
Coffman RL, Lebman DA, Rothman P. Mechanism and regulation
of immunoglobulin isotype switching. Adv Immunol 1993; 54:
229–70.
Seder RA, Paul WE. Acquisition of a lymphokine producing
phenotype by CD-4+T cells. Annu Rev Immunol 1994; 12: 635–73.
Kim PH, Kagnoff MF. Transforming growth factor beta 1
increases IgA isotype switching at the clonal level. J Immunol
1990; 145: 3773–78.
Sonoda E, Hitoshi Y, Yamaguchi N, et al. Differential regulation of
IgA production by TGF-beta and IL-5: TGF-beta induces surface

www.thelancet.com Vol 364 August 21, 2004

43

44

45

46

47
48

49

50

51

52

53

54

55

56

57

58
59

60

61

62

IgA-positive cells bearing IL-5 receptor, whereas IL-5 promotes
their survival and maturation into IgA-secreting cells. Cell
Immunol 1992; 140: 158–72.
Gorelik L, Constant S, Flavell RA. Mechanism of transforming
growth factor beta induced inhibition of T helper cell type
1differentiation. J Exp Med 2002; 195: 1499–505.
Le J, Vilcek J. Tumor necrosis factor and interleukin 1: cytokines
with multiple overlapping biological activities. Lab Invest 1987; 56:
234–32.
Sime PJ, Marr RA, Gauldie D, et al. Transfer of tumor necrosis
factor-alpha to rat lung induces severe pulmonary inﬂammation
and patchy interstitial ﬁbrogenesis with induction of transforming
growth factor-beta1 and myoﬁbroblasts. Am J Pathol 1998; 153:
825–32.
Kolb M, Margetts PJ, Anthony DC, Pitossi F, Gauldie J. Transient
expression of IL-1beta induces acute lung injury and chronic
repair leading to pulmonary ﬁbrosis. J Clin Invest 2001; 107:
1529–36.
Gorelik L. Flavell RA. Transforming growth factor-beta in T-cell
biology. Nat Rev Immunol 2002; 2: 46–53.
Blobe GC, Schiemann WP, Lodish HF. Role of transforming
growth factor beta in human disease. N Engl J Med 2000; 342:
1350–58.
Becker S, Soukup JM, Gallagher JE. Differential particulate air
pollution induced oxidant stress in human granulocytes,
monocytes and alveolar macrophages. Toxicol In Vitro 2002; 16:
209–18.
Soukup JM, Becker S. Human alveolar macrophages responses
to air pollution particles are associated with insoluble components
of coarse material including endotoxin. Toxicol Appl Pharmacol
2001; 15: 20–26
Gilmour PS, Rahman I, Hayashi S, Hogg JC, Donaldson K,
MacNee W. Adenoviral E1A primes alveolar epithelial cells to
PM10-induced transcription of interleukin-8. Am J Physiol Lung Cell
Mol Physiol 2001; 281: L598–606.
Carter J D, Ghio AJ, Samet JM, Devlin RB. Cytokine production by
human airway epithelial cells after exposure to an air pollution
particle is metal-dependent. Toxicol Appl Pharmacol 1997; 146:
180–88.
Fujii T, Hayashi S, Hogg JC, Vincent R, Van Eeden SF.
Particulate matter induces cytokine expression in human
bronchial epithelial cells. Am J Respir Cell Mol Biol 2001; 25:
265–71.
Fujii T, Hayashi S, Hogg JC, et al. Interaction of alveolar
macrophages and airway epithelial cells following exposure to
particulate matter produces mediators that stimulate the bone
marrow. Am J Respir Cell Mol Biol 2002; 27: 34–41.
Topham MK, Carveth HJ, McIntyre TM, Prescott SM,
Zimmerman GA. Human endothelial cells regulate
polymorphonuclear leukocyte degranulation. FASEB J 1998;
12: 733–46.
Blanc PD, Boushey HA, Wong H, Wintermeyer SF, Bernstein MS.
Cytokines in metal fume fever. Am Rev Resp Dis 1993; 147:
134–38.
Bazzano LA, He J, Muntner P, Vupputuri S, Whelton PK.
Relationship between cigarette smoking and novel risk factors
for cardiovascular disease in the United States. Ann Intern Med
2003; 138: 891–97.
van Eeden SF, Hogg JC. The response of human bone marrow to
chronic cigarette smoking. Eur Respir J 2000; 15: 915–21.
Mullen JBM, Wright JL, Wiggs BR, Paré PD, Hogg JC.
Reassessment of inﬂammation of airways in chronic bronchitis.
BMJ 1985; 291: 1235–39.
Saetta M, Turato G, Facchini FM, et al. Inﬂammatory cells in the
bronchial glands of smokers with chronic bronchitis. Am J Respir
Crit Care Med 1997; 156: 1633–39.
Saetta M, Di Stefano A, Maestrelli P, et al. Activated
T-lymphocytes and macrophages in bronchial mucosa of
subjects with chronic bronchitis. Am Rev Respir Dis 1993; 147:
301–06.
Lacoste JY, Bousquet J, Chanez P, et al. Eosinophilic and
neutrophilic inﬂammation in asthma, chronic bronchitis, and
chronic obstructive pulmonary disease. J Allerg Clin Immunol
1993; 92: 537–48.

For personal use. Only reproduce with permission from Elsevier Ltd.

719

Seminar

63

64
65

66

67

68

69

70

71

72

73
74
75

76

77

78
79

80

81

82

83

84

85

86

720

Reid L. Measurement of the bronchial mucous gland layer: a
diagnostic yardstick in chronic bronchitis. Thorax 1960; 15:
132–41.
Thurbeck WM, Angus GE. A distribution curve for chronic
bronchitis. Thorax 1964; 19: 436–42.
Dunnill MS, Massarella GR, Anderson JA. A comparison of the
quantitative anatomy of the bronchi in normal subjects, in status
asthmaticus, in chronic bronchitis, and in emphysema. Thorax
1969; 24: 176–79.
Takizawa T, Thurlbeck WM. Muscle and mucous gland size
in the major bronchi of patients with chronic bronchitis,
asthma, and asthmatic bronchitis. Am Rev Respir Dis 1971; 104:
331–36.
Vignola AM, Chanez P, Chiappara G, et al. Transforming growth
factor-beta expression in mucosal biopsies in asthma and chronic
bronchitis. Am J Respir Crit Care Med 1997; 156: 591–99.
Brumﬁtt W, Willoughby MLN, Bromley LL. An evaluation of
sputum examination in chronic bronchitis. Lancet 1957; 270:
1306–09.
Medical Research Council. Deﬁnition and classiﬁcation of chronic
bronchitis for clinical and epidemiological purposes. Lancet 1965;
285: 775–79.
Peto R, Speizer FE, Cochrane AL, et al. The relevance in adults
of airﬂow obstruction, but not of mucous hypersecretion, to
mortality from chronic lung disease. Am Rev Respir Dis 1983;
128: 491–500.
Vestbo J, Lange P. Can GOLD Stage 0 provide information of
prognostic value in chronic obstructive pulmonary disease?
Am J Respir Crit Care Med 2002; 66: 329–32.
Kanner RE, Anthonisen NR, Connett JE, et al. Lower respiratory
illnesses promote FEV(1) decline in current smokers but not exsmokers with mild chronic obstructive pulmonary disease: results
from the lung health study. Am J Resp Crit Care Med 2001; 164:
358–64.
Weibel ER. The morphometry of the human lung. New York:
Academic Press, 1963: 110–35.
Mead J. The lung’s “quiet zone”. N Engl J Med 1970; 282: 1318–19.
Reid LM. Correlation of certain bronchographic abnormalities
seen in chronic bronchitis with the pathological changes. Thorax
1955; 10: 199–204.
Martin CJ, Katsura S, Cochran TH. The relationship of chronic
bronchitis to the diffuse obstructive pulmonary syndrome.
Am Rev Respir Dis 1970; 102: 552–58.
Thurlbeck WM, Malaka D, Murphy K. Goblet cells in the
peripheral airways of chronic bronchitics. Am Rev Respir Dis 1975;
12: 65–69.
Ebert RV, Terracio MJ. The bronchiolar epithelium in cigarette
smokers. Am Rev Respir Dis 1975; 111: 4–11.
Berend N, Woolcock AJ, Marlin GE. Correlation between the
function and structure of the lung in smokers. Am Rev Respir Dis
1979; 119: 695–705.
Petty TL, Silvers GW, Stanford RE, Baird MD, Mitchell MS. Small
airway pathology is related to increased closing capacity and
abnormal slope of phase III in excised human lungs.
Am Rev Respir Dis 1980; 121: 449–56.
Cosio MG, Hale KA, Niewoehner DE. Morphologic and
morphometric effects of prolonged cigarette smoking on the small
airways. Am Rev Respir Dis 1980; 122: 265–71.
Salmon RB, Saidel GM, Inkley SR, Niewoehner DE. Relationship
of ventilation inhomogeneity to morphologic variables in excised
human lungs. Am Rev Respir Dis 1982; 126: 686–90.
Petty TL, Silvers GW, Standford RE. Small airway dimension and
size distribution inhuman lungs with an increased closing
capacity. Am Rev Respir Dis 1982; 125: 525–39.
Berend N, Thurlbeck WM. Correlation of maximum expiratory
ﬂow with small airway dimensions and pathology. J Appl Physiol
1982; 52: 346–51.
Wright JL, Lawson L, Pare PD, Kennedy S, Wiggs B, Hogg JC. The
detection of small airways disease. Am Rev Respir Dis 1984; 129:
989–94.
Lumsden AB, McLean A, Lamb D. Goblet and Clara cells of
human distal airways: evidence for smoking induced changes in
their numbers. Thorax 1984; 39: 844–49.

87

88

89

90

91

92
93

94

95

96

97

98

99

100
101

102

103
104

105
106
107

108
109
110

111

Hale KA, Ewing SL, Gosnell BA, Niewoehner DE. Lung disease in
long-term cigarette smokers with and without chronic air-ﬂow
obstruction. Am Rev Respir Dis 1984 130: 716–21.
Matsuba K, Wright JL, Wiggs BR, Pare P, Hogg JC. The changes
in airway structure associated with reduced forced expiratory
volume in one second. Eur Respir J 1989; 2: 834–39.
Bosken CH, Wiggs BR, Pare PD, Hogg JC. Small airway
dimensions in smokers with obstruction to airﬂow.
Am Rev Respir Dis 1990; 142: 563–70.
Hogg JC, Chu F, Utokaparch S, et al. The nature of small airway
obstruction in chronic obstructive pulmonary disease. N Engl J
Med 2004; 350: 2645–53.
Wiggs BR, Moreno R, Hogg JC, Hilliam C, Paré PD. A model of
the mechanics of airway narrowing. J Appl Physiol 1990; 69:
849–60.
Dayman H. Mechanics of airﬂow in health and emphysema.
J Clin Invest 1951; 3031: 1175–90.
Butler J, Caro C, Alkaler R, Dubois AB. Physiological factors
affecting airway resistance in normal subjects and in patients with
obstructive airways disease. J Clin Invest 1960; 39: 584–91.
Saetta M, Ghezzo H, Kim WD, et al. Loss of alveolar attachments
in smokers. A morphometric correlate of lung function
impairment. Am Rev Respir Dis 1985; 132: 894–900.
O’Shaughnessy TC, Ansari TW, Barnes NC, Jeffery PK.
Inﬂammation in bronchial biopsies of subjects with chronic
bronchitis: inverse relationship of CD8+ T lymphocytes with
FEV1. Am J Respir Crit Care Med 1997; 155: 852–57.
Di Stefano A, Turato G, Maestrelli P, et al. Airﬂow limitation in
chronic bronchitis is associated with T-lymphocyte and
macrophage inﬁltration in the bronchial mucosa. Am J Respir Crit
Care Med 1996; 153: 629–32.
Kemeny DM, Vyas B, Vukmanovic-Stejic M, et al. CD8+ T cell
subsets and chronic obstructive pulmonary disease. Am J Respir
Crit Care Med 1999; 160: S33–S37.
Bosken CH, Hards J, Gatter K, Hogg JC. Characterization of the
inﬂammatory reaction in the peripheral airways of cigarette
smokers. Am Rev Respir Dis 1992; 145: 911–17.
Richmond I, Prichard GE, Ashcroft T, Avery A, Corris PA, Walters
EH. Bronchial associated lymphoid tissue (BALT) in human lung:
its distribution in smokers and non smokers. Thorax 1993; 48:
1130–34.
Laennec RTH. A treatise on diseases of the chest and on mediate
auscultation (trans Forbes J), 4th edn. London: Longmans, 1834.
Ciba guest symposium report: terminology, deﬁnitions and
classiﬁcations of chronic pulmonary emphysema and related
conditions. Thorax 1959; 14: 286–99.
Snider GL, Kleinerman JL, Thurlbeck WM, Bengally ZH.
Deﬁnition of emphysema. Report of a National Heart, Lung and
Blood Institute, Division of Lung Diseases, workshop.
Am Rev Respir Dis 1985; 132: 182–85.
McLean KH. Microscopic anatomy of pulmonary emphysema.
Aust Ann Intern Med 1956; 5: 73–88.
Leopold JG, Gough J. Centrilobular form of hypertrophic
emphysema and its relation to chronic bronchitis. Thorax 1957;
12: 219–35.
Wyatt JP, Fischer VW, Sweet AC. Panlobular emphysema:
anatomy and pathogenesis. Dis Chest 1962; 41: 239–59.
Heard BE. Further observations on the pathology of pulmonary
emphysema in chronic bronchitis. Thorax 1958; 14: 58–90.
Thurlbeck WM. The incidence of pulmonary emphysema with
observations on the relative incidence and spatial distribution of
various types of emphysema. Am Rev Respir Dis 1963; 87: 207–15.
Heppleston AG, Leopold JG. Chronic pulmonary emphysema:
anatomy and pathogenesis. Am J Med 1961; 31: 279–91.
Dunnill MS. Chapter 6: Emphysema. In: Pulmonary pathology.
Churchill Livingston, 1982: 81–112.
Kim WD, Eidelman DH, Izquierdo JL, Ghezzo H, Saetta MP,
Cosio MG. Centrilobular and panlobular emphysema in smokers.
Two distinct morphologic and functional entities. Am Rev Respir
Dis 1991; 144: 1385–90.
Hogg JC, Wright JL, Wiggs BR, Coxson HO, Opazo Saez A,
Pare PD. Lung structure and function in cigarette smokers.
Thorax 1994; 49: 473–78.

www.thelancet.com Vol 364 August 21, 2004

For personal use. Only reproduce with permission from Elsevier Ltd.

Seminar

112 Hogg JC. Neutrophil kinetics and lung injury. Physiol Rev 1987;
67: 1249–95.
113 MacNee W, Wiggs B, Belzberg AS, Hogg JC. The effect of
cigarette smoking on neutrophil kinetics in human lungs.
N Engl J Med 1989; 321: 924–28.
114 Klut ME, Doerschuk CM, Van Eeden SF, Burns AR, Hogg JC.
Activation of neutrophils within pulmonary microvessels of
rabbits exposed to cigarette smoke. Am J Respir Cell Mol Biol 1993;
9: 82–89.
115 Markos J, Hooper RO, Kavanagh-Gray D, Wiggs BR, Hogg JC.
Effect of raised alveolar pressure on leukocyte retention in the
human lung. J Appl Physiol 1990; 69: 214–21.
116 Kitagawa Y, Van Eeden SF, Redenbach DM, et al. Effect of
mechanical deformation on structure and function of
polymorphonuclear leukocytes. J Appl Physiol 1997; 82: 1397–405.
117 Terashima T, Klut ME, English D, Hards J, Hogg JC,
van Eeden SF. Cigarette smoking causes sequestration of
polymorphonuclear leukocytes released from the bone marrow
in lung microvessels. Am J Respir Cell Mol Biol 1999; 20:
171–77.
118 Doerschuk CM, Markos J, Coxson HO, English D, Hogg JC.
Quantiﬁcation of neutrophil migration in acute bacterial
pneumonia in rabbits. J Appl Physiol 1994; 77: 2593–99.
119 Doerschuk CM. Mechanisms of leukocyte sequestration in
inﬂamed lungs. Microcirculation 2001; 8: 71–88.
120 Burns AR, Smith CW, Walker DC. Unique structural features that
inﬂuence neutrophil emigration into the lung. Physiol Rev 2003;
83: 309–36.
121 Behzad A, Chu F, Walker DC. Fibroblasts are in a position to
provide directional information to migrating neutrophils during
pneumonia in rabbit lungs. Microvas Res 1996; 51: 303–16.
122 Sirianni FE, Chu FS, Walker DC. Human alveolar wall ﬁbroblasts
directly link epithelial type 2 cells to capillary endothelium.
Am J Respir Crit Care Med 2003; 168: 1532–37.
123 Hogg JC, Senior RM. Chronic obstructive pulmonary disease—
part 2: pathology and biochemistry of emphysema. Thorax 2002;
57: 830–34.
124 Hayhurst MD, MacNee W, Flenley DC, et al. Diagnosis of
pulmonary emphysema by computerised tomography. Lancet
1984; 324: 320–22.

www.thelancet.com Vol 364 August 21, 2004

125 Muller NL, Staples CA, Miller RR, Alboud RT. Density mask. An
objective method to quantitate emphysema using computed
tomography. Chest 1988 94: 782–87.
126 Gevenois PA, de Maertelaer V, De Vuyst P, Zanen J, Yernault JC.
Comparison of computed density and macroscopic morphometry
in pulmonary emphysema. Am J Respir Crit Care Med 1995; 152:
653–57.
127 Coxson HO, Rogers RM, Whittall KP, et al. A quantiﬁcation of the
lung surface area in emphysema using computed tomography.
J Respir Crit Care Med 1999; 159: 851–56.
128 Stolk J, Dirksen A, van der Lugt AA, et al. Repeatability of lung
density measurements with low-dose computed tomography in
subjects with alpha-1-antitrypsin deﬁciency-associated
emphysema. Invest Radiol 2001; 36: 648–51.
129 Dirksen A, Dijkman JH, Madsen F, et al. A randomized clinical
trial of alpha(1)-antitrypsin augmentation therapy. Am J Respir Crit
Care Med 1999; 160: 1468–72.
130 Nakano Y, Muro S, Sakai H, et al. Computed tomographic
measurements of airway dimensions and emphysema in smokers.
Correlation with lung function. Am J Respir Crit Care Med 2000;
162: 1102–08.
131 Ohno Y, Hatabu H, Takenaka D, Adachi S, Van Cauteren M,
Sugimura K. Oxygen-enhanced MR ventilation imaging of the
lung: preliminary clinical experience in 25 subjects. AJR. Am J
Roentgenol 2001; 177: 185–94.
132 Ohno Y, Sugimura K, Hatabu H. Clinical oxygen-enhanced
magnetic resonance imaging of the lung. Top Magn Reson Imaging
2003; 14: 237–43.
133 Mai VM, Bankier AA, Prasad PV, et al. MR ventilation-perfusion
imaging of human lung using oxygen-enhanced and arterial spin
labeling techniques. J Magn Reson Imaging 2001; 14: 574–79.
134 Kauczor HU, Chen XJ, van Beek EJ, Schreiber WG. Pulmonary
ventilation imaged by magnetic resonance: at the doorstep of
clinical application. Eur Respir J 2001; 17: 1008–23.
135 Guenther D, Hanisch G, Kauczor HU. Functional MR imaging of
pulmonary ventilation using hyperpolarized noble gases.
Acta Radiol 2000; 41: 519–28.

For personal use. Only reproduce with permission from Elsevier Ltd.

721

