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ABSTRACT: Smooth muscle is present and probably functional in the airways in
utero and increases in absolute area during growth with little further change during
adulthood. It encircles the entire airway below the level of the main bronchus, in a
roughly circular orientation, except at high lung volumes. It occupies relatively more
of the airway wall in the peripheral airways, reaching a maximum in the membranous
bronchioles.

Measurement of smooth muscle area in the airway wall is confounded by clinical
classification of cases, methods of tissue retrieval and preparation, staining and or-
ientation of sections, magnification, image analysis and statistical methods of com-
parison between groups.

Airway smooth muscle area is pathologically increased in inflammatory conditions
of the airways such as chronic obstructive pulmonary disease, in relation to airways
obstruction, and asthma, in relation to severity and airway size (between 25 and 250%
compared with control cases). It is increased in sudden infant death syndrome, but
there are few studies in other conditions such as bronchiectasis. In asthma, smooth
muscle must shorten (not necessarily to an abnormal degree) for the structural ab-
normalities of the airway to manifest as excessive airway narrowing.

Not surprisingly there is renewed interest in the relationships between the mech-
anical and contractile properties of smooth muscle, parenchymal properties and lung
volume and how these interact to determine smooth muscle length. The relative
importance of smooth muscle area and mechanical properties, altered airway struc-
ture and airway inflammation in disease are yet to be determined.
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Airway smooth muscle is present in the bronchial tree of
most vertebrates studied including the pig, ox, cat, dog,
rabbit and guinea-pig, although the exact function of the
smooth muscle is not clear. In this paper, comments will
be confined to studies in man. In an extensive review,
MACKLIN [1] speculated that possible functions of airway
smooth muscle might include control of airflow distribu-
tion, alterations in the size of the dead space, assisting
contraction of the lung, expelling air or foreign material,
controlling airway calibre during different phases of res-
piration and allowing variations in the compliance of the
airway wall to match functions such as tidal breathing,
deep breathing, and coughing or forced expiration. In this
review, the term "central airways" refers to cartilaginous
airways, which in most cases means lobar or segmental
bronchi, ranging from an internal diameter of 11 mm (in-
ternal perimeter 35 mm) for main bronchi to approximat-
ely 1.3 mm (perimeter 4 mm) in small intraparenchymal
bronchi. "Peripheral airways" refers to airways without
cartilage, from large membranous bronchioles of internal

diameter 1.3 mm (internal perimeter 4 mm) to respiratory
bronchioles of approximately 0.3 mm diameter (1 mm pe-
rimeter). Unless otherwise stated, airway diameters and
perimeters refer to internal (luminal) dimensions.

Normal anatomy

Airway smooth muscle was first described in detail by
REISSESSEN [2] in 1822. A hand-held magnifier was used
to examine the muscle in the bronchial tree to the level of
the membranous bronchiole and it was inferred that the
smooth muscle continued to the most peripheral parts of
the lung. This and other descriptive studies [1, 3±5] show-
ed that airway smooth muscle is present in the central and
peripheral airways, relatively more prominent in the peri-
pheral airways, more transverse in central airways and
slightly more longitudinal in peripheral airways, and ar-
ranged in a helical or geodesic pattern which is more
apparent in peripheral airways and when the lung is fully
inflated.
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Distribution within bronchial tree

Numerous studies [3, 6±10] have shown that the airway
smooth muscle occupies relatively more of the airway wall
in the peripheral airways compared with the central air-
ways (fig. 1). MATSUBA and THURLBECK [7] found that the
percentage of the airway wall area occupied by smooth
muscle in central and peripheral airways was 2.6 and 14
in adults and 2.8 and 10 in children, respectively. These
values for central airways are similar to those found in
other studies: HALE et al. [11] 2.5%, DUNNILL et al. [12]
4.5% (range 2±11%), and TAKIZAWA and THURLBECK [6]
2.5%. SOBONYA [13] found a similar trend in relation to
airway size even when comparing lobar with segmental
airways. SAETTA et al. [14] studied small airways with a
mean diameter (perimeter) of 0.89 mm (2.8 mm) and
found that smooth muscle occupied 18% of the wall area.
EBINA et al. [10] showed that the thickness of the airway
smooth muscle, relative to the airway diameter, increased
towards the periphery, although the thickness varied 10-
fold within the same groups of airways. In absolute terms,
the amount of airway smooth muscle is lesser in the pe-
ripheral airways. A number of studies [8, 9, 15±17] have
standardized the amount of smooth muscle in the airway
wall by measuring the total cross-sectional area of smooth
muscle seen on a transverse section of the airway and
dividing it by the length of the basement membrane (the
perimeter of the airway) since this is independent of the
degree of airway smooth muscle contraction and lung in-

flation [18, 19]. Expressing the amount of smooth muscle
in this way, as mean thickness in relation to airway peri-
meter, allows a ready comparison between studies. As a
generalization, the mean thickness of smooth muscle (in
mm2.mm basement membrane-1) in adults is summarized
in table 1. There is significant variation between studies,
with up to a 10-fold range in the thickness of smooth
muscle in airways of approximately the same size. This
may be due to variations in: thickness within a bronchial
segment (see below), subject size, sex, age, site sampled
in the bronchial tree, and degree of muscle contraction,
and possibly even racial differences.

Orientation

The airway smooth muscle encircles the airway com-
pletely below the level of the trachea (fig. 1). General
descriptions of airway smooth muscle [1] have suggested
that its orientation is transverse in the trachea and that it
forms a helical or geodesic pattern around the central and
peripheral airways. The angle of orientation may depend
upon the degree of inflation of the lung, being more open-
meshed at full inflation [1], which tends to maximize the
angle of orientation. However, there are few quantitative
studies. EBINA et al. [10] estimated that the angle of or-
ientation was small, consistent with a circular orientation,
in the central airways and approximately 308 in the mem-
branous bronchioles of lungs at full inflation. In a careful
study using en face sectioning and orientating the airways
by means of their own longitudinal bundles, LEI et al. [20]
measured the angle between the long axes of the smooth
muscle nuclei and the transverse plane of the airway. In a
human lung, they found a mean angle of 138, with a range
of -20±208, similar to values obtained in cat lungs in the
same study. Unlike the cat, there was less variation in the
angles of orientation at the lung periphery. The studies of
SPARROW and coworkers [21, 22], in which the airway
smooth muscle was clearly identified using immunofluor-
escence and confocal microscopy, showed that, at least in
foetal pigs, the airway smooth muscle assumes a pre-
dominantly transverse orientation in peripheral airways.

The effects of age

MATSUBA and THURLBECK [7] used point counting to
measure the relative amounts of tissue constituents of the
airway wall in infants, children and adults. In central
airways, the airway smooth muscle content was 2.8% in
children and similar at 2.6% in adults. In peripheral
airways, the corresponding values were 10% in children

a)

b)

Fig. 1. ± a) A cartilaginous airway with prominent bronchial glands
from a nonasthmatic case. The airway smooth muscle (arrowheads) can
be seen as a discontinuous circular band in the submucosa. There is
some shortening of the muscle, suggested by the folding of the epithelial
layer. b) A membranous bronchiole with a thin wall, largely made up of
smooth muscle (arrowheads) from a nonasthmatic case. (Internal scale
bars=2 mm (a) and 0.25 mm (b).)

Table 1. ± Airway smooth muscle thickness in large and
small airways in adults

Bronchi Basement
membrane

perimeter mm

Airway smooth muscle
thickness mm2.mm

basement membrane-1

Main 25±35 0.05 (0.015±0.06)
Lobar 10±25 0.04 (0.031±0.05)
Segmental/

subsegmental
6±15 0.02 (0.005±0.03)

Membranous
Large 4±6 0.01 (0.005±0.023)
Small 1±4 0.005 (0.003±0.01)
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and 14% in adults. SOBONYA [13] found values of 3±8% in
central airways but no significant change from the age of
20 to 40 yrs. HISLOP and HAWARTH [8] measured smooth
muscle area using a digitizer in human subjects from 22
weeks gestational age to adulthood. They found that total
muscle area and muscle area per millimetre of internal
airway perimeter increased linearly from 22 weeks pre-
term to 8 months of age and increased between two and
four-fold to early adulthood. In preliminary studies, it was
found that, although the absolute amount of muscle in the
airway wall was less in infancy, the relative area of smo-
oth muscle was greater in infants compared with adults
[23] and that there were no significant changes associated
with ageing in adult life [24].

Therefore, airway smooth muscle is present and active
in the normal foetal lung, encircles the entire airway below
the level of the main bronchus, in roughly a circular or-
ientation, except at high lung volumes, occupies relatively
more of the airway wall in the peripheral airways and
increases in absolute volume from infancy up to early
adulthood with little change thereafter.

Airway smooth muscle in disease

Asthma

In 1922, HUBER and KOESSLER [25] compared cross sec-
tions of large and small airways stained with haematox-
ylin and eosin from six patients who had died of asthma
with seven cases without asthma who had died of non-
respiratory causes. They attempted to overcome some of
the factors confounding measurement and comparison of
airway smooth muscle area in different subjects. They
normalized the area of smooth muscle by relating its
thickness to the external diameter of the airway and noted
that folding of the epithelial layer, evidence of smooth
muscle contraction, showed no systematic variation be-
tween the two groups of subjects, that airways of the same
size in the same individual showed marked variations in
structures and that these variations were similar in their
two groups. They acknowledged that differences in the
numbers of measurements obtainable from different per-
sons might unequally weight the results. They found that

the thickness of the muscle layer in patients with asthma
was markedly increased (fig. 2) in all airway sizes except
for airways with an outside diameter of <1±2 mm and
speculated regarding the relative contributions of hyper-
trophy and hyperplasia.

Two studies have systematically examined whether the-
re is hyperplasia or hypertrophy of airway smooth muscle
in patients with asthma. HEARD and HOSSAIN [26] point
counted all muscle in serial transverse sections (10 mm) of
posterior basal bronchus in cases of fatal asthma. Using
the mean of two measurements, they found a three-fold
difference between control cases (mean 0.50 mm2) and
cases of asthma (1.54 mm2) with little overlap between
the two groups. Hyperplasia was shown by an increased
number of smooth muscle cell nuclei in asthmatics
(2,047) compared with control cases (717).

EBINA et al. [27] studied lungs from 16 patients with
bronchial asthma and compared them with 20 control
cases. The mean thickness of smooth muscle was plotted
against airway radius on a logarithmic scale and was
increased in all airway size groups in cases of asthma,
compared with control cases. Further analysis of the dis-
tribution of muscular thickening in the asthmatic cases
suggested that two distinct subgroups existed, one in
which muscle hypertrophy was present only in the large
airways (which they called type I cases), and one in which
muscle hypertrophy was present both in large and small
airways (type II cases). The same group [28] reported a
more detailed study comparing airways from five control
cases with those from 10 asthmatics, classified either as
type I (muscle thickening in central bronchi only) or type
II (muscle thickening along the entire bronchial tree).
They used a three-dimensional sampling technique in
which tracings of individual smooth muscle cells from
100±200 serial airway sections (3 mm) were stacked to
create a three-dimensional reconstruction of the sampled
smooth muscle. The number of smooth muscle cell nuclei
counted within the sampling area was multiplied by the
length and width of the sampling frame to estimate smo-
oth muscle cell number, and the sum of the individual
smooth muscle cell areas was used in the same way to
calculate the mean volume of a single smooth muscle cell
and the volume of smooth muscle cells per section. They
found that smooth muscle cell density increased and the
mean volume of a single smooth muscle cell decreased
towards the periphery of the bronchial tree. They also
found a reduced number of smooth muscle cells per unit
volume in smaller airways from type II asthmatics, cor-
responding to a greater mean single cell volume in air-
ways of the same size, suggesting smooth muscle cell
hypertrophy. Finally, they found that the number of smo-
oth muscle cells in a unit length of an airway segment was
greater in both types of asthma compared with control
cases, suggesting that muscle cell hyperplasia also occurs.

SOBONYA [13] compared airway smooth muscle area in
six cases of long-standing allergic asthma (fatal and non-
fatal cases) with seven control cases in an autopsy study.
Smooth muscle area was measured in transverse sections
of matched central bronchi and airways from 10 stratified
random sections of lung parenchyma. The mean percen-
tage of muscle in the bronchi and the mean absolute area
of muscle were greater in the asthma cases, although
these differences were not statistically significant.

Fig. 2. ± Marked hypertrophy/hyperplasia of smooth muscle in a large
airway from a patient who died of asthma. The thickened band of
smooth muscle (between arrowheads) shows some variation in orienta-
tion and clear areas representing intercellular matrix and/or oedema. The
folding of the mucosa with prominent longitudinal bundles under the
thickened sub-basement membrane suggests smooth muscle contraction.
(Internal scale bar=1 mm.)
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DUNNILL et al. [12] point counted the area of smooth
muscle in control cases, cases dying of status asthmaticus,
cases of chronic bronchitis and cases of emphysema.
Airway size was matched using the absolute number of
points falling on cartilage. There was a 100% increase in
the mean proportion of muscle in the airway wall in cases
of asthma compared with control cases which were simi-
lar to cases of chronic bronchitis and emphysema. JAMES

et al. [9] compared airway smooth muscle area in lungs
from 17 cases of asthma with 23 control cases obtained at
autopsy. Airways were grouped by size using the internal
(epithelial) perimeter for comparison. With the exception
of membranous bronchioles with a perimeter of <2 mm,
the cases of asthma had significantly increased airway
smooth muscle volume in all airway size groups. In the
asthma cases, the increase in muscle area was approxi-
mately three-fold in medium-sized airways and two-fold
in the largest cartilaginous airways.

TAKIZAWA and THURLBECK [6] examined sections from
six matched central airways obtained at autopsy from
each of three cases of fatal asthma, four cases of chronic
bronchitis with episodes of wheezing during life ("asth-
matic bronchitis") and seven cases of chronic bronchitis
without wheezing. They found significantly more (~70%)
smooth muscle in the airway wall in cases of asthma
compared with cases of chronic bronchitis, with cases of
asthmatic bronchitis falling between these two groups.

CARROLL et al. [16] examined lungs obtained at autopsy
from 11 cases of fatal asthma, 13 cases of nonfatal asthma
and 11 control cases. The area of smooth muscle in the
three case groups was compared in five airway size gro-
ups based on basement membrane perimeter. In cases of
fatal asthma, the area of smooth muscle was increased in
all airway size groups except the smallest membranous
bronchioles, compared with control cases, and in the car-
tilaginous airways compared with nonfatal asthma cases.
In cases of nonfatal asthma, the smooth muscle area was
greater only in large membranous bronchioles, compared
with control cases.

Unlike the approach of most other studies, THOMSON et
al. [29] examined longitudinal sections of airways from
five cases of asthma, two undergoing surgical resection
(one smoker) and three coming to autopsy (two deaths
from asthma and one from nonrespiratory causes), and
from five nonasthmatic individuals (all smokers or ex-
smokers) undergoing surgical resection for cancer. Cir-
cumferentially derived tissue strips were obtained from
2nd to 4th generation bronchi and longitudinal sections
(1.5 mm) were cut so that the smooth muscle fibres were
oriented in cross section. Cross-sectional area, tissue wid-
th and basement membrane length were measured and the
amount of smooth muscle, extracellular matrix and rib-
bons of connective tissue were point counted. They re-
ported a 25% increase in smooth muscle area and a 50%
increase in extracellular matrix area within the smooth
muscle bundle in the cases of asthma.

In a study of small airways, KUWANO et al. [15] obtained
lung specimens at autopsy from eight cases of fatal as-
thma and three cases of nonfatal asthma, and following
surgical resection from four cases of nonfatal asthma, 15
patients with chronic airflow obstruction and 15 control
cases. The square root of the smooth muscle area was
plotted against the basement membrane perimeter and a
regression line for each case group was constructed using

a weighted analysis of each individual's regression data
[30]. The slope of the regression line was significantly
increased in asthma compared with control cases, show-
ing that there was an increased amount of smooth muscle
in all but the smallest (perimeter <3 mm) airways. The
slope was also greater in fatal compared with nonfatal
cases of asthma, and in nonfatal asthma compared with
control cases. Overall, the smooth muscle thickness was
two or three times greater in the airways of asthmatic
subjects compared with controls.

In an autopsy study, SAETTA et al. [14] compared smooth
muscle area in nonrespiratory bronchioles (<2 mm inter-
nal diameter) from six cases of fatal asthma with six
control cases. The amount of smooth muscle in the airway
wall was scored semiquantitatively according to the me-
thod described by COSIO et al. [31], in which scores of
zero (normal) to three (most abnormal) for the amount of
muscle in all the bronchioles in each case are summed and
expressed as a percentage of the maximum possible. They
found that the score for muscle area in the asthmatic cases
was increased three-fold compared with control cases.

Summary. Despite the variety of methods used to measure
the amount of airway smooth muscle and express the
results, there is consistency in the findings of quantitative
studies comparing asthmatics with nonasthmatics. If each
study is taken and the mean results in cases of asthma
expressed as a percent of the mean results for nonasthmatic
control cases, a mean value for all the studies can be de-
rived, for a given airway size. These are summarized in
table 2 [32]. In these studies, cases of nonfatal asthma
were almost invariably of mild clinical severity and cases
of fatal asthma almost invariably had a long history of
severe symptoms and abnormal lung function. From table
2, it can be seen that all studies show an increase in the
amount of airway smooth muscle, the extent is greatest in
fatal severe cases (fig. 2) and the increase in smooth-
muscle amount is seen in all airway sizes. Other authors
have not attempted to analyse subgroups as defined by
EBINA et al. [28], although medium-sized airways seem to
show the biggest differences between asthmatics and
nonasthmatics.

Methodology

There are a number of sources of methodological varia-
tion to consider when interpreting the results from quanti-
tative studies of airway smooth muscle. In no particular
order of importance, these include tissue sampling, tissue
processing, methods of quantitation and data analysis (ta-
ble 3).

Table 2. ± Smooth muscle area in cases of asthma
relative to nonasthmatic cases

Membranous
airways

Cartilaginous
airways

Small Large Small Large

Fatal asthma 48 152 230 185
(7±123) (62±269) (140±378) (108±267)

Nonfatal asthma 25 162 43 50
(14±36) (83±108) - (44±55)

Data are presented as mean (range) percentage increase.
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Tissue sampling

Subject characteristics and the sites (central versus
peripheral airways) selected, or available, for examination
may influence the number of samples needed for adequate
power to compare airway dimensions in groups of sub-
jects. Using the formula of DOBSON [33], the number of
cases in each group necessary to detect differences be-
tween mean smooth muscle area in control and asthma
cases can be calculated [34]. In large cartilaginous air-
ways, 67 cases would need to be examined to detect a
50% difference and 16 cases to detect a 100% difference
between two groups. For small noncartilaginous airways,
these sample sizes need to be increased. Although many
studies have shown significant differences between gro-
ups using smaller numbers (probably due to less variation
between airways in a single case or less variation in mea-
surements), studies in which small sample sizes are used
(e.g. four to six cases) may not have sufficient statistical
power to detect differences between patients with and
without asthma.

Tissues obtained at autopsy, surgical resection or bron-
chial biopsy will vary in their usefulness (potential au-
tolysis, airway sizes available, tissue sample size, presence
of other disease, treatment effects, availability of subject
details or physiological measures and availability of stains
or markers suitable for the tissue obtained) for quantitative
morphological assessment and comparison. The severity of
the asthma influences the amount of muscle in the airway
and this will contribute to the variability in studies in which
severe and mild cases of asthma have been combined [9,
29]. Although the absolute volume of muscle increases
with increasing airway size, the volume fraction of mus-
cle in the airway wall decreases with increasing airway
size. The need to compare airways of similar size neces-
sitates some standard measure of airway size that is in-
dependent of the disease process, airway smooth muscle
contraction and lung volume. The internal perimeter de-
fined by the epithelial surface or, in its absence, the pe-
rimeter defined by the basement membrane seems best
suited in this regard [19, 35]. The studies of EBINA et al.
[28] and HEARD and HOSSAIN [26] show the variability of
smooth muscle area along short segments of bronchus.
Different tissue fixation techniques may result in variable
amounts of tissue shrinkage. Given that the variations in
shrinkage are probably random and occur in all tissues, it
is not likely to be a significant problem when comparing
groups using similar techniques, although must be cor-
rected for when estimating absolute smooth muscle vol-

ume. These numerous sources of variability make it
virtually impossible to directly compare different studies.
However, it is striking that, when groups of asthmatics
and nonasthmatics are compared using identical techni-
ques, the differences between them are similar across a
large number of studies, as seen in table 2.

Tissue preparation

The study of THOMSON et al. [29] raises a number of
important questions regarding tissue staining methods,
the thickness of sections, the magnification at which they
are measured and the orientation of the tissue section.
Extracellular matrix proteins are found within smooth
muscle bundles and these may be mistaken for smooth
muscle cells using a histological stain such as haematox-
ylin and eosin, which differentiates poorly between mus-
cle and nonmuscle tissue elements. This may lead to an
overestimation of muscle cell volume, especially at lower
magnifications, at which individual muscle fibres are less
clearly defined. The advantage of using lower magnifica-
tions for measuring smooth muscle area is that the whole
circumference of the airway wall is usually visible and
thus smooth muscle bundles can be traced continuously.
At higher magnifications, greater accuracy in determining
the boundaries of smooth muscle bundles is possible,
although the problem of overlapping high-power fields is
a potential source of error. The Masson trichrome stain
identifies connective tissue elements such as collagen
separately from muscle fibres and the profile of smooth
muscle is more clearly separated from those of connective
tissue elements in airway sections which are cut in a
longitudinal plane as opposed to a transverse plane.

Chronic obstructive pulmonary disease and chronic
bronchitis

Following early studies which suggested that patients
with emphysema [36] and chronic bronchitis [37] had
more smooth muscle in their airways, a number of quan-
titative studies have examined the amount of airway
smooth muscle in patients with chronic bronchitis (usual
cough and sputum) with and without airflow obstruction,
usually defined by a forced expiratory volume in one sec-
ond (FEV1) below an arbitrary percentage of the pred-
icted value. Smoking histories of subjects vary, as do
methods of measuring smooth muscle, from semiquanti-
tative scoring via point counting to semi-automated digi-
tization of captured images.

The effects of smoking, in the absence of chronic ob-
structive pulmonary disease (COPD) or chronic bronchitis,
have been examined in young smokers. SOBONYA and
KLEINERMAN [38] found that the percentage of the wall in
central airways that was occupied by smooth muscle
ranged from 3.5±8% in smokers (mean age 32 yrs) and
controls (mean age 26 yrs) with no significant difference
between the two groups. An earlier study [39] found no
increase in scores for amounts of smooth muscle in the
small airways of young smokers, compared with nonsmo-
kers, although higher scores for inflammation were obser-
ved. Using similar methods, COSIO et al. [31] showed that
higher scores for inflammation and for smooth muscle
were present in older smokers; however, some of these
patients had developed emphysema too, and fibrosis of
the small airways was increased.

Table 3. ± Sources of variation in studies of human
airway smooth muscle

Sampling Subject characteristics; disease characteristics;
site in the lung; matching airways

Tissue
preparation

Lung inflation; immersion; fixatives;
embedding; cutting blocks; section thickness;
tissue orientation; histochemical and
immunohistochemical stains

Measurement Point counting; digitizing; image analysis;
magnification; orientation; normalizing
(effects of contraction or lung inflation)

Statistics Expression of results: %, mm2, mm2.mm-1,
mm3; sample size; mean of means, averaging
or pooling data
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HOSSAIN and HEARD [40] showed that the area of smo-
oth muscle was increased in transverse sections of seg-
mental and subsegmental airways in patients with chronic
bronchitis: 1.07 mm2 and 0.5 mm2, compared with 0.5
mm2 and 0.19 mm2 in control cases, and that the mean
number of smooth muscle nuclei in sections of segmental
airways was 1,793 in the bronchitics compared with 717
in the controls, consistent with hyperplasia as well as
hypertrophy. Lung function was not measured in this
group but was likely to be abnormal since three patients
died of their condition. The same group did not find any
difference in the amount of smooth muscle in the trachea
of patients with chronic bronchitis [41]. DUNNILL et al.
[12] point counted the amount of smooth muscle in car-
tilaginous airways. They defined their cases of chronic
bronchitis as those with usual cough and sputum without
emphysema, although all of their cases had a history of
"chronic airflow obstruction". In subjects with chronic
bronchitis defined in this way, airway smooth muscle
occupied 5.8% of the airway wall, similar to the per-
centage seen in subjects with emphysema (5.5%) and not
significantly different from that in control cases (4.6%),
but less than that found in cases of asthma (11.9%).
MULLEN et al. [42] studied small and large airways in
patients with chronic bronchitis who had normal lung
function. They found that the relative area of smooth
muscle increased towards the peripheral airways in cases
and control subjects (see above) with no significant dif-
ferences between the groups for any airway size. The
overall mean for chronic bronchitis was 2.4% and for
controls was 2.0%. Very little inflammation of the smooth
muscle was observed. NAGAI et al. [43] studied lung
specimens from cases with moderate-to-severe airflow
obstruction (mean FEV1 of 31% pred) from the National
Institute of Health Intermittent Positive Pressure Breath-
ing Trial. Compared with controls, the cases had more
emphysema, narrower bronchioles, decreased amounts of
cartilage, an enlarged mucous gland area and increased
scores for inflammation. They found that there tended to
be more smooth muscle in the younger subjects, although
this was nonsignificant. The calculated volume propor-
tion of smooth muscle in central and peripheral airways
was 4.6 and 8.5% in the COPD patients, significantly
greater than the 2.8 and 5.8% in the control cases.
MATSUBA and THURLBECK [44] found that, in patients with
bronchitis, the relative area of smooth muscle in large and
small airways was 3.3 and 9.5% respectively, compared
with 2.6 and 14% in normal subjects.

A number of studies [15, 17, 45] from the Vancouver
group have systematically examined the dimensions of
large and small airways from smokers with and without
airflow obstruction and from cases of asthma. They plotted
the square root of the airway smooth muscle area against
airway size, defined by the basement membrane perimeter
seen on transverse sections. The constant and the co-
efficient for the linear equation give the overall difference
between case groups and the degree to which they vary
according to airway size. BOSKEN et al. [45] compared the
dimensions of small airways (<2 mm diameter) from 30
smokers without airflow obstruction (45 pack-yrs, FEV1

77% pred) with those from 30 smokers with airflow
obstruction (70 pack-yrs, FEV1 55% pred). They showed
that the airway walls were thicker in subjects with ob-
struction. Although the percentage of the inner airway

wall occupied by smooth muscle was not different be-
tween the two groups, the area of smooth muscle (in
mm2) was increased in the obstructed group (intercept
0.0561, slope 0.1398) compared with the control group
(intercept 0.0495, slope 0.1244). KUWANO et al. [15] un-
dertook a similar analysis in membranous airways (peri-
meter <10 mm) in subjects with mild airflow obstruction
(FEV1 < 85% pred, mean 69% pred, compared with 96%
pred for controls) and found the airway smooth muscle
area was increased in the obstructed group (intercept
0.016, slope 0.035) compared with the control group
(intercept 0.056, slope 0.020), significant for slope only.
These values were significantly lower than those for fatal
and nonfatal asthmatics. TIDDENS [17] studied cartilagi-
nous airways from 72 subjects with varying degrees of
airflow obstruction (FEV1 58±135% pred). Using multi-
ple linear regression analysis, they did not find a signi-
ficant correlation between the slope or intercept of the
regression line of smooth muscle area on airway peri-
meter and measures of airway function or of peripheral air-
way inflammation. The slope (0.020) and intercept (0.230)
were the same for subjects with a mean FEV1 of 40% pred
and for those with a mean FEV1 of 80% pred.

Summary. In smokers with or without chronic bronchitis
but without airflow obstruction, there do not seem to be any
significant differences in the amount of airway smooth
muscle present in large and small airways. Conversely, in
subjects with measurable airflow obstruction or a history
suggesting severe airflow obstruction, the amount of air-
way smooth muscle is increased in large and small airways
in most, but not all [17], studies. The differences are much
less than those observed in asthma.

Other airway diseases

Few quantitative studies have been undertaken in dis-
eases other than those mentioned above. ELLIOT et al. [46]
showed that the area of smooth muscle was increased in
small airways in cases of sudden infant death syndrome
compared with control cases. In the study of HISLOP and
HAWORTH [8], premature infants had more smooth muscle
in small cartilaginous airways compared with control
cases of comparable postconceptual age. This difference
was greatest in infants who were ventilated. Bronchiec-
tasis, including cystic fibrosis, is an airway disease as-
sociated with intense airway inflammation, but there are
no reported studies which have quantified the amount of
smooth muscle present in the airway wall in this condi-
tion.

The relationship between airway structure and
function

Although the role of smooth muscle in the airway re-
mains in the realm of conjecture, it certainly causes varia-
tion in airway calibre and airway wall compliance, and
contraction of airway smooth muscle is almost certainly
necessary for the excessive airway narrowing that is ob-
served in asthma (see below). Its importance in other
diseases such as COPD and chronic bronchitis is probably
less since airflow obstruction is fixed and administration of
inhaled bronchoconstrictors results in only limited smooth
muscle shortening, unlike that seen in asthma. In asthma,
the sudden and intermittent nature of airway narrowing and
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the response of the symptoms to smooth muscle agonists
and antagonists have given rise to the suggestion that ab-
normalities of airway smooth muscle may be the primary
abnormality. The mechanisms involved are not clear. As
shown above, the amount of smooth muscle is increased;
however, consistent differences in smooth muscle function
in vitro between asthmatic and nonasthmatic subjects have
not been demonstrated. Most studies have not shown any
correlation between in vivo and in vitro airway respon-
siveness [47±49]. Smooth muscle from cases of asthma
has been shown to exhibit reduced responsiveness to
smooth muscle relaxants in some studies [50, 51], with
only isolated cases reporting increased responses to agon-
ists in vitro. These studies are confounded by difficulties
in normalizing for the amount and length/tension prop-
erties of the smooth muscle.

MORENO et al. [52] hypothesized a number of mechan-
isms by which excessive airway narrowing might occur in
vivo, including alterations in smooth muscle behaviour,
amount or orientation, or loss of factors inhibiting maxi-
mal smooth muscle shortening, as proposed by MACKLEM

[53]. The same group demonstrated that excessive shor-
tening of smooth muscle may not be required if it con-
tracts around an airway which has a thicker wall than
normal, as seen in asthma [9], and the addition of mucus
to the lumen magnifies these effects [54]. More sophis-
ticated modelling has shown that alterations in airway
wall thickness in the peripheral airways will have greater
effects than in the central airways, that similar, though
less pronounced, changes in the airway wall in COPD
will have similar effects [55] and that thickening of the
outer part of the airway wall will also exaggerate the
effects of smooth muscle shortening on airway narrowing
[56].

Modelling of the effects of muscle orientation has also
been undertaken [57], although the data presented above
suggest that, at lung volumes close to functional residual
capacity, the angle of orientation is small.

Increased airway wall thickness involves all of the com-
ponents in this compartment, including luminal mucus, the
epithelium, the submucosa, blood vessels, submucosal mu-
cous glands and airway smooth muscle [32, 58, 59]. Since
the smooth muscle contributes relatively more to the
thickness of the airway wall in the peripheral airways, the
effects of smooth muscle hypertrophy and hyperplasia may
be expected to be greater in the smaller airways. One an-
alysis suggests that an increase in the amount of muscle
will have the greatest effects on maximal narrowing in
asthma, especially in small airways [60].

Three important points arise from these studies. Firstly,
it is assumed that smooth muscle is maximally stimulated
during in vivo inhalational challenge. This is yet to be
proven. Second, it is assumed that the force-generating
properties of the smooth muscle are not changed in asthma.
There are conflicting in vitro data, as shown above, and
smooth muscle undergoing hyperplasia may be phenoty-
pically and functionally altered. Finally, despite all of the
above concerns, it must be remembered that the clinical, in
vivo, in vitro and modelling evidence all demonstrate that
at least some smooth muscle shortening must occur to
produce the excessive airway narrowing that is seen in
asthma. It seems unlikely that the thickening of the airway
wall, increased thickness of the smooth muscle, increased
numbers of blood vessels [58] or increased luminal mucus

[54] will, by themselves or even in combination, result in
excessive airway narrowing in the absence of smooth
muscle shortening.

Relationship of airway smooth muscle and airway
inflammation

The other characteristic of airway diseases is inflamma-
tion. In chronic obstructive pulmonary disease this consists
predominantly of lymphocytes and neutrophils [61] and in
asthma predominantly of lymphocytes and eosinophils
[34, 62], although the relative numbers of neutrophils and
eosinophils may vary in both conditions [62, 63]. How-
ever, these inflammatory cells may be less important than
mast cells in determining airway smooth muscle function.
It has recently been shown that mast cells are more com-
mon in smooth muscle that is sensitized to allergen [64]
and preliminary work shows that, in asthmatic and non-
asthmatic tissue, mast cells are the predominant inflam-
matory cell in airway smooth muscle [65]. The relative
importance of the release of inflammatory cytokines, me-
diators and growth factors from these and other cells are
yet to be determined.
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