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Inhaling contractile drugs, such as histamine or metha-
choline, narrows the airways and reduces maximal and
submaximal expiratory flows measured at the mouth. Air-
way narrowing is produced by shortening of the airway
smooth muscle, which depends on the agonist concentra-
tion at smooth muscle receptors and the intrinsic physio-
logical properties of the smooth muscle. Simulated ideal
airways indicate that airway wall thickness [1–3], mucosal
folding [4] and airway secretions [5] could also affect flow
or resistance by altering airway narrowing or lumen flow
profiles. Alterations to some of these factors may contrib-
ute to the increased sensitivity and/or maximum response
to bronchconstrictor stimuli seen in asthma [1–3]. Despite
the importance of airway smooth muscle to bronchial res-
ponsiveness, the effect of muscle shortening on lumen
narrowing and flow is yet to be described in an airway.

There is variability in airway narrowing amongst dif-
ferent airways. Morphological studies in lung or lung ex-
plants [6–10] show a wide variation in sensitivity and
maximal response among different airways. Some phy-
siological studies confirm heterogeneity in airway res-
ponsiveness in vivo [11–14]. Small (peripheral) fluid filled

bronchi in vitro are more sensitive and have a greater max-
imum response to provocation than large (central) bronchi
[15–17]. However, the range in responsiveness recorded in
whole airways is not present in isolated smooth muscle
cells [15, 17]. It is, therefore, unclear whether the different
physiological responses recorded in whole airways are
due to variations in contraction of the smooth muscle in
situ or to differences in the morphology of the airway
wall.

In this study the functional narrowing behaviour of
individual central and peripheral airways was examined in
vitro. The first objective was to define the shortening of
airway smooth muscle within the airway wall, over the
complete dose-response curve to acetylcholine (ACh) and
to determine whether variability in flow responses of iso-
lated intact airways from different parts of the lung was
due to variations in smooth muscle shortening. A second
objective was to test the suppositions of the geometric
model of airway function [1–3] in different airways and
specifically, whether differences in airway narrowing and
flow are explained by differences in airway wall thickness,
as well as in muscle shortening. The numbers of mucosal
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ABSTRACT Models of airway function indicate that responsiveness (flow reduction)
to bronchoconstrictor provocation depends on airway smooth muscle shortening and
airway wall morphology. The contribution of these factors to the responsiveness of
central and peripheral bronchi was assessed.

Lumen flow was recorded in porcine perfused small (2 min i.d.) and large bron-
chial segments (6 mm i.d.). Lumen diameter was recorded in the same airways after
inserting an endoscope. Smooth muscle shortening, relative wall area (WAr), smooth
muscle and cartilage thickness and mucosal folds were measured morphometrically.
The effect of acetylcholine (ACh; 10-6–10-1 M) on functional measurements was deter-
mined by curve fitting.

Maximum muscle shortening was 30% in small and 19% in large bronchi (p<0.01)
and lumen narrowing was 49% and 39%, respectively. High doses of ACh stopped
flow in small bronchi, but produced a plateau in large bronchi. Small airways were
250-times more sensitive to ACh than large airways, for all measurements. Smooth
muscle and cartilage thickness and numbers of mucosal folds were greater in large
than in small bronchi (pð0.01). Lumen narrowing and flow reduction were greater
than predicted on the basis of muscle shortening and WAr (p<0.05).

The structure of airways from the two groups was qualitatively similar, but
responses were markedly different. Greater narrowing and flow responses of small
bronchi were directly associated with smooth muscle responsiveness in situ. The
results suggest that in vivo changes in airway wall shape or dimensions, or luminal
secretions, exert a significant effect on airway flow, particularly in the small airways.
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folds and smooth muscle and cartilage thickness were also
compared in large and small bronchi. Different functional
and morphological variables were documented in the same
airway and relationships between some of these variables
were compared by curve fitting.

Materials and methods 

Preparation of bronchial segments 

Lungs were obtained from 26 pigs (20–30 kg). A 4 cm
length of central (large, 6 mm i.d.) or peripheral (small, 2
mm i.d.) stem bronchus from a lower lobe was carefully
dissected free of parenchyma and the side branches were
tightly ligated close to the main airway trunk. Segments
were mounted horizontally in a heated organ chamber
containing Krebs solution (37°C, 95% O2/5% CO2). The
segment lumen was perfused with Krebs solution via a
reservoir (set to 5 cmH2O) [17, 18] (fig. 1). (Note that the
endoscope was not present in the airway lumen when flow
was recorded; see below.)

Flow 

Flow was measured by collecting perfusate from the
bath outlet. With small segments, the lumen was perfused
continuously and flow was monitored on alternate minutes.
Large bronchi were not continuously perfused because of
the large volumes required. Instead, flow was measured
for 15 s at one-minute intervals by operating a clamp on
the inlet tube. The system had a threshold detection limit
of <0.5 mL·min-1 flow.

Inlet and outlet tubes were kept longer than 10 cm to
minimize flow profile distortion. Flow through the appara-
tus was Poiseuillian (i.e. proportional to diameter4). As the
measured flow in the total system is dependent on both the
apparatus and bronchial resistances, changes in measured
flow underestimate the change in bronchial resistance pro-
duced as a result of bronchoconstriction [19]. Therefore,
measured flows were corrected for apparatus resistance by
subtracting this from the total system resistance to give a
measure of the change in bronchial flow which would
have occurred in the absence of apparatus resistance. Ap-
paratus resistance (upstream and downstream, fig. 1) was
determined by replacing the bronchial segment with a
large diameter plastic tube as described previously [19].

Bronchial resistance (Rbr) was 

P
                                Rbr = (       ) - Rap                            (1)

Ftot

and bronchial flow was
 

 P
            (2)

Rbr

where P is driving pressure (5 cmH2O), Ftot is total flow,
and Rap is apparatus resistance.

Bronchial pressure drop

During flow there is a pressure drop along the bronchial
segment, resulting in a graded change in transmural pres-
sure. Upstream and downstream resistances were calcula-
ted to determine the transmural pressures in the proximal
and distal ends of the segment. Upstream resistance was
calculated from flow through the upstream apparatus and
the pressure head. Downstream resistance was calculated
by subtracting upstream resistance from total apparatus
resistance. Pressures were then calculated from the prod-
uct of resistances and the measured flow.

Narrowing

Lumen diameter was recorded using a fibreoptic endo-
scope [20] (fig. 1). Measurements were made 1 cm from
the distal end of each segment. To aid visualization of the
region of interest the lumen was painted with a dye ring,
which was also used to locate the region of the bronchus
to be studied morphometrically. The endoscope was insert-
ed to within 1 cm, of the dye ring, at which distance there
was no lateral image distortion. The image was subse-
quently analysed using VideoPro image analysis software
(Leading Edge, Adelaide, South Australia).

Bronchi were not perfused when recording lumen dia-
meter. To maintain the transmural pressure, the distal end
of the bronchus was sealed and the pressure head was re-
duced to 2.5 cmH2O. Lumen recordings were made before
and after adding ACh. The lumen diameter was calculated
using the perimeter of the dyed region, assuming circula-
rity. The mucosal fold interstices were not visible and so
were not included in the measurement of lumen diameter.
Circularity was investigated in contracted and relaxed air-
ways by comparing the lumen area measured with the
image analysis software, with the area of a circle defined
from the lumen perimeter at the dye ring [20]. The plot of
the measured versus calculated areas will have a unitary
slope if the lumen is circular. In relaxed small and large
bronchi the slope was 0.84±0.02 and 0.87±0.02, respec-
tively, and 0.88±0.01 and 0.86±0.01 in contracted small
and large bronchi.

Muscle contraction

Bronchi were fixed whilst mounted in the perfusion
chamber, at 2.5 cmH2O pressure and not perfused, by add-
ing 10% formalin solution to the bath for 1 h at 37°C. Seg-
ments remained mounted overnight in the fixative at room

A

B C D E F

G H

Fig. 1.  –  Experimental apparatus for measuring lumen flow and diame-
ter. A: reservoir filled with Krebs solution, and pressure head; B: inlet
tubing; C: proximal cannula; D: bronchial segment; E: distal cannula; F:
outlet tubing; G: endoscope; H: video camera. The endoscope was
removed for measuring flow. Contracted bronchi were fixed whilst con-
nected to their mountings for subsequent histological and morphometric
analysis.
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temperature and were then removed from the bath and
placed in 10% formalin for a further 24 h. In several ex-
periments the lumen was monitored during the first hour
of fixation to ensure that the diameter did not change.

Morphometric measurements were made on nine fro-
zen sections from a 1 mm length of the segment in the
region imaged endoscopically. Measurements included the
lengths of the epithelium (Li) and of the outer margin of
the smooth muscle (Le) and the area of the bronchial lu-
men (Ai). The cross-sectional area from the luminal mar-
gin of the epithelium to Le was the inner wall area (WAi).
The relative wall area (WAr) was the ratio of the WAi to
WAi plus Ai, when the lumen is circular. The area associ-
ated with the hydraulic diameter (i.e. the lumen area to the
tips of the mucosal folds) was subtracted from the total
lumen area, which included the interstices. The amount
of circumferential smooth muscle shortening produced by
ACh in each bronchial segment was estimated by the
method of JAMES et al. [21]. Muscle shortening produced by
ACh was corrected for the small amount of shortening
(2.7% in small bronchi and <1% in large bronchi) present
in separate control bronchi not exposed to ACh. The aver-
age thickness of the smooth muscle and cartilage layers
was determined in a separate experiment (four large and
four small relaxed bronchi) from their areas, assuming
annularity.

Protocols

One hour after mounting the segment, a submaximal
dose of ACh was added to the bath to give a standard con-
traction history. Upon recovery, each bronchial segment
was stimulated with a dose of ACh selected to produce a
response between threshold and supramaximum (10-6–10-1

M). The effect of the selected ACh dose on lumen flow
was first determined then the endoscope was inserted 1–2
h after washout and recovery and the effect of the same
dose of ACh was determined on lumen diameter. Once the
diameter of the lumen had been measured, the bronchus
was fixed while still contracted, for subsequent morpho-
metry and estimation of muscle shortening.

Curves of best fit were applied to pooled data for each
airway group to establish both a dose–response relationship
and some of the dynamic relationships between muscle
shortening and lumen flow and diameter. These relation-
ships were then compared to predicted relationships for
ideal airways where flow is Poiseuillian, and where lumen
narrowing is fully defined by muscle shortening and the
WAr. The WAr used in the predicted relationships were the
mean values obtained morphometrically from the large or
small bronchi employed in the study.

Analysis of data

Dose–response curves were plotted for pooled values of
flow, lumen diameter (recorded endoscopically) and mus-
cle shortening (estimated morphometrically) from large or
small airways. Data were fitted to a hyperbolic curve (i.e.
the Michaelis–Menton expression):

ax2

                   Response =                                       (3) 
b2+x2

The experimental relationship between lumen diameter
(fractional diameter (Df), diameter with ACh/resting dia-
meter) and flow (fractional flow (Ff), adjusted flow with
ACh/resting adjusted flow) was plotted using:

                                            Ff = Df
a                                 (4)

where a is the best-fit power function. For plotting a pre-
dicted relationship for Poiseuillian flow, a is 4.

The experimental relationship between muscle length
(fractional muscle length (MLf), 100 minus %muscle shor-
tening/ 100) and lumen diameter was plotted using the
equation of MORENO et al. [1]:

         
Ð (ML2

f - b)
                             Df =                                                     (5)

 Ð (1 - b)

where b is the best-fit value for WAr. For plotting a predic-
ted relationship, b is the mean value of WAr which was
determined morphometrically on the bronchi used.

The experimental relationship between muscle length
and lumen flow was plotted using:

4
Ð (ML2

f - b)     
                          Ff= (                      )                             (6)

Ð (1- b)

where b is the best-fit value for WAr. For plotting a pre-
dicted relationship, b is the the mean value of WAr which
was determined morphometrically on the bronchi used.

Statistics

Coefficients of determination (r2) for the best-fit curves
applied to experimentally derived data were calculated by
the method of least squares. The Chi-squared test was used
to determine whether experimental data points in an airway
group were significantly different from predicted curves
(see above). Maximum changes in flow, muscle shorten-
ing and lumen diameter were calculated from the mean of
values recorded for the highest five doses of ACh (i.e. at
the plateau of the dose-response curves in figs. 2–4) in
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Fig. 2.  –  Effect of acetylcholine (ACh) on lumen flow in small (❍; 2
mm i.d.) and large (●; 6 mm i.d.) bronchi. Each point is from one bron-
chial segment. Best-fit curve from equation 3. r2=0.9426 (n=13) in small
bronchi and r2=0.9450 (n=13) in large bronchi.
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each group. A Student's t-test was used to compare the
mean maximum effects in small- and large-bore airways.
A p<0.05 was regarded as significant. Data are means±
SEM. The number of bronchi and animals was 13 except
where specified differently.

Results 

Dose–response curves from pooled data in each airway
size closely fitted a hyperbolic function (equation 3) with
coefficients of determination (r2) between 0.7327–0.9448
for the different measurements (figs. 2–4). There was a
marked difference in the sensitivity of the two groups of
airways to ACh, with an approximate 250-fold decrease in
the median effective concentration (EC50) in small bron-
chi compared with large bronchi for flow, lumen narrow-
ing and muscle shortening (figs. 2–4, table 1).

Flow

Small and large bronchi had resting flows of 0.184±
0.015 and 5.5±0.7 L·min-1, respectively. Maximum ACh
doses stopped flow in small bronchi and reduced it to a
plateau at 83% in large bronchi (fig. 2).

Bronchial pressure drop 

In relaxed bronchi, the transmural pressure at the proxi-
mal to distal ends ranged 3.3±0–1.6±0 cmH2O for small
bronchi and 4.8±0–3.7±0.1 cmH2O for large bronchi, resp-
ectively (n=13). After contraction, the proximal transmural
pressure increased whilst the distal decreased depending on
the extent of stimulation. For maximally stimulated small
bronchi the proximal to distal pressure range became 4.9±
0.1–0.1±0.1 cmH2O, while in large bronchi it became 4.9±
0–1.9±0 cmH2O (n=5).

Lumen narrowing 

Endoscopically measured lumen diameters averaged
2.0±0.1 mm in relaxed small bronchi (1.6–2.6 mm) and
5.7±0.3 mm in large bronchi (5.1–8.3 mm). Morphometric
estimates of lumen diameter agreed closely, i.e. 1.9±0.1
mm in small and 5.5±0.2 mm in large bronchi. Lumen
narrowing (fig. 3) plateaued at high ACh doses. Maximum
ACh doses reduced the lumen diameter by 48±3% and
39±5% in small and large bronchi, but never completely
closed the bronchial lumen (fig. 3). A maximally stimu-
lated small bronchial lumen is shown in figure 5c. No
occlusion was visible either endoscopically or histologi-
cally in other parts of the airway lumen, although floccu-
lant mucus was present in the lumen of some bronchi after
ACh stimulation (fig. 5c).

Muscle shortening 

Muscle shortening plateaued at high ACh doses (fig. 4).
Maximum muscle shortening was 30±3% in small and
19±2% in large bronchi (p<0.01). Sections of small bron-
chi were studied with a ×4 objective and the coefficient of
variation (CV) for repeat measurements of muscle short-
ening was 1.4% (n=5 measurements in one bronchus). A
×1 objective was used for large bronchi and the CV was
9.1%. In contracted bronchi there was partial separation
between the smooth muscle and the cartilage (fig. 5).
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Fig. 3.  –  Effect of acetylcholine (ACh) on lumen diameter in small (❍;
2 mm i.d.) and large (●; 6 mm i.d.) bronchi. Lumen diameter was
recorded with an endoscope. Each point is from one bronchial segment.
Best-fit curve from equation 3. r2=0.9448 (n=13) in small bronchial and
r2=0.8233 (n=13) in large bronchi.
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Fig. 4.  –  Effect of acetylcholine (ACh) on muscle shortening in small
(❍; 2 mm i.d.) and large (●; 6 mm i.d.) bronchi. Muscle shortening was
estimated morphometrically. Each point is from one bronchial segment.
Best-fit curve from equation 3. r2=0.8785 (n=13) in small bronchi and
r2=0.7327 (n=13) in large bronchi.

Table 1.  –  Responsiveness of small and large bronchi

Small bronchi Large bronchi
pD2 Emax pD2 Emax

Lumen flow
Lumen diameter
Muscle shortening

5.40
5.16
5.17

100
48
30

3.08
3.01
2.93

83***
39
19**

pD2: sensitivity (-log median effective concentration (EC50)) to
acetylcholine (ACh); Emax: maximum effect (% change) of ACh
on small (n=13) and large (n=13) bronchial segments. Flow,
narrowing and muscle shortening was measured in each bron-
chial segment. Each bronchus was stimulated with a single dose
of ACh. Responses in all bronchi in a group were then pooled
and best-fit curves were drawn. Parameters of responsiveness
were calculated from the equation of best-fit. **: p<0.01; ***:
p<0.001, between small and large airways (mean of highest five
doses of ACh).
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Airway morphology 

In small bronchi there were 20±1 mucosal folds·airway-1

and in large bronchi there were 36±3 folds·airway-1 (p<
0.001, fig. 5). Mucosal fold numbers did not correlate with
muscle shortening in either group. However, the areas of

the fold interstices were positively correlated with muscle
shortening (p<0.01–0.05). In small airways the area of the
interstices ranged from 2% of the lumen area (Ai) in re-
laxed bronchi to 10% in fully contracted bronchi. In large
airways the areas ranged 0.5–2% of the lumen area. Re-
lative wall areas (WAr) were 0.185±0.009 in small and

Fig. 5.  –  Lumen and airway wall of bronchial segments before and after exposure to high doses of acetylcholine (ACh). A) Image of the lumen of a
relaxed small-bore bronchus taken through an endoscope. Note the sidebranch, line of dye applied to the mucosa (LN) and the furthest end of the bron-
chial segment near its cannula (CAN). B) Histological section of a different relaxed small-bore bronchus stained with haemotoxylin and eosin. The
outer margin of the smooth muscle is identified by an arrow. C) Endoscopic image of the same bronchus in A) but during exposure to 10-4 M ACh. In a
previous run, this dose of ACh caused flow to fall to zero. The furthest end of the bronchus, near its cannula (CAN), was still visible along the lumen.
Some flocculant mucus and a small mucus mass (MU) were present in the lumen. D) The same bronchus as in C) after fixation during ACh exposure.
The inner airway wall was partially and reversibly separated from the cartilage during ACh exposure. E, F) Relaxed and contracted (10-2 M ACh) large-
bore bronchial segments. (Internal scale bars = 1 mm.)
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0.125±0.006 in large airways (p<0.001). Average smooth
muscle thickness was 0.026±0.002 mm and 0.082±0.006
mm in small and large bronchi respectively (p<0.001, n=4
separate bronchi). The average cartilage thickness was
0.469±0.046 mm in small and 0.757±0.034 mm in large
bronchi (p=0.01, n=4 separate bronchi).

Flow versus diameter 

In large bronchi the experimentally derived measure-
ments of lumen flow and lumen diameter were not signifi-
cantly different to a predicted relationship for Poiseuillian
flow (fig. 6). In small airways, data were similar to that
predicted, but with high levels of stimulation in four bron-
chi, flow was stopped and the relationship between diam-
eter and flow departed from that predicted (p<0.05). The

best-fit curves applied to the experimental data (equation
4) had power functions of 3.4 in large bronchi (flow α
diameter3.4) and 5.7 (flow α diameter5.7) in small bronchi.

Muscle shortening versus diameter 

Figure 7 plots a relationship between muscle length and
lumen diameter. In small bronchi, the experimental data
were similar to the relationship predicted from a geomet-
ric model (equation 5). In large bronchi, lumen narrowing
was greater than predicted (p<0.05). The curve of best-fit
applied to the experimental data (equation 5) had best-fit
values of WAr of 0.289 in small and 0.403 in large bron-
chi, which were greater than the measured values (see
above).

1.0 0.9 0.8 0.7 0.6 0.5 0.4 0.3 0.2 0.1 0
Lumen diameter  fractional

1.0

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0
Lu

m
en

 fl
ow

  f
ra

ct
io

na
l

a)

●

●

●

●

●

●

●
●

●● ● ●

1.0 0.9 0.8 0.7 0.6 0.5 0.4 0.3 0.2 0.1 0
Lumen diameter  fractional

b)

●

●

●●

●

●

●

●

●

●●

●

Fig. 6.  –  Relationship between lumen diameter and lumen flow in a) small and b) large bronchi. The points are from the same bronchial segments
shown in figures 2–4. Data are expressed as fractions (i.e. value with acetylcholine/resting value). The best-fit curve for the experimental data (         ),
using equation 4 is shown, r2=0.9140 (n=13) in small bronchi and r2=0.8010 (n=13) in large bronchi. Curves for a predicted fourth-power relationship
are also shown (        ). In small bronchi (but not large bronchi) the experimental data were significantly different (p<0.05, Chi-squared test) from the
predicted curve.
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Muscle shortening versus flow 

The relationship between muscle length and lumen
flow is shown in figure 8. In large and small airway, the
flow reduction caused by muscle shortening was greater
than predicted from a geometric model (equation 6)
(p<0.05). The best-fit curve applied to the data (equation
6) had best-fit values of WAr of 0.390 in small and 0.386
in large bronchi.

Discussion 

In this study, complete ACh dose–response curves for
muscle shortening, lumen narrowing, and lumen flow were
documented in the same airway. This enabled some of the
relationships which may determine responsiveness in in-
dividual airways to be defined, and potential causes for re-
gional differences in responsiveness to be identified. Small
bronchi were significantly more sensitive to ACh than
large airways for all measurements. Maximum flow re-
duction, muscle shortening and lumen narrowing were also
greater in small than in large bronchi. The greater respon-
siveness (flow) in small versus large bronchi could be
partly explained by a greater sensitivity and maximum ef-
fect (Emax) of smooth muscle shortening. Flow was re-
duced more than expected, on the basis of muscle shortening
and WAr, so that small bronchi were prone to flow cessa-
tion.

Previously, the effects of agonist drugs on lung resis-
tance were studied in whole lungs in conjunction with
morphometric estimates of airway calibre in broad sam-
ples of airways [6–9]. The current protocol, in the individ-
ual live airway, was to record the effect of ACh on lumen
flow then, after recovery, to insert an endoscope into the
lumen of the same airway and record the effect of ACh
challenge on lumen diameter. An endoscope was used so
that the change in calibre could be directly established.
Measurements of resting diameter (i.e. prestimulated) ob-

tained using the endoscope were internally consistent with
diameters estimated morphometrically from airway peri-
meter (Li; see Materials and methods). Finally, the con-
tracted bronchi were fixed for morphometry.

Airway responses recorded in the present study could
be influenced by the transmural pressure [22–24]. Muscle
shortening and lumen narrowing were each recorded at
2.5 cmH2O transmural pressure, without flow, and at the
same location along the airway. In contrast, when flow
was recorded there was a pressure drop along the airway.
The 2.5 cmH2O transmural pressure applied to the airway
when narrowing and muscle shortening were recorded was
chosen as it was a mid-range pressure at the region of flow
limitation during flow (1.6 cmH2O in relaxed small bron-
chi and 3.7 cmH2O in relaxed large bronchi, at their distal
ends). Variations in transmural pressure along segments
during flow, and during ACh-induced constriction, could
change airway load, and thus, complicate a comparison of
an effect of ACh on flow (cf. lumen narrowing and muscle
shortening). However, it was previously shown that the
cartilaginous airways used in these studies are less sensi-
tive to variations in transmural pressure than resistance
airways in vivo, or human airways in vitro [25]. Neither
airway narrowing [20] nor flow responses [17, 26] are sen-
sitive to small changes in transmural pressure (~5 cmH2O).
Similarly, muscle shortening is unaffected by small chan-
ges in transmural pressure along the length of perfused
segments (J.C. Marriott, University of Western Australia,
personal communication).

Flow, lumen narrowing and muscle shortening were
dose dependent and closely fitted a hyperbolic equation in
each group (which defines the kinetics of drug-receptor-
mediated pharmacological responses). There was a 250-
fold greater sensitivity in muscle shortening and lumen
narrowing in small than in large bronchi, which closely
matched the difference in flow, as seen previously [17].
Small differences in flow profiles between large and small
perfused bronchi (see below) could not account for the
major difference in sensitivity. Interestingly, this sensitivity
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Fig. 8.  –  Relationship between muscle length and lumen flow in a) small and b) large bronchi. The points are from the same bronchial segments
shown in figures 2–4. Data are expressed as fractions (i.e. value with acetylcholine/resting value). The best-fit curve for the experimental data (         ),
using equation 6 is shown, r2=0.8283 (n=13) in small bronchi and r2=0.6720 (n=13) in large bronchi. The predicted relationship (        ), using the actual
mean inner wall areas of the airway groups (relative wall area (WAr)=0.185 in small and 0.125 in large bronchi) in equation 6 is shown. In both sizes of
bronchi the experimental data were significantly different from the predicted curves (p<0.05, Chi-squared test).
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difference is only seen in intact airways. Isolated smooth
muscle cells from similar airways do not exhibit differ-
ences in sensitivity to cholinergic agonists [15]. The three-
dimensional arrangement of smooth muscle in the airway
wall could influence force generation and smooth muscle
shortening [27], as could mural elastic loads. These could
all vary with airway size or location and would be more
likely to affect the responsiveness of the intact airway. A
further influence could be the presence of agonist concen-
tration gradients across the airway wall, which could dif-
fer between small and large airways [15, 17].

Another striking difference between small and large air-
ways was in the Emax. In large airways, flow plateaued,
but in small airways it stopped abruptly. The present study
of small bronchi demonstrated a plateau in smooth muscle
shortening, and lumen narrowing at about a 50% reduc-
tion of diameter. This is similar to the reduction in lumen
diameter in some in vivo studies [12, 28–30] and is con-
sistent with a previous report of maximum airway narrow-
ing in pig bronchi, recorded at zero transmural pressure
[20]. Halving the lumen diameter would lead to an ap-
proximate 95% reduction in flow if flow was Poiseuillian
(see below). The observation of flow cessation in small
bronchi was complicated by an uncertain transmural pres-
sure at the actual site(s) of flow limitation, so that the load
on the smooth muscle during flow may have been differ-
ent to the load when lumen narrowing was measured. The
possibility that there may have been localized regions of
airway closure during investigations of flow cannot be
ruled out. 

Maximum muscle shortening was also greater in small
than in large bronchi, consistent with the greater Emax for
flow in small than in large bronchi. Maximum muscle
shortening, established from complete dose–response cur-
ves in individual bronchi, has not to the author's know-
ledge been previously determined. Previously reported
muscle shortening in small bronchi was similar to [6] or
greater than [31] that found here. The greater maximum
muscle shortening in small versus large bronchi was not
due to a lack of smooth muscle in large bronchi, which
were three times thicker. Differences could be due to dif-
ferent elastic loads [6, 22, 32], for example, from the air-
way wall, or to intrinsic physiological properties of the
smooth muscle. OKAZAWA et al. [31] demonstrated an in-
verse relationship between WAr and muscle shortening in
a sample of different sized airways in whole lung, sug-
gesting that the airway wall may load the smooth muscle.
The present airway samples were tightly grouped, but
between the groups WAr and muscle shortening were di-
rectly related, suggesting that the wall area was not a key
factor in smooth muscle shortening. In addition, a smaller
load from mucosal folds [4] did not appear to account for
greater smooth muscle shortening in the small bronchi
(~10 folds·mm internal perimeter-1) compared with large
bronchi (~6.5 folds·mm-1). Both large and small bronchi
contained cartilage, which was almost twice as thick in
the larger bronchi and could impede muscle shortening. In
previous studies [33, 34], a partial and reversible separa-
tion between contracted smooth muscle and cartilage was
demonstrated, which was again confirmed here (fig. 5).
Since smooth muscle can partially uncouple from the car-
tilage, it is highly improbable that cartilage thickness per
se limits muscle shortening. The extent of smooth muscle
shortening might be more influenced by the compliance of

the connective tissue matrix. Currently, no information is
available on the elastic properties of this matrix in large or
small airways.

The present findings suggest there was more flow re-
duction than expected from muscle shortening and WAr, in
each airway group (fig. 8). This was consistent with a
steeper than expected relationship between muscle short-
ening and lumen diameter, but which was only significant
in large bronchi. The spread of experimental data in this
analysis of large airways (cf. small) limits comparison of
a possible difference between the airway groups. Curves
(experimental or predicted) were constructed from equa-
tions for a geometric model [1–3] of airway narrowing or
flow (equations 5 and 6), in which the measured muscle
shortening was the independent variable. Predicted rela-
tionships were constructed using the mean WAr measured
morphometrically in each group. In the experimental model
best-fit WAr were iterated in the curve-fitting procedure
and yielded WAr that were greater than those measured
morphometrically. Thus, the airway behaved as if the wall
were thicker than actually measured and showed more
narrowing and flow reduction than theoretically expected
as the muscle shortened.

The reason for airway narrowing and flow being greater
than expected was not established, but some possibilities
can be considered. 1) The relationship between muscle
shortening, flow, and narrowing is independent of varia-
bles such as the ACh concentration at the smooth muscle;
the relationship between muscle shortening and lumen
narrowing is also independent of load in the airway wall.
2) The choice of medium does not influence analyses of
fractional flows in our study, nor should the presence of
boundary layers, which are very thin. Water flow is less
than air flow, but the change in flow produced by diameter
changes would be similar for water and air. 3) The geo-
metric model assumes that the airway wall is fully con-
served during contraction. There is some morphometric
evidence supporting this [3, 33], but recent data also sug-
gest that parts of the airway, such as the outer wall area,
alter during bronchoconstriction [33–35], changing airway
geometry and possibly airway narrowing. 4) Real airways
are not truely circular, in contrast to the ideal airway,
and the lumen has irregularities due to mucosal folds and
interstices. The area contained in the fold interstices is
only a small proportion of the lumen area (present study,
[5]). The endoscopic technique used to assess lumen nar-
rowing did not include the area of these interstices in the
measurement because the interstices are hidden from view.
However, the analysis of flow versus diameter (fig. 6) was
generally consistent with a model in which flow only oc-
curs through the centre of the lumen and not through inter-
stices. 5) Lastly, a lining of mucus could significantly
reduce lumen flow, particularly in partially constricted
peripheral airways by occluding the lumen or by increas-
ing viscosity. Flocculent and sometimes viscous mucus
were frequently observed endoscopically and the concen-
tration of mucus proteins in perfusion fluid increased after
ACh stimulation (unpublished observation).

In vivo, many factors potentially influence responsive-
ness, in addition to the physiological properties of indi-
vidual airways examined in this study. These include
parenchymal interdependence, parallel resistances in the
bronchial tree, and compliance. The central and peripheral
bronchi studied were structurally similar, in proportion to
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airway diameter. The study shows that differences in res-
ponsiveness of individual airways are, in part, caused
by differences in sensitivity and the maximum effect of
smooth muscle shortening. However, there was insuffi-
cient smooth muscle shortening to account for the low
flows produced by acetylcholine in either large or small
airways or the flow cessation in small airways (subject to
the experimental conditions of this study). The data sug-
gest that changes to the airway wall shape or dimensions,
or increased airway secretions, may exert a significant ef-
fect on airway flow. Such factors could influence responses
in both central and peripheral airways, with small airways
being more vulnerable because critical narrowing in res-
ponse to muscle contraction is reached more quickly.
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