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ABSTRACT:  The amount of smooth muscle shortening required to cause narrowing
of the bronchial lumen and to significantly alter airflow in an airway has not been
measured directly.

Accordingly, in this study, the lumens of isolated fluid-filled bronchial segments
from pigs were directly visualized using a fibreoptic endoscope and video-recording.
The extent of lumen narrowing was related to smooth muscle contraction, determined
morphometrically, and to bronchial lumen flow.  Narrowing was produced by
electrical field stimulation (EFS), (70 V, 20 Hz, 2–3 ms) and acetylcholine (ACh),
(10-5–10-2 M).

The diameter of the relaxed bronchial lumen and the reduction in diameter
produced by maximum electrical field stimulation were both greater when the
transmural pressure was increased (from -8 to 20 cmH2O).  The percentage change
in diameter produced by electrical field stimulation was not, however, significantly
different over this pressure range.  Electrical field stimulation caused the bronchial
lumen to narrow by 28.5±3.3% in diameter, and by 45.7±3.8% in cross-sectional
area, at zero transmural pressure.   Maximum doses of acetylcholine (10-2 M) reduced
the lumen diameter by 48.3±3.3%, and the area by 70.3±4.8%.   In separate
experiments, maximum doses of ACh stopped the flow of Krebs solution perfused
through the lumen of bronchial segments.  Morphometric measurements indicated
that smooth muscle shortened by a maximum of 32.5±2.8% to acetylcholine 10-2 M,
relative to fully-relaxed dimensions.  Simultaneous imaging of the lumen and adventitia
of bronchi showed that the luminal margin narrowed more than the adventitia.

The use of direct video-imaging has shown that functional airway closure is
associated with an approximate halving of the lumen diameter but less shortening
of the smooth muscle.  The greater movement of the luminal than adventitial margins
suggests that the smooth muscle and mucosa move independently of the cartilaginous
part of the bronchial wall during airway narrowing.
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The extent of airway narrowing throughout the bronchial
tree during bronchial provocation is usually inferred from
measurements of flow or total airway resistance made at
the mouth.  Direct estimates of narrowing at particular
sites in the lung in vivo or in situ have been made from
images of the bronchial lumen obtained by radiographs
using tantalum [1–5], or recently by high-resolution
computed tomography [6, 7].  These suggest that the
maximum airway narrowing to drug or nerve stimula-
tion of the airway smooth muscle ranges from 20–50%
in lumen diameter, or 75% or more in lumen cross-
sectional area, at different transpulmonary pressures and
airway locations [2–4, 6].  The change in flow in an
individual airway produced by this degree of narrowing,
however, has not been established, since flow, measured
at the mouth, results from the combined actions of airways
in series and parallel throughout the lung.

Although changes in the bronchial lumen are produced
by airways smooth muscle contraction, there are no direct
measurements defining the relationship between bronchial
flow and smooth muscle length in airways.  Studies in
the dog trachea suggest that maximum smooth muscle
shortening in situ is only about 20–30% [8].  However,
the narrowing produced by the contraction of the smooth
muscle is probably influenced by the airway wall, which
may occlude the lumen progressively [9–11] as the stimulus
to the smooth muscle increases.  The folding of the mu-
cosa may also influence narrowing by stabilizing the
bronchial wall [12], or it may limit the area available for
flow if luminal fluid becomes trapped in the interstices
produced during narrowing [13].  Although the above
properties of the airway wall may contribute to the overall
reduction in lumen area produced by smooth muscle
contraction in all airways, their impact may vary with



airway size [10, 11, 14], or with pathological changes in
airway morphology [9, 10].

In isolated perfused bronchial segments from animals
[14, 15] and man [16, 17], maximal cholinergic stimula-
tion reduces luminal flow by 80–100%.  We reasoned
that the bronchial segment might provide an experimental
model of airway responsiveness, which would enable us
to determine the extent of lumen reduction brought about
by submaximal and maximal smooth muscle shortening.
The objective was to define the relationship between air-
way narrowing, measured directly, and smooth muscle
shortening.  We therefore applied fibreoptic endoscopy
and video-imaging techniques to visualize the luminal
and adventitial surfaces of bronchial segments, in order
to determine narrowing in response to cholinergic stimula-
tion.  Measurements were made at zero transmural pres-
sure, and also after raising or lowering transmural pressure
in order to simulate airway conditions in vivo.

Methods

Physiological experiments were carried out on airways
from 16 pigs, obtained immediately after slaughter.  Pigs
were killed with a captive bolt gun and exsanguinated.

Preparation of bronchial segments

The lungs were removed and the bronchi were dissected
out on ice as described previously [15].  After ligating
all side-branches, we cannulated a 2–3 cm length of the
"stem" bronchus with an internal diameter of about 3
mm.  The segment was placed horizontally in an organ
chamber.  Each end of the segment was securely fixed
to a Perspex inlet or outlet built into the organ chamber,
so that the length of the segment could not change (fig.
1).  The adventita (i.e. outside) of the bronchial segment
was bathed in gassed Krebs solution at 37°C, whilst the
lumen (i.e. inside) could be flushed through with Krebs
solution.  The solutions were refreshed regularly and
drugs (acetylcholine (ACh)) could be added to the solution
bathing the outside of the segment.

Visualization of lumen narrowing

To visualize the lumen of the bronchial segment, we
used a rigid fibreoptic endoscope (Olympus Selfscope
SES 1711D).  The diameter of the endoscope was 1.7
mm, and the lens had a 60° forward field of view.  The
endoscope image was recorded with an Ikegami colour
CCD video-camera (type ICD 840P).  The output from
the camera was recorded on video-tape for subsequent
image analysis (see below).

Camera and endoscope were mounted on a moveable
platform, which allowed the tip of the endoscope to be
gently inserted into the segment lumen via the organ
chamber outlet (fig. 1).  To aid the visualization of a
particular region of the lumen circumference, we first
applied a small amount of dye (amidoschwarz, Merck
Laboratories) to the bronchial mucosa.  This was done
using an applicator made from a stainless steel tube with
an enlarged spherical head 3 mm in diameter, contain-
ing perforations through which the dye was gently forced
under a small positive pressure.  This dye bound well to
the mucosa for several hours, during which time the
experiment was run.  If the ring of dye was found to be
grossly irregular in shape, then another area of dye was
applied to obtain a suitable recording.

The diameter and area of the lumen was measured by
playing back the video-tape through a chromatic image
analysis system (Leading Edge, Pty Ltd, Bellview Heights,
South Australia).  The image was calibrated with a 1
mm diameter probe, which was inserted into the distal
end of the segment and advanced until it was exactly
adjacent to the region of dye on the bronchial mucosa.
The functional luminal area was measured from a circle
drawn over the inner (luminal) margins of the mucosa
but excluding the interstices.  The excluded area constituted
less than 6% of the total area, including interstices.  The
effective diameter of the region of interest was calculated
from the perimeter of the traced area, assuming that it
was circular (see below).  The intraobserver variability was
determined from duplicate measurements of the perimeters
of five different airways, and it was 0.65±0.62% (n=5).

To test how close the shape of the region of interest
was to a circle, in each relaxed and contracted bronchus,
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Fig. 1.  –  Diagram indicating arrangement of bronchial segment in the organ chamber, the endoscope inserted into the bronchial lumen, and Krebs
solution reservoir with tap by means of which the transmural pressure (cmH2O) could be varied; see text for explanation.  Platinum ring electrodes
were built into the organ chamber (not shown) for delivering electrical stimulation.



we compared the lumen cross-sectional area actually
measured with the endoscope system with the area of a
true circle calculated from the perimeter traced from the
video image of that airway.  The results (fig. 2) show a
strong correlation between calculated and measured luminal
areas, with a slope very close to unity.  Results were the
same for both relaxed and contracted bronchi, indicating
that the traced lumen was circular in either state.

Narrowing responses were obtained by electrical field
stimulation (EFS) of the bronchus via platinum ring
electrodes, using a Grass S44 square wave stimulator
(EFS; 70 v, 20 Hz, 2–3 ms), or by adding ACh to the
Krebs solution bathing the outside of the bronchial seg-
ment.

Experimental measurements were made under isobaric
conditions, after closing a tap between the Krebs solution
reservoir and the organ chamber inlet (fig. 1) so that

there was no flow through the bronchial lumen.  Most
experiments were performed when the transmural pres-
sure was 0 cmH2O, i.e. with the organ chamber outlet,
through which the endoscope was inserted, open to the
atmosphere.   In some runs, however, we studied the
effect of varying transmural pressure on lumen narrowing
to EFS.  This was done by raising or lowering the reservoir
containing Krebs solution, with the reservoir tap open
but with the outlet end of the segment temporarily sealed-
off with Plasticine to maintain the lumen pressure.  In
this manner, EFS responses were obtained at -8, 0, 10
and 20 cmH2O transmural pressure.   In these experiments,
diameters of both lumen and adventitia of the bronchi
were recorded on video-tape.  Adventitial margins were
visualized via a dissecting microscope placed above the
bronchial segment.

Bronchial flow

In separate experiments on four bronchial segments,
the flow of Krebs solution through the lumen in response
to EFS or ACh was recorded using a system based on
that described previously [15].  Segments were mounted
in apparatus which incorporated an organ chamber similar
to that used in the endoscopy experiments.  The lumen
was perfused at a constant driving pressure with Krebs
solution from a reservoir set 5 cm above the bronchus.
Flow through the lumen was measured using a rotameter
combined with a Hall Effect detection device (Airway
Narrowing Analyser, Ugo Basile Biological Research
Apparatus, Comerio-Varese, Italy).  The downstream
resistance of the rotameter was less than 30% of the
resting bronchial resistance.  After equilibrium, bronchi
were stimulated several times with EFS, with 5 min
intervals between trains of impulses, and then upon
recovery by supramaximal ACh 10-2 M.

Morphometry

Bronchial segments used to visualize the lumen were
fixed in the organ chamber by addition of formaldehyde
(at a bath concentration of 4%), to the Krebs solution
bathing the segment.  This procedure had no effect on
the lumen diameter as detected with the endoscope.  After
at least 20 min, the tissue was carefully removed from
the chamber and returned to buffered fixative for 24 h,
after which time it was placed in Cryo-M-Bed and frozen
in isopentane cooled in liquid nitrogen.  Cryopreparation
was used in order to avoid tissue shrinkage caused by
wax embedding.  Multiple serial cryosections (15 µm)
were cut along 0.3 mm of the segment at the region of
interest, and these sections were then stained with
haematoxylin and eosin.

Sections were examined microscopically using the
chromatic image analysis system [14].  The cross-sectional
area of the inner wall (mucosa and smooth muscle) was
determined by subtracting the area of the lumen from
the combined area of the lumen and the airway wall out
to the adventitial margin of the smooth muscle.  The
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Fig. 2.  –  Comparison of lumen cross-sectional area measured directly
from the endoscopic image with the area calculated from the perimeter
(perimeter2/4π) of the lumen of different bronchial segments (n=16).
a) data for relaxed bronchi (r=0.9984; p<0.001).  b) data during
constriction to acetylcholine (10-5–10-2 M) (r=0.9996; p<0.001).  The
predicted relationship (dashed line) for a circle is shown.
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relative wall area was the area of the inner wall, expressed
as a fraction of the total area of the airway cross-section
to the adventitial margin of the smooth muscle, assuming
circularity of the epithelium in the relaxed state [18].

Smooth muscle shortening was estimated morpho-
metrically using the procedure described by JAMES et al.
[18].  The smooth muscle extended for more than 90%
of the airway circumference.  Active smooth muscle
shortening to ACh was corrected by subtracting the value
of shortening obtained in relaxed unstimulated bronchi,
also at 0 cmH2O transmural pressure, i.e. the same pressure
used for the ACh runs.  This was 8.8±1.4% (n=6).

Protocol and treatment of data

Bronchial segments were left to equilibrate in the organ
chamber for 1 h.  After applying the dye to the mucosa,
the endoscope was inserted and the segment underwent
EFS several times with 5 min intervals between trains.
The stimulus parameters (70 V, 20 Hz, 2–3 ms,  for 15–
30 s) gave maximum response.  In some experiments,
the transmural pressure was then varied, as outlined above,
and EFS responses were recorded at each pressure.  Lastly,
segments were stimulated with ACh and the narrowing
response of the airway was monitored until after it reached
steady-state (usually >5 min).  At steady-state the segment
was fixed for histological processing as described.

Lumen narrowing was measured from the signals recor-
ded on video-tape (see above).  Luminal cross-sectional
area and diameter were measured, using the calibrated
system, immediately before EFS or ACh and again at
the peak of the response.   For EFS, responses of duplicate
or triplicate runs in each segment were averaged.  Single
responses to ACh were recorded in each segment.  Dimen-
sions (mm diameter or mm2 area) of the segments relaxed
and contracted were compared by a paired t-test.

A predicted relationship between muscle shortening
and luminal area or diameter of live bronchial segments
was determined using Microsoft Excel.  This was calculated
from the fractional circumferential shortening of the
smooth muscle and from a relative area of the inner wall
(mucosa and smooth muscle) of 0.16, which was determined
from morphological measurement of fixed tissue (see
above and table 1).  Correlation coefficients were calculated
by the method of least squares.  A relationship between
different transmural pressures versus lumen diameter and
between inside versus outside diameters during EFS was

analysed by two-way analysis of variance (ANOVA).  In
addition, a predicted reduction of the luminal diameter
of the bronchus during stimulation with EFS was calculated
from the recorded reduction in diameter of the outer
adventitial surface of the bronchus and from the total
bronchial wall area (mucosa, smooth muscle and cartilage).
The total bronchial wall area was determined from the
difference between the total bronchial cross-sectional area
determined from the adventitial diameter, and the cross-
sectional area of the lumen determined from the lumen
diameter.  Data shown are mean±SEM, with n=number of
bronchial segments.  A p-value of <0.05 was considered
significant.

Results

With adequate lighting, the features of the airway lumen
were readily visualized, with lines between the mucosal
ridges or folds, and side-branches, clearly identifiable.
The number of mucosal folds in bronchial segments from
different pigs was highly consistent and averaged 23±1
(n=6).  This was the same (24±1) as the number of folds
observed in fixed tissue used in the morphometric estimation
of muscle shortening (see below).  Examples of images
from different bronchial segments are shown in figures
3 and 4.

Occasionally, side-branches were close to the region
of interest, but these did not appear to cause a significant
distortion in the narrowing response; for example, in
figure 3, narrowing was essentially concentric despite the
presence of a large side-branch.  It is clear from figure
3 that the opening to the side branch also narrows during
EFS.

The following results were obtained from regions of
the bronchus that were distal to side-branches, so that
the line drawn across the margins of the mucosal ridges
was almost circular (fig. 2).  Unless noted otherwise,
measurements were made at 0 cmH2O transmural pressure.

Narrowing to EFS and acetylcholine

EFS (70 V, 20 Hz, 2–3 ms) caused the lumen to narrow.
The onset of the narrowing response was almost immediate
(<2 s), and maximum narrowing occurred at 15–30 s.
At the end of EFS, the lumen dilated rapidly and comple-
tely in about 15 s (fig. 3).
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Table 1.  –  Dimensions of relaxed and contracted bronchial segments

Area  mm2 Diameter  mm WA mm2 rWA
Morphometry        Endoscopy        Morphometry         Endoscopy

Relaxed 8.02±0.64 10.02±1.60 3.78±0.07 3.63±0.33 2.00±0.19 0.18±0.02
Contracted 2.91±0.79** 3.30±0.86* ND 2.00±0.27** 2.14±0.07 0.16±0.01

Dimensions of bronchial segments determined firstly by video-imaging (cross-sectional area and diameter of the lumen)
and after histological processing for morphometry of the same airway preparation.  WA: cross-sectional area of bronchial
wall from the epithelium to the adventitial margin of the smooth muscle determined by morphometry; rWA: relative wall
area (WA relative to the relaxed WA and lumen area combined).  Segments were studied either without treatment (relaxed,
n=4) or maximally contracted with acetylcholine (n=13).  All measurements were made at zero transmural pressure.
*: p<0.01; **: p<0.001 compared with relaxed. ND: not determined.
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Fig. 3.  –  Video images along a bronchial lumen during narrowing in response to electrical field stimulation (EFS) (70 V, 20 Hz, 2 ms).  A circle
of blue dye was applied around the lumen in the vicinity of a side-branch and the diameter in this region was 3 mm.  Both the lumen and adventitia
of the bronchial segment were illuminated, and a region of bright reflection is visible at the entrance of a side-branch.  The sequence shows, from
left to right, video frames at 6 s intervals during EFS.  Top left frame was taken immediately before stimulation.  The stimulator was turned-off
at the fifth frame of the sequence (i.e. at 24 s).  Note the rapidity of the narrowing and relaxation phases of the response, the mucosal foldings
which do not change in number during narrowing, and the narrowing of the entrance to the side-branch during stimulation.

Fig. 4. –  Narrowing to acetylcholine, 10-2 M, in a 2.7 mm internal
diameter bronchial segment.  Top left frame shows airway before drug
stimulation and subsequent frames (left to right) are at 1 min intervals.
Maximum narrowing was present after 3 min.  A small piece of mucus
moved into the distal lumen during the narrowing response.

Fig. 8.  –  Video imaging of the adventitia of a pig bronchial segment
and of the lumen of the same segment recorded via an endoscope.  The
upper panels show the unstimulated airway and the lower panels during
electrical field stimulation (EFS).  Adventital control diameter = 5 mm,
and lumen = 3.3 mm.  EFS caused the lumen to narrow by approximately
40%, whilst the adventita narrowed by about 10%.



The correlation coefficients for the fitted curve were
0.8445 for muscle shortening against area, and 0.8162
for diameter (n=16; p<0.001).

Transmural pressure on narrowing

Increasing transmural pressure from -8 to 20 cmH2O
caused an increase in the luminal diameter of relaxed
bronchi of 42%, i.e. from 2.35±0.09 to 3.35±0.21 mm
(p<0.001).  The absolute narrowing response to EFS also
increased with greater transmural pressures, with maximum
narrowing present by 10 cmH2O pressure (fig. 7) (p<0.05).
However, expressed as a percentage of the relaxed dia-
meter, narrowing did not change significantly with pressure.
It was 23.2±3.4, 26.7±5.3, 30.7±7.5 and 29.5±6.0% at
-8, 0, 10 and 20 cmH2O, respectively, (p>0.05).

With ACh, in contrast, narrowing was slow (2–5 min).
In a few experiments, the lumen became slightly oval in
shape during maximum narrowing.  In the majority of
runs, however, the constricted lumen maintained its cir-
cular appearance (fig. 4).

The cross-sectional area and diameters of the bronchial
lumens relaxed and contracted during 10-2 M ACh, are
shown in table 1.  This maximum dose of ACh reduced
the area of the lumen by 70.3±4.8%, and the diameter
by 48.3±3.3%.  EFS produced less of a response, 45.7±3.8%
(n=18; p<0.001) reduction in area, and 28.5±3.3% (n=18;
p<0.001) in diameter.

In separate experiments, we determined the effect of
EFS and ACh on the flow of Krebs solution through the
lumen of perfused bronchi (fig. 5).  EFS caused a 68±6%
reduction in flow (n=4; p<0.001).  On the other hand,
high concentrations of ACh (10-2 M) always caused flow
to stop in pig bronchial segments.

Shortening of smooth muscle and lumen narrowing

At the height of an ACh contraction, bronchi were
fixed for histological processing and estimation of in
situ smooth muscle shortening.  Morphometrically deter-
mined areas and diameters of the lumen and the wall
area and relative wall area are presented in table 1.  The
dimensions of the lumen of relaxed and contracted bronchi
measured morphologically were the same as those deter-
mined endoscopically.

Maximum muscle shortening to 10-2 M ACh was
32.5±2.8% (n=9).  In further experiments, we measured
airway narrowing and muscle shortening after stimulation
with submaximal concentrations of ACh (from 10-5 M).
The experimentally obtained values for maximal and
submaximal stimulation are compared with a predicted
curve, which takes into account the effect of the inner
airway wall (see methods) on lumen narrowing (fig. 6).
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Fig. 6.  –  Relationship between percentage muscle shortening and
percentage lumen narrowing: a) in diameter; and b) in cross-sectional
area of bronchial segments (n=16).  Narrowing in each segment was
recorded to a dose of ACh (10-5–10-2 M) and then the segment was
fixed for histological processing and estimation of muscle shortening.
Predicted curves shown take the inner wall area into account (dashed
lines, see Methods).  (r=0.8162 for diameter; r=0.8445 for area; p<0.001).
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Fig. 5.  –  Effect of electrical field stimulation (EFS) and acetylcholine
(ACh) on flow through the lumen of a perfused bronchial segment
under a driving pressure of 5 cmH2O.  EFS (70 V, 20 Hz, 2 ms) was
applied where indicated (●) for approximately 30 s, which produced
the maximum response.  After several responses to EFS, ACh was
added to the organ chamber.  ACh always produced cessation of flow.



and maximally reduced.  Previously, responsiveness of
individual bronchial segments was defined from the flow
rate and flow reduction to provocation [14–17].  Ultra-
sound imaging techniques have failed to adequately
visualize narrowing in vitro [19].  To obtain quantitative
information about luminal dimensions in one particular
plane, or region, it was necessary to apply a marker to
the mucosal surface.  The length of the segment was
fixed, so that the distance between the dyed region of
the mucosa and the endoscope lens did not change during
muscle activation, ensuring that the change in the recorded
image was due only to lumen narrowing.  It was possible
to define diameter as well as lumen cross-sectional area,
because the lumens, of the bronchi, both unstimulated
and contracted, were almost circular.  The small spaces
between the invaginations in the bronchial circumference
caused by the mucosal ridges seen endoscopically were
not included in the traced region used for analysis, but
from histological sections these were minor in area.
Furthermore, the areas of the lumen recorded endoscopi-
cally agreed closely with the luminal areas determined,
subsequently, after histological preparation.  When fluid-
filled these interstices may not contribute to bulk flow
through the airway lumen [13].

The present findings with direct visualization show
that pig bronchus narrows by approximately 50% of
diameter or 70% area to maximum cholinergic stimulation
with ACh, at 0 cmH2O transmural pressure.  In vivo,
radiographs taken at functional residual capacity (FRC)
suggest a maximum 20–30% narrowing in the pig, or
40–50% in the dog [1–3].  Altering the transmural pressure,
in the present experiments, from -8 to 20 cmH2O by
applying pressure luminally stretched the circumference
of the isolated bronchial segments by 42%, and caused
greater absolute narrowing responses to EFS; results best
explained by movement of the smooth muscle along its
length-tension curve.  Maximum narrowing was evident
by about 10 cmH2O transmural pressure.  However, the
increase in narrowing with pressure was nearly matched
by the increased resting circumference, so that the
percentage narrowing was about 23% at -8 cmH2O and
peaked at 30% at 10 cmH2O.  A relationship between
transpulmonary pressure and percentage narrowing of
bronchi in vivo appears sharper than this [2].  It is highly
unlikely that the narrowing of the lumen in vitro was
substantially altered by removing parenchymal attach-
ments and adventitial constraint, because the movement
of the adventitial surface of the bronchial segments during
stimulation was slight.  We suggest that elastic forces
acting on the outer surface of cartilaginous bronchi at
normal lung volumes in vivo exert relatively little effect
on responsiveness.

We measured narrowing in conjunction with responses
defined by flow changes to stimulation.  For the most
part, the narrowing responses measured by endoscopy in
this study agree closely with predictions assuming that
flow is Poiseuillian.  ACh 10-2 M reduced the flow of
Krebs solution through the lumen of perfused bronchi
close to zero, and this was associated with a halving of
the luminal diameter.  To all-intents-and-purposes, this
is airway closure and if present in "resistance" airways
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Fig. 7.  –  Narrowing of luminal (inside) and adventitial (outside)
surfaces of bronchial segments to electrical field stimulation (EFS) at
different transmural pressures.  The adventitial diameter was measured
through a calibrated dissecting microscope placed above the segment
and the lumen diameter was recorded by endoscopic video-imaging.
The predicted movement of the luminal surface (dashed line) takes the
total wall area into account (see Methods).  There were significant
differences in narrowing responses at different pressures and between
narrowing inside and out (analysis of variance (ANOVA) p<0.05–p<0.001;
n=4).  Inset: inside and outside narrowing to acetylcholine (10-5–
10-2 M) where each point is data from a single bronchial segment.

Inside versus outside narrowing

Concurrent recordings of the mucosal (inside) and
adventitial (outside) margins of the bronchial wall indicated
that the inside narrowed more than the outside to EFS
and to ACh (p<0.001) (figs 7 and 8).  For example, EFS
reduced the inside diameter by 0.62±0.14 mm, but the
outside was reduced by only 0.14±0.05 mm at 0 cmH2O
transmural pressure.  Figure 7 also indicates a predicted
movement of the luminal wall to EFS, taking the total
wall area of the bronchial segments into account (see
Methods).  The difference between the measured and
predicted movement of the lumen was greatest at low
transmural pressures, but it became less as the pressure
approached 20 cmH2O.

Discussion

In this study, we directly visualized in vitro airway
narrowing when flow through the lumen was partially
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in vivo may lead to a dose-response curve similar to that
seen in asthmatic or hyperresponsive individuals, i.e.
where there is no flattening or plateau at the top end of
the dose-response curve.  This is consistent with recent
findings in airways 3 mm or less [14] which, in addition,
indicate that larger bronchi (e.g. 5 mm) do demonstrate
a plateau, presumably because muscle shortening is un-
able to cause sufficient occlusion of the lumen, even
when it is maximally activated.

The present study establishes a relationship between
bronchial diameter and smooth muscle shortening, that
had not before been defined experimentally.  One of the
assumptions implicit in the calculation of muscle shorten-
ing, i.e. constancy of wall area during contraction [18],
was validated in this study.  The relationship between
muscle shortening and airway narrowing shown here was
independent of experimental conditions, e.g. transmural
pressure, but may be dependent on wall thickness [9–11].
Indeed, the experimental data fit closely to a predicted
relationship, which takes the wall thickness (measured
from histological sections) into account.  Factors that
change the wall area or the forces generated by the smooth
muscle will predictably alter the relationship defined here.
Our data show that airway closure is produced by about
35% muscle shortening.  Simulations by WIGGS and co-
workers [10, 11] estimated that 30% muscle shortening
causes about a sixfold increase in resistance in human
3–4 mm airways, and 40% muscle shortening about a
tenfold increase.  Our experimentally derived data on
similar sized bronchi show that resistance will be increased
more than this.  The relative wall area used in the
simulation was slightly less (0.15) than that of the pig
bronchi studied here.  Models of airway narrowing may
possibly underestimate the influence of the inner airway
wall, and of mucosal folding, on flow.

The video recording system permitted the visualization
of several structural properties of the airway lumen, as
well as of dynamic responses associated with bronchocon-
striction.  The mucosal foldings seen via the endoscope
in fresh bronchial segments are most probably the same
as those seen in fixed tissue, since the numbers were the
same (about 24).  The numbers did not change during
bronchoconstriction, which may be due to their associa-
tion with fixed structures, for example submucosal vessels
[20].  It was suggested that bronchial hyperresponsive-
ness could be associated with a decrease in the number
of folds in airways [12].  There are no measurements of
the mucosal foldings in asthmatic and normal airways to
see whether they differ, but the present findings indicate
that such changes would require a restructuring of the
airway mucosa and of the anchoring points for the mucosal
folds.

The rapidity of the observed recovery response of
segments after EFS and the recovery of lumen circularity
indicate that the bronchial wall is quite stable, even when
unsupported by a transmural pressure.  We demonstrated
that the various components of the bronchial wall have
some independence of movement, as evidenced by the
greater narrowing of the inner parts comprising the mu-
cosa and the muscle, compared to the outer cartilaginous
parts.  The difference between inside and outside narrow-

ing cannot be accounted for through simple occupation
of the lumen by the airway wall.  VAN HAYEK [21]
described submucosal separation in human bronchial
sections, and independent movement of different cartilage
pieces in response to deforming pressure has been noted
in the cat bronchus [22].  The present findings were made
by the simultaneous imaging on the inside and the outside
of the bronchial segment.  Bronchograms recorded in
previous studies imaged only the lumen [1–3].  The
phenomenon has not generally been recognized in airways
studied histologically from lungs in vivo, possibly because
the effect may be minimized when the lung is inflated
to high pressure for fixation [10].  An effect of inflation
pressure on the extent of wall separation in stimulated
bronchi was described in the present study.  In our
experimental set-up, the spaces produced during narrowing
may have been taken up with bathing solution, but if a
similar situation occurs in vivo then the space may be
partly taken by vascular dilatation or oedematous fluid.
A phenomenon of wall uncoupling may be important in
an action of inflammatory cell-derived proteinases and
in excessive airway narrowing.

The application of video-imaging via an endoscope to
bronchial narrowing has allowed us to visualize the
bronchial lumen, and to directly determine cholinergic
responsiveness in terms of lumen narrowing and the
smooth muscle shortening that brings this about.  Halving
of the luminal diameter is produced when the smooth
muscle shortens by about 35%, and this causes perfusion
through the lumen to stop.  At low transmural pressure,
muscle contraction also causes some separation of the
inner parts of the bronchial wall from the cartilaginous
adventitia.
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