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ABSTRACT: Large amplitude oscillations of contracted airway smooth muscle cause
relative relaxation of the preparation. However, little is known about the effect of
mechanical stretch on distal lung behaviour.

Rat parenchymal strips were suspended in an organ bath and attached at one end to a
force transducer and at the other end to a servo-controlled lever arm that effected length
changes. Mechanical impedance of the strip was measured by applying a complex signal
consisting of pseudorandom length oscillations of varying frequencies (0.5–19.75 Hz). A
constant phase model was fit to changes in length and tension to calculate tissue
damping (G) and elastance (H). Hysteresivity was calculated as G/H. Impedance was
measured before and after sinusoidal length oscillation at different amplitudes (1, 3, 10
and 25% of resting length) at a frequency of 1 Hz under baseline conditions and after
acetylcholine-induced constriction.

Oscillations of 10 and 25% amplitudes significantly decreased the G and H of the
lung strip. The effect of length oscillations was no different in control versus constricted
strips.

These data suggest that in the distal lung, large stretches affect the structural
components of the extracellular matrix rather than the contractile elements.
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Understanding the mechanisms underlying the effect of a
deep inspiration on lung mechanics has implications for the
understanding of asthma pathophysiology. Deep inspirations
taken before or after a methacholine challenge decrease the
bronchoconstrictor response in normal subjects but not in
asthmatics [1, 2]. Normal subjects, when asked to refrain from
taking deep inspirations after a methacholine (MCh) chal-
lenge, behave similarly to hyperresponsive subjects [3]. These
observations suggest that the protective effect of deep
inspirations on airway narrowing is reduced or absent in
asthmatics, a characteristic that may differentiate them from
normal subjects. Studies in isolated airway smooth muscle
(ASM), which attempt to reproduce the in vivo airway
response to tidal breathing and deep inspirations, show that
ASM constricts less under dynamic conditions [4]. These data
suggest that the effect of lung volume fluctuations on airway
narrowing comes from alterations in the ASM.

An alternative hypothesis is that the differential effect of
deep inspiration in asthmatics compared with controls rela-
tes to different lung tissue mechanical properties, because of
differences in the extracellular matrix or because of effects on
airway-parenchymal interdependence. The lung tissue is a
viscoelastic material, and, by definition, viscoelastic materials
display hysteresis. FROEB and MEAD [5] theorised that
airways also display hysteresis, and the relative hysteresis of
these two structures would determine the effect of a deep
breath on airway calibre because of the mechanical inter-
dependence between airways and the surrounding lung

parenchyma [6, 7]. If the hysteretic properties of asthmatic
lungs are different compared with normal lungs, deep
inspirations could result in bronchoconstriction [8].

The energy dissipation that occurs during volume oscilla-
tion of the lung is attributable not only to viscoelastic but
also to plastic behaviour [9]. Deep stretches may affect airway
calibre because of amplitude-dependent plastic deformation
of the lung tissue or airway wall. Plastic deformation of these
structures could result in altered elastic and hysteretic
properties, with the final effect of an altered load on the ASM.

While the effect of deep inspirations on large airways,
and of stretch on isolated ASM has been well investigated in
both humans and animals [2, 4, 10], relatively little is known
about the effect of stretch on peripheral lung contraction. It
was reasoned that acetylcholine (Ach)-induced constriction of
the peripheral lung would be reversed by large amplitude
stretch, similar to what occurs in the airways. Rat lung
parenchymal strips were utilised to investigate this question.
Lung parenchymal strips have been used as a model for the
study of lung peripheral mechanical and pharmacological
behaviour [11–15]. Rats represent an appropriate model, as
extensive studies have been published using this species as an
animal model of asthma [16, 17]. Studies in control animals
permit investigation of this question before the more complex
situation of asthmatic disease is addressed. Therefore, rat
parenchymal strips were stretched, both under baseline
conditions and after induced constriction, and oscillation-
induced modifications in the mechanics compared.
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Methods

Tissue preparation

Sprague Dawley rats weighing y350 g were studied. Each
animal was anaesthetised with a peritoneal injection of
sodium pentobarbital (30 mg?kg-1). After tracheostomy, a
metal cannula (internal diameter of 2 mm) was inserted into
the trachea and tightly bound. Through an abdominal
incision, the diaphragm was cut and a bilateral pneumothorax
was induced. The thorax was opened, the animal exsangui-
nated and the heart, lungs and trachea were carefully resected
en bloc. The lungs were filled and rinsed to total lung capacity
with a modified Krebs solution at a pH of 7.40 and a
temperature of 6uC. Lung parenchymal strips (363610 mm)
were cut, the pleura was dissected, and unloaded length (Lo)
and wet weight of each strip recorded.

Apparatus

Metal clips were glued to either end of the tissue strip
with cyanoacrylate. Steel music wires (0.5 mm diameter)
were attached to the clips and the strip suspended vertically in
an organ bath. A mercury bead was placed in the bottom of
the organ bath to prevent the Krebs solution from leaking
out. The bath was filled with 15 mL of Krebs solution,
maintained at 37uC and continuously bubbled with 95% O2/
5% CO2. One end of the strip was attached to a force
transducer (model 400A; Cambridge Technologies, Water-
town, MA, USA) while the other end was connected to a
servo-controlled lever arm (model 300B; Cambridge Tech-
nologies). The lever arm was in turn connected to a function
generator (model 3030; B & K Precision, Dynascan Corpora-
tion, Chicago, IL, USA), which controlled the frequency,
amplitude and waveform of the oscillation. Movement of a
screw-thumb wheel system, which effected vertical displace-
ments of the force transducer, set the resting tension. Length
and force signals were converted from analogue to digital
(DT2801-A; Data Translation Inc., Marlborough, MA, USA)
low-pass filtered, and recorded on computer at a sampling
frequency of 256 Hz. For impedance measurements, an 8-s
broad-band pseudorandom displacement signal composed of
17 mutually primed frequencies ranging 0.5–19.75 Hz and an

amplitude up to 0.18 mm was computer-generated and
delivered to the lever arm (fig. 1).

Protocol

A total of six strips from six animals were studied (n=6 for
amplitude (s)=10 and 25%; n=5 for s=1 and 3%). Each lung
parenchymal strip was preconditioned by slowly cycling
tension from 0 to 2 g three times; on the third cycle the
strip was unloaded to y1.2 g and allowed to stabilise for
45 min at the end of which time the tension was y1 g.
Complex impedence was measured using the pseudorandom
displacement signal under baseline conditions and after 5 min
of sinusoidal length oscillations above the mean operating
tension at an amplitude of either 1, 3, 10 or 25% of Lo and a
frequency of 1.0 Hz. After oscillation, tension was reset to the
same baseline value, a 30-min stabilisation period was
allowed, and a new baseline was recorded. Thereafter, strips
were challenged with ACh of 0.1 mM (Sigma, Oakville, ON,
Canada) for 5 min until a stable level of constriction was
obtained. Complex impedance measurements were obtained
before and after 5 min of oscillations at the same amplitude as
before. In addition to the complex impedance measurements,
tension was measured continuously for the duration of the
sinusoidal oscillations, as well as during the ACh challenge
(fig. 2). ACh was then washed from the organ bath, and
the preparation was allowed to restabilise for 45 min. The
protocol was then repeated for the remaining three ampli-
tudes in random order.

Data analysis

Tissue impedance was calculated as:

Z~T=DL=Dt ð1Þ
where Z is mechanical impedance, T is tension, L is length
and t is time.

Tension and length signals were obtained and recorded as
a function of time, Fourier transformed to functions of
frequency, and complex impedance calculated. The mechani-
cal parameters were estimated by fitting the constant phase
model [18] to the impedance data, according to the formula:

Z~RnzjvInz
(G� jH)

va
ð2Þ

where Rn is Newtonian resistance, G is tissue damping, H is
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Fig. 1. –Length and tension signals during the pseudorandom length
perturbation.
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Fig. 2. – Experimental protocol. Thick arrows represent impedance
measurements and the thin arrows represent continuous recording of
tension. Ach: acetylcholine.
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tissue elastance, In is inertance, v is angular frequency, and j
is an imaginary unit (fig. 3). Results were standardised for
strip size by multiplying the values of G and H by Lo/Ao.
Ao (cm2) is the unstressed cross-sectional area of the strip
obtained from the formula:

Ao~
Wo

r|Lo
ð3Þ

where Wo is the wet weight in g, r is the mass density of the
tissue taken as 1.06 g?cm-3 and Lo is the unloaded length in
cm.

Hysteresivity, g, a dimensionless variable coupling dis-
sipative and elastic behaviour, was calculated as:

g~
G

H
ð4Þ

t-tests were used to assess whether oscillations had an effect
on the mechanical parameters, and to compare the effect of
oscillations in the unconstricted versus the constricted state.
Analysis of variance (ANOVA; two-way) was used to
determine the effect of amplitude on tension in the two
conditions. Results were considered statistically significant at
a probability level of 5%. Values are reported as mean¡SE.

Results

Baseline mechanics are shown in table 1. There were no
differences in baseline mechanics among the four amplitudes.
The per cent change in all mechanical parameters after
induced constriction is shown in table 2. ACh, during all
amplitudes, caused a significant increase in tension, tissue
damping and tissue elastance, except tissue damping during
the 3% amplitude.

The effect of oscillation amplitude on tension, tissue
damping and tissue elastance and hysteresivity before and
after induced constriction is shown in figure 4. Oscillations
caused a significant decrease in tension except at 3%
amplitude in the unconstricted state (fig. 4a). Tissue elastance
significantly decreased in the unconstricted state at 10 and
25% amplitude and in the constricted state at 3, 10 and 25%
amplitude (fig. 4b). Tissue damping significantly decreased at
1 and 25% amplitude in the constricted state and at 10 and
25% amplitude in the unconstricted state (fig. 4c). Hyster-
esivity was affected by 1 and 25% length oscillations in the
constricted state (fig. 4d).

When the effect of oscillation on mechanics was compared

in the unconstricted versus the constricted state, generally
no significant differences were detected (fig. 4). A modest
difference in tension at 1 and 3% amplitude (pv0.05), and
in tissue elastance at 1% amplitude (pv0.05) was observed.
These differences were minimal and unlikely to be of
physiological significance.

The absolute changes in tension during the oscillation as a
function of amplitude are shown in figure 5. A dose/response
relationship between amplitude and decrease in tension was
observed; oscillation amplitude had a significant effect on
the decrease in tension (two-way ANOVA; pv0.001). At all
amplitudes there were no differences in the decrease in tension
between the unconstricted versus the constricted state.

Discussion

The main observation of this study was that large stretches
significantly affect tension, tissue damping and elastance
of the lung parenchymal strip; this effect was essentially
independent of whether the contractile apparatus was
activated. These findings suggest that large amplitude stretch
affects the structural components of the extracellular matrix
of the peripheral lung rather than reversing induced constric-
tion of the contractile elements.

It is well established that lung volume history has a
profound effect on lung mechanics. Deep breaths in normal
subjects cause a transient modification in airway calibre after
an MCh challenge [2]. In addition, when normal subjects
avoid deep inspirations during an MCh challenge, airway
hyperresponsiveness develops [3]. The same phenomenon
has been demonstrated in animals; GUNST et al. [19] showed
that, in rabbits, deep inspirations imposed during or after an
MCh challenge decrease the maximum constrictor response.
Similarly, tidal ventilation significantly affected airway
responsiveness to MCh in an amplitude-dependent fashion;
larger tidal volume fluctuations render the lung less respon-
sive to agonist challenge [20, 21].

In isolated, constricted, large ASM, length oscillations
induce a decrement in force and stiffness in an amplitude-
and frequency-dependent fashion, reproducing the volume
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Fig. 3. – Complex impedance versus frequency data for a typical
recording. $: tissue damping; #: tissue elastance.

Table 1. – Baseline mechanics of the parenchymal strips

Amplitude %

1 3 10 25

T mg 1073¡31 1088¡41 1080¡39 1059¡29
H mg?mm-2 606¡46 602¡33 598¡36 631¡44
G mg?mm-2 60.4¡4.0 59.8¡4.2 67.2¡7.8 61.1¡6.6
g 0.101¡0.005 0.100¡0.006 0.112¡0.009 0.096¡0.006

Data are presented as mean¡SEM. T: tension; H: elastance; G: tissue
damping; g: hysteresivity.

Table 2. – Per cent increase after acetylcholine challenge

Amplitude %

1 3 10 25

T % 6.3¡0.8* 6.4¡1.6* 6.0¡1.3* 5.9¡0.7*
H % 20.2¡2.6* 21.2¡7.5* 22.0¡3.5* 21.8¡1.9*
G % 14.0¡5.1* 10.3¡13.2 31.5¡7.7* 21.9¡6.2*
g % -4.6¡5.3 -6.1¡13.6 7.5¡4.4 0.0¡5.5

Data are presented as mean¡SEM. T: tension; H: elastance; G: tissue
damping; g: hysteresivity. *: pv0.05 versus baseline.
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effect seen in vivo [4]. GUNST et al. [22] have proposed that
reorganisation of the contractile apparatus caused by stretch
is responsible for the reduced ASM response seen under
dynamic conditions. PRATUSEVICH et al. [23] have suggested
that the number of contractile units in series depend on the
adapted muscle length. Muscle length fluctuations would
reduce force because filaments are moved from their optimal
overlap. WANG et al. [10] have recently reported that
unstimulated tracheal smooth muscle also shows a change
in tension with length conditioning, again implicating
plasticity of the cellular organisation in determining the
mechanical characteristics of the smooth muscle. Finally,
FREDBERG et al. [24] have suggested that during ASM length
cycling, the changes in contractility are largely accounted for
by the rupture of cross bridges which have formed between
the myosin heads and the actin filaments.

There is relatively little in the literature on the effect of lung
volume fluctuations on mechanical behaviour of the distal
lung. The authors questioned whether stretch would affect
induced constriction of the lung periphery. Modification of
the parenchymal tissue may affect the load that the smooth
muscle in larger airways must overcome during bronchocon-
striction. Owing to interdependence, changes in parenchymal
mechanics would affect this load, both under baseline
conditions, and even more so, during bronchoconstriction
when the parenchyma, especially that around the airways,
undergoes local stretch and distortion. Theoretically, the
difference in the effect of deep inspiration on airway calibre in
the normal versus the asthmatic population, could be

determined by a different effect of lung volume change on
the mechanics of the constricted lung tissue.

The distal lung is a complex system comprised of alveolar
ducts, alveolar walls, small airways and small vessels. The
lung parenchymal strip is considered a good proxy of the
peripheral lung tissue, since it contains all of these elements
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Fig. 4. – Percentage change from baseline in a) tension (T), b) elastance (H), c) tissue damping (G), and d) hysteresivity (g) in the constricted ($)
and unconstricted (#) state, after oscillation at four different amplitudes. *: pv0.05 versus baseline; **: pv0.01 versus baseline; ***: pv0.001
versus baseline.
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Fig. 5. – Decrease in tension (T) versus oscillation amplitude (log
scale), in the constricted ($) and unconstricted (#) state. There was
no difference in the effect of the oscillation amplitude on tension
between the two states (analysis of variance).
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and is a commonly used preparation in the study of the
mechanical and pharmacological properties of the distal lung
[11–15]. There are some limitations, however, to this
approach. With the lung parenchymal strip, stretch is not
three-dimensional, as occurs in vivo, but rather uniaxial,
so that only the component of contraction occurring along
one axis would contribute to the change in mechanics.
Nonetheless, this approach has been used by a number of
investigators who have proposed that an oscillation of 1–3%
of resting length approximately reproduces the stretch that
occurs during tidal volume ventilation; oscillations in the
order of 25% resting length are thought to be in the range of
deep inspiration [25]. This was the basis on which the authors
chose the size of the oscillation, although the exact degree of
volume change these oscillations reproduce is difficult to
ascertain.

In this study, baseline mechanics were comparable with those
previously reported [15, 26, 27]. When the lung parenchymal
strip was subjected to a large mechanical strain (10% and
especially 25% amplitude), significant modifications in ten-
sion, tissue damping and elastance occurred. Hysteresivity
was relatively unaffected. YUAN et al. [15] have shown, in
guinea-pig lung parenchymal strips, a similar amplitude
dependence of tissue damping and elastance, and lack of
effect on g. Conversely, NAVAJAS et al. [28] did not find an
appreciable effect of stretch amplitude on tissue elastance in
dog lung parenchymal strips. In this experiment, the duration
of the oscillations was relatively short and the strip size
was considerably larger. In addition, the oscillations were
performed around the mean operating stress, whereas in the
current experiment oscillations were performed on top of the
mean operating stress. Stretches on top of the operating stress
more closely mimic in vivo deep inspirations, and result in a
higher mean stress for a given amplitude of oscillation.

Lung parenchyma is a viscoplastoelastic material. The
amplitude dependence of tissue damping and elastance is
consistent with plasticity or nonlinear viscoelasticity [9].
Different anatomic mechanisms have been proposed to
account for this behaviour. The extracellular matrix, the
surface film and the contractile apparatus, all may contribute
to the viscoplastoelastic properties of the lung. The extra-
cellular matrix consists of collagen and elastic fibres,
glycoproteins and proteoglycans. MIJAILOVICH et al. [29]
suggested that fibre-fibre interactions are the main source of
the viscoplastic behaviour. SUKI et al. [30] proposed that
"reptation" of the collagen and elastic fibres inside a solution
of biopolymers accounts for the viscoelastic properties of the
lung tissue. Fibres in the lung, as well as in other tissues, are
embedded in a matrix consisting of many different molecules,
including proteoglycans. Proteoglycans are hydrophilic mole-
cules that modulate tissue turgor and thereby, mechanical
properties. AL JAMAL et al. [31] have recently shown that
exposure to enzymes that degrade matrix glycosaminogly-
cans, alter the viscoelastic properties of the lung parenchymal
strip. These data suggest that the energy dissipation at the
tissue level is attributable to the ground substance, in addition
to the collagen and elastic fibre network.

Tissue damping, tissue elastance and tension increased
when the strips were challenged with ACh. This response was
comparable with that obtained in previous work from the
authors9 laboratory, as well as that of others [14, 32]. When
lung parenchymal strips are challenged with smooth mus-
cle agonists, a constrictor response is observed. Different
contractile elements in the lung periphery may be responsible
for the contractile response. Small airways, small blood
vessels, as well as interstitial contractile cells [33] may all
contribute to the observed changes in peripheral mechanics
induced by ACh. It is not established, however, to what extent
the changes in the mechanics reflect the response of the

smooth muscle present in the preparation, or contraction-
induced modification of other elements in series or parallel
with the smooth muscle, such as the collagen-elastin-
proteoglycan matrix [34].

Constricted lung strips showed an amplitude-dependent
decrease in tension, tissue damping and elastance, similar to
that obtained in the unconstricted state. It may be expected
that length oscillations would cause a decrease in the
mechanical parameters equivalent to the sum of the mechani-
cal change during baseline plus reversal in the Ach-induced
activation of the contractile apparatus. However, the changes
seen in the mechanics were not significantly different in the
two experimental conditions. These data suggest that large
mechanical stretches, while altering the mechanics of the
ultrastructural components of the matrix, do not reverse
the changes in mechanics directly caused by the activation of
the contractile machinery. YUAN et al. [15] measured complex
impedance at various strain amplitudes in guinea-pig paren-
chymal strips in which the tissues were rendered nonviable.
There were no differences in the mechanics or in the effects of
strain amplitude regardless of the viability of the smooth
muscle within the preparation. They concluded that the
connective tissue matrix dominates parenchymal mechanics.
However, in this experiment, the parenchymal preparation
was not actively constricted during length oscillations. The
present results are also in accord with data recently published
by WANG et al. [10]. These authors showed that, in tracheal
smooth muscle, length-induced shifts in the passive and active
length/tension curves were equivalent. These findings impli-
cate changes in the "extracellular scaffolding" and/or intra-
cellular cytoskeleton distinct from the contractile element.
The present data are the first to show that, in the distal lung,
amplitude effects are also related to the structural compo-
nents of the preparation, rather than activated smooth muscle
per se.

There are potential implications of the findings for airway
hyperresponsiveness. Large lung volume swings, by altering
parenchymal mechanics, will impact on the load airway
smooth muscle must overcome in order to shorten. A further
consideration is the mechanism of relative hysteresis. A
change in the hysteretic properties of the parenchyma relative
to the airways may explain bronchoconstriction or bronch-
odilation following a deep breath. Hence, in asthmatics,
differences in the response of the lung periphery to large
volume oscillations may contribute to differences in the
airway response to volume oscillation. Remodelling of the
airways is well described in asthma [35]. Resultant changes in
the viscoelastic properties of the airway wall could alter the
airway response to a deep inspiration. Whether the lung
parenchyma undergoes similar remodelling requires investi-
gation, but several investigators have demonstrated inflam-
mation at the level of the distal lung [36, 37]. Hence, it seems
likely that alteration in the mechanical behaviour of the
parenchyma and the impact of a deep breath on the distal
lung contribute to asthma pathophysiology.
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