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Rationale: Methacholine (Mch) is routinely used to assess bronchial
hyperreactivity; however, little is known about the differences in the
lung response pattern between this provocation and that observed
with ovalbumin (Ova) after allergic sensitization.

Objectives: To compare (1) the central versus peripheral effects of
Mch and Ova within the lung by combining measurements of airway
and tissue mechanics with synchrotron radiation (SR) imaging, and
(2) to assess the extent to which mechanical and imaging parameters
are correlated.

Methods: We used the low-frequency forced oscillation technique
and SR imaging in control (n = 12) and ovalbumin-sensitized
(n = 13) rabbits, at baseline, during intravenous Mch infusion (2.5
rg/kg/min, 5.0 pg/kg/min, or 10.0 ng/kg/min), after recovery from
Mch, and after intravenous Ova injection (2.0 mg). We compared
intravenous Mch challenge with inhaled Mch (125 mg/ml, 90 s) in
a separate group of control animals (n = 5).

Measurements and Main Results: Airway conductance and tissue
elastance were measured by low-frequency forced oscillation tech-
nique. The central airway cross-sectional area, the ventilated alveolar
area, and the heterogeneity of specific ventilation were quantified by
SR imaging. Mch infusion induced constriction predominantly in the
central airways, whereas Ova provocation affected mainly the pe-
ripheral airways, leading to severe ventilation heterogeneities in
sensitized animals. Mch inhalation affected both conducting and
peripheral airways. The correlations between airway conductance
and central airway cross-sectional area (R = 0.71) and between tissue
elastance and ventilated alveolar area (R = —0.72) were strong.
Conclusions: The pattern of lung response caused by intravenous Mch
and Ova are fundamentally different. Although inhaled Mch induces
a heterogeneous lung response similar to that observed with in-
travenous allergen, these similar patterns are due to different
mechanisms.
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AT A GLANCE COMMENTARY

Scientific Knowledge on the Subject

Methacholine (Mch) is routinely used to assess bronchial
hyperreactivity; however, little is known about the differ-
ences in the lung response pattern between this provoca-
tion and that observed with ovalbumin (Ova) after allergic
sensitization.

What This Study Adds to the Field

Intravenous Mch acts primarily on the central airways,
whereas intravenous ovalbumin induces a predominantly
peripheral and heterogeneous lung response. The latter
pattern is also produced by inhaled Mch, despite a different
underlying mechanism.

Keywords: asthma; airways; tomography, X-ray computed; synchro-
trons; respiratory mechanics

The site of airway constriction primarily involved after exposure to
various constrictor agonists is frequently a matter of debate. The
pattern of response depends on many factors, including the type
and route of provocation (1) and the presence of inflammation (2,
3). Methacholine (Mch) for instance, has been shown to act mainly
on the central airways (4, 5), whereas other studies reported its
effects on the pulmonary tissue resistance (6, 7). On the other hand,
measurement of the airway and lung tissue responses separately via
the respiratory impedance spectra suggests that provocation with
antigens, such as ovalbumin (Ova), in sensitized animals may
produce a fundamentally different lung response, with more
pronounced tissue contributions than with Mch (8). The precise
quantification of the contributions of the central and peripheral
lung compartments to the overall lung response is hampered by the
fact that the partitioning of airway and tissue contributions is
extremely sensitive to inhomogeneous constriction (9-11). Some
of the discrepancies in previous results may therefore be due to the
methodological limitations of lung mechanical measurements,
because it has been shown that both Mch (1) and Ova (12)
provocation increase ventilation heterogeneities.

Whereas the assessment of detrimental changes in the lungs by
means of various imaging techniques is gaining interest, the
currently available imaging techniques have their limitations re-
garding the structural and functional details. For instance, standard
high-resolution computed tomography does not allow measure-
ment of regional lung ventilation (13). Although other imaging
techniques, such as magnetic resonance with hyperpolarized
helium (14), and positron emission tomography (PET) with 3N
(15), permit a qualitative assessment of ventilation heterogeneity,
their ability to demonstrate the structural details of the lungs, and
thus their suitability for the study of structure—function correla-
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tions, is limited. Contrast-enhanced computed tomography
(CT) has recently been used for regional measurements of lung
structure and function in large animal models (16).

We earlier introduced a novel CT imaging method that uses
synchrotron radiation for the simultaneous quantitative imaging
of airway structure and regional lung ventilation with high spatial
resolution, allowing the in vivo study of small animal models
(17-19). The combination of this imaging technique with the
estimations of airway and tissue parameters obtained with the
low-frequency forced oscillation technique (LFOT) is promising
for the elucidation of the mechanisms responsible for a compro-
mised lung function, following two different pathways (the
cholinergic and acute-phase allergic responses) encountered in
pathological situations. The aims of this study were (/) to com-
pare the main sites of action of intravenous Mch and Ova
challenges in the lungs by combining measurements of airway
and tissue mechanics with synchrotron radiation CT imaging in
control and sensitized rabbits, (2) to determine the role of the
inhaled route on the pattern of Mch response, and (3) to assess the
extent to which mechanical and imaging parameters are correlated.

METHODS

A more detailed description of the experimental set-up and methods
can be found in the online supplement.

Animal Preparation

New Zealand rabbits were sensitized by intraperitoneal ovalbumin
(Ova) 30 and 17 days before the experiments, followed by daily ex-
posures to aerosolized Ova starting 5 days preceding the study (20).
Experiments were performed in 17 control and 13 sensitized, anes-
thetized, tracheostomized, and paralyzed animals. The left carotid
artery and jugular vein were catheterized. The animals were immobi-
lized in a vertical position in a plastic holder for imaging.

Synchrotron Radiation CT Imaging

The rationale for the use of synchrotron radiation can be found in the
online supplement and in previous studies (17, 21). Dynamic imaging
during xenon wash-in with the synchrotron lung CT technique known as
K-edge subtraction imaging allows quantitative measurements of regional
specific ventilation (sV) (i.e., ventilation normalized to voxel volume).
Two CT image slices were selected, at the sixth (middle) and eighth
(lower) thoracic vertebral levels. The cross-sectional areas (CAaw) of the
two largest central airways in each lung slice were calculated by fitting an
ellipse to the lumen in monoenergetic CT images. The local sV was
calculated from the time constant (t) of the xenon wash-in by using
a monoexponential fit (17). The heterogeneity of ventilation was calcu-
lated as the coefficient of variation (CV) of sV. To determine well-
ventilated lung zones, a histogram of sV was calculated and fit with
a weighted log-normal function. The ventilated alveolar area (VA) was
defined as the area of the ventilation image where sV was greater than the
median p of distribution minus two standard deviations: p — 20.

Measurement of Respiratory Mechanics

The input impedance of the respiratory system (Zrs) was measured
at end-expiration by LFOT using the wave-tube technique (10).
To separately estimate airway and tissue mechanics, a distributed-
parameter model including parallel pathways with airway resistances
following a uniform probability distribution (22) most important to
constant-phase tissue compartments (23) was fitted (24) to the Zrs
spectra. The mean airway resistance (Raw), the standard deviation of
the resistances of the parallel pathways (SDRaw), the common inertance
(Iaw), and the tissue damping (G) and elastance (H) were estimated
from these fits.

Study Protocol

After baseline acquisitions of Zrs and imaging data, Mch was admin-
istered by continuous intravenous infusion through the jugular vein,
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according to protocols A and B (Figure 1); protocol A: 2.5 followed by
5.0 pg/kg/min in six control and six sensitized animals; protocol B:
10 pg/kg/min in six control and seven sensitized animals. After
a 30-minute recovery from the effect of Mch, a new set of data was
collected before Ova provocation (2.0 mg) in both groups, and 2
minutes later data acquisition was repeated. We compared intravenous
Mch challenge with inhaled Mch (125 mg/ml, 90 s) in a group of control
animals (protocol C, n = 5), based on Zrs and SR imaging data. The
stability of the experimental preparation and the mechanical and
imaging parameters were studied in two sham-treated animals.

Statistical Analysis

We used repeated-measures analysis of variance with the Student-
Newman-Keuls multiple comparison to test significances (25). The
scatter in the data was expressed as SEM. Each test was performed
with a significance level of P < 0.05.

RESULTS

Stability of the Preparation

None of the mechanical and imaging parameters measured in
the rabbits undergoing the sham protocol exhibited a significant
change during the study period.

Airway Responses

Monoenergetic synchrotron CT images showing the lung mor-
phology in representative rabbits at the middle and lower thoracic
levels under the different experimental conditions are displayed
in Figure 2. The highest dose of intravenous Mch induced
a marked reduction in CAaw at both the middle and lower levels
of the chest, which was fully reversible in the recovery period.
Similarly, inhaled Mch induced a strong decrease in CAaw.
However, Ova had much smaller effects on the central airway
calibers. Airway mechanical parameters obtained from the in-
homogeneous mechanical model and images related to the
central airways are shown in Figure 3. Raw increased during both
intravenous and inhaled Mch challenges, whereas Ova induced
marked and statistically significant elevations in Raw and SDRaw
only in the sensitized animals. The ratio SDRaw/Raw increased
markedly during infusion of the highest dose of Mch in both
groups of rabbits, after inhaled Mch and after Ova in the
sensitized animals, indicating the appearance of airway mechan-
ical heterogeneities under these conditions. No significant
changes in Taw were detected during the intravenous Mch or
Ova provocations. To assess the changes in CAaw at both image
levels, the two largest airways in opposite lung fields were chosen
for detailed analysis. In the baseline images, the airway diameter
ranged from 0.75 to 3.13 mm, corresponding to CAaw values of
from 0.44 to 7.68 mm?. These airway dimensions approximately
correspond to airway generations four to eight in rabbit (26). In
the sensitized animals, CAaw at the middle level decreased
earlier than the increase in Raw, which was significant even at
the lowest Mch infusion rate (P < 0.001). The two highest Mch
infusion rates generated significant decreases in CAaw (P <
0.001) independently of the image slice level. Similarly, inhaled
Mch caused a strong decrease in CAaw. In the sensitized animals,
Ova induced significant decreases in CAaw only at the middle
level (P < 0.001), whereas CAaw at the lower level was un-
affected.

Lung Peripheral Responses

Figure 4 demonstrates images of regional ventilation in a repre-
sentative rabbit at baseline and after Mch or Ova provocation.
The infusion of Mch exerted a moderate effect on the regional
ventilation. In contrast, both inhaled Mch and intravenous Ova
induced marked ventilation heterogeneities in the lung periph-
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ery, with a highly scattered distribution, and areas of closure or
near-closure. On the other hand, the challenges with intrave-
nous Mch did not generate statistically significant changes in G,
whereas H decreased slightly, but systematically, in both the
control and the sensitized rabbits (Figure 5). These changes
during Mch infusion were associated with mild but significant
decreases in VA and increases in CV in the sensitized rabbits,
which were consistently present at both the middle and the

Baseline MCH IV 10y

Middle

= 2 T =
MCH Aerosol

Middle

Recovery

basal lung levels (P < 0.05 at both levels). Ova injection in the
sensitized animals led to marked increases in both tissue
mechanical parameters (P < 0.001), whereas no change in
either parameter was detected after Ova administration in the
control animals. Similar increases in G and H were observed
after inhaled Mch. Furthermore, VA decreased and CV in-
creased markedly in the sensitized animals after intravenous
Ova and in the control animals after inhaled Mch, indepen-

Ovalbumin

Figure 2. Monoenergetic com-
puted tomography images
showing changes in the central
airway cross-sectional area in
the middle image slices at the
different experimental stagesin
one representative animal in
protocols A and B (upper panel),
and C (lower panel). Magnifica-
tions of the indicated square
areas are shown in the right
upper corners.
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Figure 3. Values of the airway mechanical parameters: mean airway
resistance (Raw), the coefficient of variation of the parallel pathway
resistances (SDRaw/Raw), common inertance (law); and imaging
parameters: central airway cross-sectional area (CAaw) in control and
sensitized rabbits in middle and lower image slices at baseline (BI-1 and
Bl-2), after methacholine (Mch) aerosol inhalation (AE), or during
infusion (IV), on recovery (Rec), and after ovalbumin (Ova) provoca-
tion. Data are means = SEM. *P < 0.05 versus baseline; #P < 0.05
versus control.

dently of the slice level studied (P < 0.01 at both levels). These
imaging parameters remained at their baseline levels in the
control rabbits given intravenous Ova.

Relationships between Changes in Mechanical and
Imaging Parameters

The associations between the alterations in the mechanical and
imaging parameters are depicted in Figure 6. For a better
visualization, the changes in the conductance parameters (1/
Raw) were related to the changes in the square of CAaw. There
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was a very strong association between the Mch-induced changes
in the airway conductance assessed from the Zrs spectra, and
CAaw measured from the images (R = 0.71, P < 0.0001). In
contrast with Mch, the correlations between the airway me-
chanical and imaging parameters were extremely weak after
Ova injection in sensitized animals (R = 0.22, P = 0.4).
Conversely, the inhaled Mch- and Ova-induced changes in H
and VA correlated very strongly (R = —0.72, P < 0.001; Figure
6, bottom), whereas intravenous Mch caused no changes in
these parameters.

DISCUSSION

This is the first study to combine separate estimates of airway
and parenchymal contributions to the overall lung mechanics
with direct quantitative measurements of the central airway
cross-section and regional lung ventilation. We demonstrated
that the patterns of changes induced in the various mechanical
and imaging parameters by Mch and Ova in sensitized animals
are fundamentally different through the intravenous route.
Although Mch exerted constriction mainly in the central air-
ways, Ova induced severe heterogeneities in the lung periphery,
with minor central effects in the sensitized animals. Because
Mch challenge is performed through the inhaled route in the
clinical setting, we compared the effect of this route with Mch
infusion. Our results show that inhaled Mch provocation
reproduces a response pattern resembling that of intravenous
antigen challenge in the lung periphery. A possible mechanism
could be a heterogeneous peripheral pattern of Mch deposition
through the inhaled versus the intravenous route. There were
concordances between the changes in the mechanical parame-
ters and the indices obtained from K-edge subtraction images
both during Mch provocation and after the administration of
Ova. The significant correlations between the airway and tissue
mechanical responses and those in the airway and regional
ventilation imaging parameters suggest that the model-based
evaluation of the low-frequency Zrs spectra can give separate
estimates of changes in the airway and parenchymal mechanics
after constrictor stimuli.

Methodological Considerations

The technical features of analyzing structural and functional
changes by using K-edge subtraction imaging methodology have
been extensively discussed (17). Xenon is a dense gas, which
may have an effect on the xenon wash-in time constants and
therefore on the value of sV (27). However, this effect was
similar in all experimental conditions and it is therefore unlikely
that the density influenced our main findings. Due to the time
necessary to obtain images of regional ventilation, the number
of lung levels assessed was limited to two. Sampling of these
levels was appropriate to follow the changes in CAaw and also
to provide a representative picture of the alterations in the lung
periphery.

Although ideally a uniform definition of the well- and poorly
ventilated lung zones should be applied in all animals in the
ventilation images, the appropriate determination of this defi-
nition would need (/) a complete three-dimensional assessment
of regional ventilation, which was not feasible in the present
study protocol; and (2) that the specific ventilation in the image
slice remain the same between subjects and among experimen-
tal conditions within a subject. However, because the overall
specific ventilation in the imaged slice is subject to change,
taking a unique cutoff for poorly ventilated zones could lead to
erroneous estimations of the extent of regional ventilation
defects. To minimize this error, we chose to use a definition
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of poorly ventilated zones based on the statistical distribution of
sV that accounts for changes in the overall sV of the image slice.

Besides direct visualization of the central airways, essential
information regarding the severity of ventilation heterogeneity
was obtained from the K-edge subtraction images. Accordingly,
a model in which airway heterogeneity was taken into account
was fitted to the Zrs spectra (23). The model parameters
extracted from these fits allow assessment not only of the
overall airway narrowing but also of the functional inhomoge-
neity that develops in the airways during constrictor challenges.
The mechanical heterogeneity as estimated by the model fit,
however, did not show a significant relation with lung ventilation
heterogeneity. This may be because CV of sV reflects alveolar
ventilation heterogeneity, predominantly determined by periph-
eral airway function, whereas SDRaw/Raw reflects the sum of
airway heterogeneities within the entire airway tree.

We applied Ova sensitization to produce bronchial hyperre-
activity and anaphylactic reactions to allergens (20). In line with
the previous results, all the animals in the present study exhibited
a response to Ova, with marked increases in all mechanical
parameters, confirming the presence of allergic sensitization.
Nevertheless, despite a tendency to airway hyperresponsiveness
to Mch, the differences in the airway responses between the two
groups of animals did not reach statistical significance concern-
ing either the mechanical or the imaging parameters. This may
be attributed to the large interindividual variability among the
sensitized animals and also to the posture of the rabbits. The
stationary, horizontal X-ray beam used for functional imaging
in the present study required that the animal be positioned
vertically. Because this body position is unusual in animal lung
function studies, we performed a supplemental methodological
investigation in a separate group of rabbits (n = 7). The upright
body position was associated with systematic decreases in the
respiratory mechanical parameters relative to those obtained
with the animals in the supine position (Raw: 17.4 = 0.8 vs.
20.8 = 1.1 cm H,O - s/L, H: 462 *= 29 vs. 789 *= 82 cm H,O/L,
and G: 101 £ 3 vs. 170 = 12 cm H,O/L, mean = SEM). The
larger CAaw in the vertical position may have blunted the
airway responses to Mch and this effect may have prevented the
statistical detection of airway hyperresponsiveness in the sensi-
tized animals. Because all these effects were similar for both
provocation agents, inducing lung constriction via two different
pathways, it is unlikely that the posture of the animal affected
our results appreciably.

In this study, it was not possible to randomize the order of
challenges because in sensitized animals, Ova induces a late-
phase response causing a carryover effect that would have biased
a subsequent Mch challenge. However, because Mch and antigen
provocations act through completely different pathways, the
reversible Mch response is unlikely to have significantly biased
the response to the subsequent Ova challenge.

Pulmonary Responses to Mch

In the present study, we found that both inhaled and the
highest dose of intravenous Mch caused significant increases in
Raw and also elevated the ratio SDRaw/Raw, suggesting the
development of mechanical heterogeneity in the parallel
airway branches. The intravenous Mch-induced changes in
the respiratory tissue parameters were dissociated, with G
remaining essentially at the baseline level, whereas H
exhibited slight but systematic decreases. The lack of changes
in G is in contrast with previous results obtained during Mch
infusions, when the marked increases in Raw were associated
with elevated G (9, 10). However, a single-compartment
homogenous model was used to separate airway and tissue
responses in those studies. The model parameters extracted by
the application of this model have been shown to be biased by
airway heterogeneities, particularly causing an artifactual in-
crease in G. Because the model in the present study incorpo-
rates airway heterogeneities, this bias was minimized. The
slight decreases in H after Mch in both protocol groups were
unrelated to the dose of the agonist. This suggests that the
homogenizing effect of the sigh delivered before the Mch
infusions may have recruited small atelectatic lung regions.
The possible involvement of this phenomenon is further
suggested by the reduced scattering in the CV between the
baseline and the first Mch dose (Figure 5). Accordingly, this
changing pattern in the mechanical parameters indicates that
Mch induced central airway constriction, and the effect on the
more peripheral airways was sufficient to induce ventilation
heterogeneity only at the highest dose and was too limited to
induce any detectable passive tissue distortion or lung volume
loss that would have caused elevations in H.

Conversely, inhaled Mch caused elevations in both G and H
suggesting a strongly heterogeneous peripheral lung response
with airway closures. The strikingly different pattern of re-
sponse from that observed after infused Mch, despite a similar
increase in Raw and otherwise identical experimental condi-
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Figure 5. Values of the tissue mechanical parameters: damping (G),
elastance (H); and imaging parameters: ventilated alveolar area (VA)
and coefficient of variation of specific ventilation (CV), in control and
sensitized rabbits in the middle and lower image slices at baseline (BI-1
and BI-2), after methacholine (Mch) aerosol inhalation (AE), or during
infusion, on recovery, and after ovalbumin (Ova) provocation. Data are
means = SEM. *P < 0.05 versus baseline; #P < 0.05 versus control.

tions, may be due to the pattern of aerosol deposition. This is
suggested by previous studies wherein deposition of aerosol
particles with a mass median aerodynamic diameter similar to
the present study showed significant peripheral heterogeneity
under mechanical ventilation (28, 29).

These conclusions are confirmed by the changes in the
parameters obtained from the images. Marked decreases in
CAaw were observed (Figure 4). The changes in CAaw corre-
lated strongly with those in the airway conductance during Mch
challenges (Figure 6). It is noteworthy that the intravenous Mch-
induced changes were detectable earlier in the CAaw data (as
low as 2.5 pg/kg/min) than in the mechanical measurements. In
the present study, K-edge subtraction imaging provided direct
new evidence of a small but significant increase both in the area
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of the poorly ventilated lung zones and in the heterogeneity of
peripheral ventilation as measured by the heterogeneity at the
highest Mch infusion rate, as well as after the inhalation of this
agonist. The appearance of poorly ventilated lung zones was
most likely caused by the constriction of clusters of small
peripheral airways rather than changes in the local tissue
mechanics. Although small peripheral airways could not be vi-
sualized directly with K-edge subtraction imaging, we previously
observed from a combination of lung mechanics measurements
and of central conducting airway imaging that peripheral defects
in ventilation may be present immediately after histamine
inhalation, together with an elevation in respiratory system
resistance, without any constriction in the central conducting
airways (20). This finding suggested that the observed peripheral
ventilation defects were due to peripheral airway constriction.
Tgavalekos and colleagues used a combination of PET imaging
of regional ventilation and oscillatory mechanical measurements
in patients with asthma provoked with inhaled Mch, with a three-
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dimensional airway tree model, to examine the role of large
versus small airways in the simultaneous deterioration of me-
chanical function and ventilation (30). They found that matching
both the degree of mechanical impairment and the size and
location of the PET ventilation defects requires either the
constriction of airways less than 2.4 mm in diameter or the
simultaneous constriction of small and large airways (but not
merely large airways alone).

Opverall, in view of these observations obtained from me-
chanical measurements and image analyses, it can be concluded
that the response to intravenous Mch predominantly occurred
in the central conducting airways. However, it was not limited
solely to these conducting airways, because a peripheral airway
response seemed to appear during a high dose of Mch. The
deposition pattern of Mch aerosol is likely to have caused
a remarkably different distribution of response through the
inhaled route with a much more heterogeneous impact on the
lung periphery.

Lung Responses to Ova

We found a markedly different pattern of response to Ova in
sensitized animals as compared with that to Mch. Although the
magnitudes of the increases in Raw were similar at the highest
dose of Mch and on Ova provocation, the latter changes were
associated with much smaller decreases in CAaw. This resulted
in a poor correlation between the changes in the airway
conductance and CAaw measured from the images (Figure 6,
top), which suggests that the effect of Ova provocation is
predominantly localized to small peripheral airways beyond
the generations visualized in the images.

In the sensitized animals, Ova induced significant elevations
in G and H, accompanying the increases in Raw and SDRaw/
Raw. This pattern suggests the increased peripheral ventilation
heterogeneity in combination with true changes in the mechan-
ical properties of the lung tissue (23), most likely due to a loss in
lung volume subsequent to peripheral airway closures. This is
evidenced by the development of severe ventilation defects
after Ova administration (a drop in VA; Figure 5), measured
from the ventilation images and further confirmed by the very
strong correlation between the changes in H and VA (Figure 6).
Besides this effect, the tissue responses observed after Ova
provocation in sensitized animals may also be a consequence of
interdependence between the peripheral airways and the sur-
rounding lung parenchyma (31, 32).

The reasons for such fundamentally different patterns of
response to intravenously administered nonspecific Mch and
specific Ova airway provocations are not clear. Both constrictor
agents were administered via the same route, and thus the
observed pattern of response cannot be due to differences in
distribution of the agent. Mch produces smooth muscle constric-
tion by stimulating muscarinic cholinergic receptors. The distri-
butions of different subtypes of muscarinic receptors may be
involved in the pattern of response to Mch. In several species,
including dog, pig, mouse, and human, M3 muscarinic receptors
on the airway smooth muscle mediate large and small conducting
airway cholinergic constriction and also submucosal gland stim-
ulation (33). Hence, a potential explanation for the predominant
effect of intravenous Mch on the central bronchi in the present
study could be a higher density of M3 receptors in these airways.
In humans, these receptors have been shown to be more densely
distributed in the trachea and proximal central airways (34).
Moreover, the total muscarinic receptor density proved to be
higher in the trachealis muscle than in the bronchi or lung tissue
in dog (35). In rabbits, the presence of the M3 and M4 receptors
in the central airway smooth muscle, and of the M4 receptor in
the lung periphery, has been demonstrated (36). However, as far

as we are aware, the serial distribution of the cholinergic receptors
along the bronchial tree has not been quantified in this species. In
addition, the functional significance of M4 receptor subtypes
expressed in the bronchiolar smooth muscle and alveolar walls
has not been elucidated. Nevertheless, a higher muscarinic re-
ceptor density in the central airways remains a plausible expla-
nation of our findings.

On the other hand, antigen-induced anaphylaxis leads to the
release of a host of mediators and chemotactic substances
through the degranulation of mast cells, eosinophils, and
basophils (37). These include histamine, proteases, a number
of cytokines, and lipid-derived mediators, such as prostaglan-
dins, leukotrienes, and the platelet-activating factor. The di-
versity of mediators and possibly the localizations of their
receptors both in the airways and in the lung periphery may
well be the reason for the far stronger peripheral impact of Ova
provocation as compared with that of intravenous Mch. Finally,
we cannot exclude the potential contribution of increased
mucus secretion, airway edema, and surfactant dysfunction
after antigen provocation in the occurrence of airway closures.

Conclusions

In summary, we have characterized the changes that occur in the
pulmonary system during a nonspecific constrictor challenge with
Mch and after provocation with the specific allergen in sensitized
rabbits. The functional changes were assessed by respiratory
mechanical measurements allowing partitioning of the airway
and tissue changes. We combined these results with those
obtained with a novel imaging technique having the ability to
quantify simultaneous changes in the lumen of the conducting
airways and the regional lung ventilation. We observed strong
associations between the airway and tissue mechanical responses
and corresponding imaging parameters, supporting the ability to
separate airway and tissue mechanics on the basis of low-
frequency Zrs data. Functional localization of the primarily
affected lung compartment revealed radical differences between
the changes due to Ova and Mch provocations, despite similar
magnitudes of increase in Raw. Our results demonstrate that
through intravenous infusion, the effect of Mch in the lungs
predominates in central airways, with minor changes in the lung
periphery. In contrast, after Ova provocation through the same
route, both the mechanical and the functional imaging parame-
ters indicated the development of severe ventilation heterogene-
ity and airway closure in the lung periphery. Inhaled Mch,
however, induces a heterogeneous lung response similar to that
observed with intravenous allergen, despite different underlying
mechanisms.
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MATERIALS AND METHODS

Animal preparation

Animal care and experimental procedures were in accordance with the Guidelines for the Care and Use
of Animals published by the American Physiological Society and approved by the local institutional
authorities. The experiments were performed on 27 male New Zealand rabbits (2.6+0.04 kg, Elevage
Scientifique des Dombes, Chatillon sur Chalaronne, France). Thirteen animals were sensitized over a
one-month period before the start of the experimental protocol, as detailed previously (Ei). Briefly,
intraperitoneal injections of a solution containing 0.1 mg of ovalbumin (Sigma-Aldrich Chimie S.a.r.1.,
St. Quentin Fallavier, France) and 10 mg of aluminum hydroxide as adjuvant (Merck KGaA,
Darmstadt, Germany) were administered 30 and 17 days before the start of the protocol. The animals
were then exposed to daily aerosolized ovalbumin (10 mg/ml for 20-min) for 5 days prior the
experiments (Systam LS290, Velleneuve sur Lot, France). For the experiments, a catheter (22 G) was
inserted into the marginal ear vein (Cathlon IV, Ethicon, Rome, Italy) under local anesthesia, using 5%
topical lidocaine (Emla, Astra-Zeneca, France). Anesthesia was induced by the intravenous injection of
thiopental sodium (25 mg/kg IV, Nesdonal, Rhone-Poulenc-Rohrer, Paris, France). The animal was
tracheostomized and an endotracheal tube (no. 3, Portex, Berck sur Mer, France) was inserted and
secured with a gas-tight seal. A 22 G catheter was inserted into the left carotid artery for blood pressure
monitoring and arterial blood sampling for blood gas measurements (Radiometer, ABL77,
Copenhagen, Denmark). The left jugular vein was also catheterized for methacholine infusion. The
lower extremities of the animal were wrapped in bandage and the animal was immobilized in the
vertical position in a custom made cylindrical PVC holder. The chest wall and diaphragmatic motion
were free of constraint, because the rabbit was maintained in the vertical position by a plastic
attachment below the lower maxillary bone, which supported the weight of the animal. There was very

little stress on the forelimbs, which were taped to keep them out of the image field. The chest and
2



Sites of airway challenge effects Online Data Supplement

diaphragm were entirely free, and the lower limbs were securely maintained in the cylindrical holder
with the use of foam. Anesthesia was maintained with intravenous Midazolam (0.2 mg/kg/h, Aguettant,
Lyon, France). Paralysis was induced with intravenous Atracurium (1.0 mg/kg/h, Tracrium, Glaxo-
SmithKline, Miinchenbuchsee, Switzerland). The respiratory gas flow was monitored by using a heated
pneumotachometer (Hans Rudolph, Kansas City MO, USA). The endotracheal pressure was monitored
continuously. All monitored signals were amplified, digitized at 400 Hz (Powerlab, ADI Instruments,

Oxfordshire, UK), and recorded on a computer.

Synchrotron lung CT technique and instrumentation

The synchrotron CT imaging technique employed in this study, called K-edge subtraction imaging,
uses dual X-ray beams at two slightly different energies. Simultaneous acquisition and subtraction of
two CT images allows the direct quantitative measurement of xenon gas within the airways, and of the
regional gas volume (Eii). Dynamic imaging during xenon wash-in allows the measurement of regional
specific ventilation, i.e. the ventilation normalized to voxel volume (Eiii). Visualization and
quantitative measurement of the xenon within the airways is based on the property that the attenuation
coefficient of xenon increases by a factor of 5.4 when the energy of the incident X-ray beam crosses
the energy threshold of 34.56 keV, which is the xenon K-edge (Eiv,Ev) (Figure E1). The changes in
the attenuation coefficients of cortical bone and lung tissue are negligible. Imaging is performed
simultaneously with two X-ray beams at slightly different energies, above and below the xenon K-
edge. Subtraction of these two mono-energetic images on a logarithmic scale allows the observation of
small anatomic structures carrying the contrast agent, while removing practically all features due to
other structures. The intensity scale of the resulting image is directly proportional to the content of the
contrast element per image voxel (xenon density), based on the property that for mono-energetic X-
rays the logarithm of the transmitted intensity is proportional to the line integral of the attenuation

coefficients. X-rays from a synchrotron radiation source are required since, as opposed to standard X-
3
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ray sources, they allow the selection of monochromatic beams from the full X-ray spectrum while
conserving enough intensity for imaging.

All experiments were performed at the Biomedical Beamline of the European Synchrotron
Radiation Facility (ESRF, Grenoble, France). The mono-energetic beams were produced from the
continuous synchrotron radiation spectrum by a bent silicon crystal monochromator and the energy
difference between the beams was 250 eV. The beams focused and crossed at the animal position,
beyond which they diverged and were recorded by a liquid nitrogen-cooled high-purity germanium
dual-line detector (Eurisys Measure, Lingolsheim, France). The horizontal pixel size of the detector
was 0.35 mm, and the beam vertical width was 0.7 mm. Since the X-ray beam is stationary, the animal
was moved for imaging. For projection imaging, the animal was moved vertically through the beams
and for CT imaging the animal was rotated around an axis perpendicular to the beams (6.56° off-
vertical). The detector was read out synchronously with the animal motion to provide 0.35 mm vertical
pixel size in the projection images, and 0.5° angular resolution in the CT images. The rotation speed in
CT imaging was 180°/s and images were recorded from 720 angular projections per full 360° rotation.
CT reconstruction was performed using the filtered-back-projection algorithm, with the Interactive

Data Language (IDL, RSI, Boulogne-Billancourt, France).

The experimental set-up was essentially identical to that used in previous experiments (Eiii,
Ev). An extra electromagnetic valve was included, which allowed the switching of the ventilation
circuit from the ventilator to the forced oscillatory measurement system. Details of the ventilation
system were published previously (Evi). The set-up consisted of a custom-made apparatus, including a
T-tube and two electromagnetic valves, used to synchronize mechanical ventilation with the image
acquisition. The input gas flow was maintained constant at baseline. The tidal volume was
approximately 7.0 ml/kg, with the respiratory rate set to achieve an arterial PCO; close to 40 Torr.

Ventilation and the inhaled gas mixture were remotely controlled with electromagnetic valves. Gas
4
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flows were measured continuously, recorded with mass flow meters (Aalborg, Orangeburg, NewY ork)
and adjusted prior to data acquisition. During the resting period the animal breathed air, and during
imaging it breathed a mixture of xenon (70%) and oxygen (30%). Ventilation was paused in expiration

for image acquisition.

Image analysis

Images were processed by using the MatLab programming package (Mathworks Inc., MI, USA). Lung
tissue was selected within the monochromatic CT images, by segmentation based on tissue density
thresholds. In the one-compartment model, the xenon density for a given region of interest in the K-
edge subtraction images increases in the wash-in sequence following mono-exponential dynamics

(Eiii). The time constant (1) of xenon wash-in was calculated from a mono-exponential fit by using

d(t) = ds{1 — exp[- (t-19)/7]}

where d, is the asymptotic density and 7 is the time constant. The arrival time ¢y includes the transfer
time from the gas valve to the trachea, and the transfer time from the trachea to the entrance of the
acini. The time scale is directly proportional to the number of breaths, because the apnea pauses during
imaging were subtracted. The inverse of 1, equal to the local specific ventilation (sV ) or ventilation
normalized to the voxel volume, was calculated for every point of the CT image to produce regional
ventilation maps (Evii). The exponential fit was performed by using multidimensional unconstrained
non-linear minimization (Nelder-Mead), and the goodness of fit was assessed by examination of the
normalized summed squared residuals (SSRs). Images were smoothed with a 5 by 5 pixel moving
average window to produce 1.75 mm x 1.75 mm resolution smoothed sV maps, where the effects of

small differences (up to two pixels) in the animal position between successive images are eliminated.
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The heterogeneity of ventilation was calculated with a coefficient of variation (CoV) of sV . Average
regional ventilation s¥ and CoV were calculated separately from each s¥ map.

To determine well-ventilated lung zones, a histogram of sV was calculated. At baseline, the
distributions were uni-modal. The statistical distribution of the regional ventilation at baseline is best
described by a log-normal function due to the fractal structure of the bronchial tree (Eviii, Eiii). This
functional form was used to fit the histograms of regional ventilation, using the Nelder-Mead
minimization. The probability density function of the log-normal distribution for a random variable x is

given (Eix) by the equation

f(xi0, ) =exp[—(Inx - ) /26| /[xo(27)]

Since the well-ventilated lung is supplied by fractally distributed flow, even after airway challenge,
these were estimated from the total distribution of sV by fitting the above function, weighted to the

larger values of sV :
SSR = zwi(yi _f(xi))2
i=0

_{1 if f(xi)<ﬂ
w, =
L2 f('xi)ZILt

Where SSR is the sum of square residuals, and w; the weighting factor. The goodness of fit was

assessed based on the SSRs. The area of well-ventilated zones (VA) was defined as the area where:

sV > (u - 20)
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Measurement of respiratory mechanics
At end-expiration, the mechanical ventilation was paused, a loudspeaker-in-box system and the tracheal
cannula were connected through a polyethylene tube (100 cm length, 0.375 c¢m ID) and a small-
amplitude (1 cmH,0 peak to peak) forcing signal was delivered into the trachea. The loudspeaker was
driven by a computer-generated pseudorandom signal ranging from 0.5 to 21 Hz. Lateral pressures
were measured at the loudspeaker end (P;) and the distal end (P,) of the wave-tube with miniature
sidearm transducers (ICS 33NAOOD). These pressure signals were low-pass filtered (<25 Hz) and
digitized at a sampling frequency of 128 Hz. The pressure transfer function (P,/P,) was created by fast
Fourier transformation from the 8-s recording. The input impedance of the respiratory system (Zrs) was
computed from the pressure transfer function as the load impedance of the wave-tube (Ex) by using the
transmission line theory (Exi):

Zrs = Zy.sh(yL)/([P1/P; - ch(yL)]
where Z, is the characteristic impedance of the wave-tube and y is the complex propagation
wavenumber; these were determined from the geometrical parameters of the wave-tube, and the
material constants of the tube and the gas in it.
Three to five Zrs spectra were ensemble-averaged under the baseline conditions and during steady-state
methacholine infusions. Because of the absence of a plateau response after the intravenous ovalbumin
challenge, parameters obtained from the Zrs data collected 2 min after the ovalbumin injections were
included in the analysis.
A distributed-parameter model (Exii) that includes airway inhomogeneities in the form of a continuous
uniform distribution of airway resistances leading to identical airway inertances (Iaw) and constant-
phase tissue compartments (Exiii) incorporating tissue damping (G) and elastance (H) was fitted to the
averaged Zrs data. The data at frequencies coinciding with the heart rate and its harmonics were often

corrupted, as evidenced by poor coherence and a high SD, and they were omitted from the model
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fitting. The minimization of the squared sum of weighted differences between the measured and the
modeled impedance data was accomplished by a global optimization algorithm (E13). Examples of the
Zrs data and the corresponding model fits obtained under baseline conditions and during lung
constriction induced by IV methacholine and ovalbumin in a representative animal are shown in Figure
E2. The flow resistance of the airways was characterized by the arithmetic mean of the resistances of

the parallel pathways (Raw) and the coefficient of variation (SDRaw/Raw) as the inhomogeneity index.

Study protocol

Following baseline acquisitions of Zrs data and maps of regional ventilation, methacholine was
administered by intravenous infusion using 2 protocols, A and B (Figure E3); protocol A: 2.5 followed
by 5.0 pg/kg/min in 6 control and 6 sensitized animals; protocol B: 10 pg/kg/min in 6 control and 7
sensitized animals. The total methacholine infusion time was identical in the two groups. After a 30-
min recovery from the effect of methacholine, a new set of data was collected prior to ovalbumin
provocation (2.0 mg) in both groups, 2 min after which data acquisition was repeated. In order to
standardize the volume history, single sighs defined as an inflation to a tracheal pressure of 30 cmH,O
were performed at baseline, prior to methacholine challenge, upon recovery and before ovalbumin
administration.

We compared IV Mch challenge with inhaled Mch (125 mg/ml, 90 s) in a separate group (n=5) of
controls (Figure E2, C). In these animals, following baseline Zrs and image data acquisitions, a 125
mg/ml Mch (Sigma, St. Quentin Fallavier, France) solution in normal saline was administered using an
ultrasonic nebulizer (SAM LS2000, Villeneuve sur Lot, France) for 90 seconds. The mass median
aerodynamic diameter (MMAD) of the aerosol particles was 3.5 um with a geometrical standard
deviation of 2.0, as determined by laser optical diffraction using the Malvern SprayTec, according to

the manufacturer.
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The stability of the experimental preparation and the mechanical and imaging parameters was studied
in 2 sham-treated animals. Both mechanical and imaging parameters proved to be stable throughout the

experiment in these animals.

Statistical analysis

The scatters in the parameters were expressed by the SEM values. The Kolmogorov-Smirnov test was
used to test data for normality. Both the mechanical and imaging parameters were normally distributed.
Accordingly, two-way repeated measures analysis of variances (ANOVA), with variables of group (C
and S) and methacholine dose was used to evaluate the changes in the mechanical and functional
imaging parameters. Identical tests were applied to assess the effects of ovalbumin on the lung
functional changes. Pairwise comparisons were performed by using Student-Newman-Keuls multiple
comparison procedures. The parameters obtained from the lung histology were not distributed
normally; the Mann-Whitney rank sum test was performed for these variables. Statistical tests were

carried out with the significance level set at p<0.05.
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FIGURE LEGENDS

Figure E1: In K-edge subtraction imaging (KES), two simultaneous CT images are acquired using two
X-ray beams at two different energies above and below the K-edge of xenon. Absolute quantity of the
contrast agent is determined directly on any given point of a lung CT image after subtracting these two

images on a logarithmic scale. Reproduced with permission from (Evi).

Figure E2. Examples of the Zr data (symbols) and the corresponding model fits (lines) under baseline
condition and following lung constriction induced by IV methacholine and ovalbumine obtained in a
representative animal. Open symbols represent data points that were omitted from the model fit

because of cardiac artifact..

Figure E3. Experimental protocol; LFOT: low-frequency forced oscillation technique; Mch:

methacholine aerosol or infusion challenge; OVA: ovalbumin provocation.
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