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ABSTRACT

Detailed information on the distribution of airway diameters during bronchoconstriction in sifu is
required in order to understand the regional response of the lungs. Imaging studies using
computed tomography (CT) have previously measured airway diameters and changes in response
to bronchoconstricting agents, but the manual measurements used have severely limited the
number of airways measured per subject. Hence, the detailed distribution and heterogeneity of
airway responses is unknown. We have developed and applied dynamic imaging and advanced
image-processing methods to quantify and compare hundreds of airways in vivo. The method,
based on CT, was applied to house-dust-mite sensitized and control mice during intravenous
methacholine infusion. Airway diameters were measured pre- and post-methacholine challenge,
and the results compared to demonstrate the distribution of airway response throughout the lungs
during mechanical ventilation. Forced oscillation testing was used to measure the global
response in lung mechanics. We found marked heterogeneity in the response, with paradoxical
dilation of airways present at all airway sizes. The probability of paradoxical dilation decreased
with decreasing baseline airway diameter and was not affected by pre-existing inflammation. The
results confirm the importance of considering the lung as an entire interconnected system, rather
than a collection of independent units. It is hoped that the response distribution measurements

can help to elucidate the mechanisms that lead to heterogeneous airway response in vivo.

NEW & NOTEWORTHY

Information on the distribution of airway diameters during bronchoconstriction in situ is critical
for understanding the regional response of the lungs. We have developed an imaging method to
quantify and compare the size of hundreds of airways in vivo during bronchoconstriction in mice.

The results demonstrate large heterogeneity, with both constriction and paradoxical dilation of
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airways, confirming the importance of considering the lung as an interconnected system, rather

than a collection of independent units.
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INTRODUCTION

The response of airways to broncho-constricting agents is a complex process that is not well
understood. An individual airway’s response is determined by a variety of factors, including
mechanical forces, intrinsic airway smooth muscle properties, airway smooth muscle tone and
the local inflammatory milieu. Modelling has demonstrated effects from the interdependence of
airways (29), agonist-response interactions (1) and integrated tissue mechanics (22) that lead to
heterogeneous airway response within the airway tree. Although in vitro studies have allowed us
to understand the fundamental mechanisms of the response of isolated airways (5, 6, 20), in vivo
studies are necessary to understand the dynamic response of the entire airway tree, which can

exhibit complicated emergent behavior.

Imaging methods, in particular computed tomography, have been used to study airway response
to airway constrictors in humans (17) and various animal models (3, 4, 27). These studies have
confirmed heterogeneous response of the airways in situ, and identified paradoxical dilation of
some airways in a number of species, and in response to a range of broncho-constricting
interventions (3, 4, 17, 27). However, the manual processing methods used to measure the airway
size in these studies were limited to measurements of between 6 segments (3) and 26 segments
(17) per subject. This limited sample may not provide detailed information of the distribution of
airway responses within the whole lung and no studies have identified the distribution of
response across the entire lung. This detailed information is required in order to better understand
the dynamic response of the airway tree to broncho-constriction and the as yet unidentified
mechanisms involved in paradoxical dilation of the airways. Here we present a method based on
synchrotron phase-contrast CT that allows hundreds of airways to be digitally segmented,
measured and compared within the mouse lung. This allows us to effectively quantify the

distribution of airway responses within the lung during breathing.
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The aim of this study was to quantify regional constriction in the airways across the lung in
response to bronchoconstriction with and without prior airway inflammation. In order to achieve
this we measured the distribution of responses of the airways in house-dust-mite (HDM)
sensitized and control (CTL) mice in response to two doses of intravenously (IV) infused
methacholine (MCh). The MCh doses were chosen to produce a modest global response to assess
the inherent airway response without introducing physiological complications or distress, and
additionally to increase the likelihood of producing paradoxical dilation. We also assessed lung
mechanics using the forced oscillation technique to determine the global effect of heterogeneous
regional bronchoconstriction. By assessing the distribution of airway responses to an IV infused
bronchoconstricting agent we avoid differential responses caused by variable exposure of the
agonist to the airway smooth muscle when delivered via the airway lumen. By assessing the
response in the presence and absence of prior exposure to the allergen (HDM), we were also able

to investigate the effect of prior inflammation on the distribution of airway responses.

MATERIALS AND METHODS

Animal Procedure

All animal procedures were approved by the SPring-8 Animal Care Committee and Monash
University’s School of Biomedical Science’s Animal Ethics Committee. All studies were
conducted in experimental hutch 3 of beamline 20B2 in the Biomedical Imaging Centre at the

SPring-8 synchrotron in Japan.

Adult male Balb/C mice were lightly sedated with methoxyflurane and intra-nasally exposed to
25 pg of house dust mite (HDM; n=5) extract (Greer Laboratories, USA) in 50 puL of saline, or
saline alone (control; CTL; n=5). Mice were treated daily for 10 days and studied 24 hours after

the last exposure.
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Each animal was anaesthetised using sodium pentobarbitone (i.p.; 70mg/kg), tracheostomised,
connected to a ventilator and a tail vein catheter inserted for methacholine infusion. Anaesthesia
was maintained throughout the experiment with top-up of sodium pentobarbitone every 30
minutes (i.p.; 30mg/kg). Positive pressure ventilation was delivered through a custom designed
ventilator (based on that described in Kitchen ez al. (16)) with 120 ms inspiration time, 280 ms
expiration time, 10 cmH,0O inflation pressure and 2 cmH,0 positive end expiratory pressure
(PEEP), consistent with the recommendations of Glaab et al.(11). PEEP is required to maintain
functional residual capacity, as active inspiratory muscle tone is reduced in anesthetized mice
(11). Animals were sequentially imaged at baseline and during two doses of continuous
methacholine infusion: 16 ug/kg/min (MCh1), and subsequently 48 pg/kg/min (MCh2) (Figure
1). Each mouse was ventilated for at least 5 minutes prior to baseline measurements to allow it to
stabilize after anaesthetization and surgery. At least 5 minutes was allowed after instigation of the

MCh1 and MCh2 infusions prior to lung function and imaging to allow the response to stabilize.

Forced oscillation technique

Lung mechanics were measured using a modification of the forced oscillation technique as
described previously (12). Briefly, an oscillatory pressure signal containing 9 frequencies ranging
from 4-38 Hz was generated by a loudspeaker and delivered to the tracheal cannula by a
wavetube of known impedance during 6 s pauses in ventilation. Lateral pressure transducers at
the start of the wavetube and at the airway opening were used to calculate the respiratory system
impedance spectrum (Zgs) (12). A four-parameter model with constant-phase tissue impedance
was fitted to the Zgrs spectrum to extract values for global airway resistance (R,y), tissue
damping (G) and tissue elastance (H) and inertance (I,y; which is ~ 0 after accounting for the

tracheal cannula and not reported)(13).
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Imaging

Imaging was conducted using a modification of the dynamic computed tomography method
described in Dubsky et al. (7). Briefly, phase-contrast images were acquired at the SPring-8
synchrotron, Japan, at the BL20B2 beam-line. Images were acquired at 50 fps using a PCO.edge
sCMOS detector (PCO AG, Germany), optically coupled with a scintillator crystal. During
imaging, the animal was placed upright in a custom-built holder, which was mounted on a 5-axis
motor controller to provide stable rotation during the 3 minute scan. The ventilator provided
stable, pressure-controlled ventilation, and provided triggering to the imaging system for
synchronization with the ventilation cycle. Single-image phase retrieval (21) and simultaneous
algebraic reconstruction technique (2) was used for CT reconstruction. Imaging parameters
resulted in high-resolution CT with an isotropic voxel size of 15 pm. Airway size was measured

at end expiration at a ventilator pressure of 2 cmH,O.

Airway size estimation and comparison

Airway segmentation and size calculation was performed using a novel image processing
methodology, based on the vesselness filter described by Frangi et al. (9). This Hessian-based
filter uses analysis of the eigenvalues of the image intensity Hessian-matrix at different spatial
scales (o) in order to assign a probability value to each voxel. This value describes the
probability of a cylinder (in our case an airway) being present at each voxel. The spatial scale
that yields the maximum vessel probability at any point may be used to estimate the vessel
diameter (9, 24, 25). Values for ¢ corresponded to a diameter range of around 85um to 950um.
The conversion from scale-space (ie. o) to diameter was calibrated using synthetically generated
images of cylinders of various lengths, as in Samarage et al. (25). These synthetically generated
images were also used to estimate RMS error in the diameter measurement in this range, which

was shown to be 1.8 px. This is consistent with previous studies utilizing scale-space diameter
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measurements, which achieved an accuracy of <5% for diameters greater than around 5 px (8),

as measured in the present study.

The 4DCT images were processed using the vesselness filter to yield a vessel probability field.
This was segmented using a flood-fill, providing a binary image of the airway tree. Auto-
skeletonisation (Avizo, FEI software, USA) was then used to find the centerline of the airways.
The scale of the vesselness filter that yielded the highest vessel probability at each centerline
point of the airway tree was used as an estimate of the diameter of the airway at that point
(Figure 2). These estimates were averaged across each airway segment to yield the average
diameter of each airway segment. This method provides robust, unsupervised diameter
estimation across the entire airway tree, allowing for hundreds of airways down to a diameter of

around 85 um to be measured and compared for each animal (Figure 3).

Airway segmentation methods are imperfect, leading to both missed and false airway

segments (28). In order to automatically compare the diameters of airway segments between
states, a simple multi-criteria airway matching was implemented. First, airway trees were co-
registered to the baseline airway tree using a set of manually defined landmark points. Each point
in the airway segment was then matched to the closest airway in the baseline tree. A segment
match was accepted if two criteria were met: over 60% of points were consistently matched to an
individual baseline airway, and its length was within 20% of that baseline airway. This prevented

erroneous matching due to registration errors and/or missing airway segments.

RESULTS
Lung mechanics
HDM exposed mice exhibited a higher R,,, for all three conditions (baseline, MCh1 and MCh2:

Figure 4A; P = 0.048) when compared to the CTL group. Both the HDM and CTL groups
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showed a paradoxical decrease in R,y (representing the resistance of the conducting airways) for
MChI challenge (Figure 4A; P <0.001), and an increase in R,y for the MCh2 challenge
compared to baseline (Figure 4A; P = 0.040). No significant changes in G were observed
between the HDM and CTL groups, or for MCh1 (Figure 4B; P = 0.43 and P = 0.308
respectively). In contrast, G was significantly increased in response to MCh2 when compared to

baseline and MChl1 (Figure 4B; P = 0.029 and P = 0.006 respectively).

There was no change in H in response to HDM compared to CTL mice (P = 0.43), nor were there
any changes in H in response to MCh1 or MCh2 challenges when compared to baseline (Figure

4C; P = 0.499).

CT imaging
Imaging provided CT reconstructions of sufficient quality and resolution to clearly discern

airways from surrounding tissue (Figure 5), of a size down to approximately 85 pm.

Airway responses

Scatter plots revealed the distribution of normalized airway response (airway diameter/baseline
diameter) with respect to baseline diameter (Figure 6A-D). Friedman’s super smoother
regression (10) was used to qualitatively assess the distribution of airway responses (Figure 6A-
D). The lower limit on measurable size (85 um) resulted in apparent truncation of the data below
a baseline diameter size of ~175 um. This resulted in a bias in the regression towards a dilation
response for baseline diameters below 175 um. For this reason, the fitting was extrapolated in
this range using a polynomial fit of order 2 using data from a baseline diameter range of 175 pm
to 300 pm. All cases showed a large heterogeneity in response, with both dilating and
constricting airways present. The distributions for CTL and HDM groups were similar (Figure

6). All distributions showed an increased prevalence of paradoxical dilation for larger airways,

/102 ‘ST Arenuer uo g'€£°022 0T Aq /610" ABojoisAyd-del;/:dny woly papeojumoqg



http://jap.physiology.org/

209

210

211
212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

with increasing constriction for smaller airways. The mid-sized airways (~300 um to 500 pm)

showed the largest paradoxical dilation in response to MChl.

In both HDM and CTL groups, for MCh1, the average diameter of airways, expressed as a
percentage of baseline diameter, was greater than 100% (109% and 106% respectively)
indicating that, on average, the measured airways dilated in response to MCh. For MCh2, the
average response was less than 100% form HDM and CTL groups (98% and 95%), indicating

constriction. These results mirror the decreased R,,, for MCh1 and increased R,,, for MCh2.

The percentage of airways that dilated or constricted in specific size ranges allowed comparison
of response distributions in response to MCh1 and MCh2 (Figure 6E-F). Generally, the number
of dilating airways was highest in the range ~200 to 500 um for MChl, and generally increased
with increasing baseline airway diameter for MCh2. The largest difference in dose response
occurred in the mid-sized airways (~200 to 500 um), which showed high percentages of dilating
airways for MChl, and only a moderate percentage of dilating airways for MCh2 in both HDM
and CTL groups. HDM group showed a greater prevalence of paradoxical dilation (42.1% and

68.2% for MCh1 and MCh2) than CTL group (35.7% and 62.8%).

The response of individual airways under MCh1 and MCh2 challenges for both CTL and HDM
groups showed moderate correlation (Pearson coefficient, R = 0.57 and R = 0.56 respectively)
(Figure 7), indicating a persistent pattern of response for MCh1l and MCh2 in both CTL and

HDM groups.

DISCUSSION
The results presented in this study demonstrate paradoxical dilation of airways in response to IV

methacholine in mice under positive pressure mechanical ventilation. Paradoxical dilation
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preferentially occurred in the larger airways, although was present across all sizes of airways
measured in this study (airway diameters > 85 um). No significant difference in response
distribution was seen between the HDM and CTL groups. However, the baseline resistance,
measured by FOT, was significantly increased in the HDM group. Interestingly, a global
paradoxical decrease in airway resistance was also measured by the forced oscillation technique

during the MCh1 infusion in both HDM and CTL groups.

The presence of paradoxical dilation under bronchoconstriction has been previously identified in
a number of studies. Brown et al. (4) used HRCT to measure airway response in canines exposed
to inhaled histamine. A semi-automated procedure was used that enabled measurement of
approximately 10 airways in each subject. Results showed a marked heterogeneity in airway
responses, including paradoxical dilation in one subject. Kotaru et al. (17) compared the response
of airways in humans using HRCT under two different challenges: isocapnic hyperventilation of
frigid air (HV) and inhaled MCh. Computer assisted manual measurement of airway size was
conducted from the trachea to the segmental bronchii (26 airways per subject). Imaging was
conducted during a breath-hold at TLC. All subjects showed a reduction in FEV, after both
challenges. The results demonstrated a large amount of heterogeneity, with both dilation and
constriction present. In fact, only 47% of the airways measured constricted after MCh challenge.
The frequency of dilation decreased with each generation, consistent with results from the
present study. Bayat et al. (3) measured the response of airways in rabbits subjected to inhaled
histamine challenge under two doses using high-resolution synchrotron CT. The size of the main
bronchi was measured in three axial planes between the apex and base of the lung, resulting in 6
measurements per subject. Results showed clear paradoxical airway dilation, with the extent of
dilation generally increasing with the larger airways. No clear difference in response was

apparent between the two doses used.
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In our study, the forced oscillation technique demonstrated significant changes in resistance, but
no change in tissue elastance. Alterations in tissue elastance result from either a change in tissue
stiffness or may also be indicative of airway closure (15). This result indicates that all responses
measured in this study were due to airway constriction and are unlikely to be a result of loss of
lung units due to airway closure. It is possible that the upright position of the mice and the use of
mechanical ventilation with PEEP of 2 cmH,0 prevented airway closure during the experiments.
In fact, the application of PEEP has been shown to reduce ventilation heterogeneity and improve
alveolar ventilation during bronchoconstriction in both imaging (23) and modeling (29) studies,
thus mitigating airway closure. The upright position will effect the longitudinal forces on the
airways, which may alter airway-tissue interdependence when compared to the supine position.
This may have an impact on regional constriction, possibly contributing to the unexpected
decrease in R,y apparent during MChl. Position has been shown to have a significant effect on

the regional response to MCh in humans (14).

The airway distributions measured in the present study are consistent with the findings of Kotaru
et al. (17) and Bayat et al. (3), demonstrating that the likelihood of paradoxical dilation decreases
from the larger airways to the smaller airways. This is in contrast to the findings of Brown et al.
(4) who showed no clear relationship between airway size and measured response; however, the
small number of airways measured in that study may have limited the ability to detect such a

relationship given the large heterogeneities present.

We have identified dose dependence for paradoxical dilation, whereby the percentage of
measured airways that dilate decreases with increasing MCh dose, in particular in the mid-sized
and larger airways. The contribution to total resistance decreases with each generation as the
number of airways, and hence the total cross-sectional area, increases rapidly with branching.

Paradoxical dilation in the larger airways may therefore reduce R,y even in the presence of
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constriction in smaller airways. This appears to be the case for MCh1, where this paradoxical
dilation of the larger airways is most apparent. The results presented by Bayat et al. (3) do not
show a clear difference between the response to differing agonist dose. This may be due to the
doses used, or the limited number of airways measured (6 airway segments per subject). In any
case, the correlation between responses from individual airways during the MCh1l and MCh2
challenges in our study indicate that a consistent factor drives individual airways to show a
certain relative response. This is consistent with previous studies that have shown persistent
locations for ventilation deficits in bronchoconstriction (18). Modeling has suggested that the
spatial persistence in response to bronchoconstriction may be due to airway tree asymmetry (19),

which is particularly strong in the mouse lung.

The mechanisms that cause paradoxical dilation remain to be elucidated. The results in the
literature with regards to paradoxical dilation are consistent across a number of animal species,
and challenges. The distribution of airway smooth muscle orientation within the airway tree is
conserved across species and the abundance of airway smooth muscle is increased in smaller
distal airways (26). Therefore, airway smooth muscle distribution may be a possible contributing
factor in the airway response distributions shown in our study. Most previous studies used
inhaled broncho-constricting agent (3, 4, 17), which may lead to non-uniform delivery and which
may potentially contribute to the heterogeneous response. The present study utilized an IV
delivery route, which is thought to deliver equal concentrations of MCh to the airway smooth
muscle through the bronchial circulation (27). Route of delivery has been previously shown to
affect the pattern of airway response to methacholine in rabbits (27). However, the distributions
measured in the present study are consistent with studies utilizing inhaled delivery,
demonstrating that the heterogeneities due to uneven deposition of aerosols are unlikely to be a

strong contributing factor for the overall response distribution.
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The distribution of response was consistently related to baseline airway size. This may imply a
geometric factor that contributes to paradoxical dilation. Interdependence effects have been
shown to create paradoxical dilation in simplified computer models of airway constriction (29),
and this may be a possible contributor to the paradoxical dilation shown in this study. The
preferential dilation of larger airways would be consistent with a serial interdependence
hypothesis. However, as the measurements in this study were acquired at end expiration at a
fixed expiratory pressure, dynamic internal pressure variations due to serial interdependence may
not fully explain the results, and so some other factor, presumably physiological, may be present
to cause persistent dilation of the airways. It is possible that a combination of airway geometry
factors, such as serial interdependence, combined with distribution of airway mechanical
properties and airway structural components (eg: airway smooth muscle, receptors, cartilage)
cause paradoxical dilation to emerge during broncho-constriction. Given the consistency in the
observations between the HDM exposed and CTL mice it seems that prior inflammation has little
impact on the heterogeneity of airway responses to bronchoconstricting agents. Further
experiments to isolate the contribution of these factors to the distribution of airway constriction
are warranted. It is hoped that the methods developed and response distributions measured in this

study will contribute to these investigations.
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Figure 1. Study protocol. Mice were imaged at baseline, and during 16 pg/kg/min (MCh1) and 48 pg/kg/min
(MCh2) methacholine infusion. The forced oscillation technique was used to assess global lung mechanics

immediately prior to each imaging scan.

Figure 2: Airway segmentation and centerline extraction process. The multi-scale vesselness filter yields both
the scale field and vesselness field. The airway tree was segmented from the vesselness field and the centerline tree
was extracted. The scale field was then interrogated at each point in the centerline tree to estimate the diameter of
the airway at that point. This process results in a segmented airway tree with robust diameter estimation for all

airways (as shown in Figure 3).

Figure 3. Graphical representation of airway diameter measurement result. The airway tree is defined by a set

of connected segments, each with a diameter and set of centerline points.

Figure 4. Global lung mechanics measured using forced oscillation technique. Columns show average and error
bars indicate range. Results show paradoxical decrease in airway resistance for MCh1 (P < 0.001), and increase for
MCh2 (P =0.04). Resistance was higher at baseline in the HDM exposed mice (P = 0.048). *P < 0.05, **P < 0.01,

***P < 0.001.

Figure 5. Single CT slice (A) and zoomed images of individual airways at end expiration for a large (B-D) and
small airway (E-G) for baseline (B, E), MCh1 (C, F), and MCh2 (D, G). White arrows in (A) indicate the two
airways chosen for zoomed images (B — G). For the large airway, an increase in diameter is apparent for both the
MCh1 and MCh2 challenge when compared to baseline, whereas the small airway shows progressive reduction in
airway diameter under methacholine challenge. Scale bar shown in (A) is 2 mm, and (B-G) is 250 um (shown on

(G) only).

Figure 6. Distribution of airway diameter in response to methacholine challenge. Airway diameter distributions
in response to MCh1 and MCh2 (A-D) and percentage of measured airways exhibiting dilation for specific size
ranges (E-F).The Friedman’s super smoother regression is shown by the solid lines, dotted line shows extrapolation

to account for truncation bias. The grey area shows region in which airways are below measurable size. A clear
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proximal to distal distribution existed in all cases, with the larger airways showing paradoxical dilation in response

to methacholine challenge. Similar distributions were seen in both HDM exposed and control mice.

Figure 7. Correlation of MCh1 and MCh2 airway response. Scatter plot of normalised airway diameter for

individual airways under MCh1 vs. MCh2 methacholine challenge.
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