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Abstract

RATIONALE: Structural changes to airway morphology such as increased bronchial
wall thickness (BWT) and airway wall area are cardinal features of chronic obstructive
pulmonary disease (COPD). Ferrets are a recently established animal model uniquely
exhibiting similar clinical and pathological characteristics of COPD as humans,
including chronic bronchitis.

OBJECTIVES: Develop a uyCT method for evaluating structural changes to the airways
in ferrets, and assess whether the effects of smoking induce changes consistent with
chronic bronchitis in humans.

METHODS: Ferrets were exposed to mainstream cigarette smoke or air control twice
daily for 6 months. uCT was conducted in vivo at 6 months; a longitudinal cohort was
imaged monthly. Manual measurements of BWT, luminal diameter (LD), and BWT:LD
ratio were conducted, and confirmed by a semi-automated algorithm. The square root
of bronchial wall area (vWA) vs. luminal perimeter was determined on an individual
ferret basis.

MEASUREMENTS AND MAIN RESULTS: Smoke exposed ferrets reproducibly
demonstrated 34% increased BWT (P<0.001); along with increased LD, and BWT:LD
ratio vs. air controls. Regression indicated the effect of smoking on BWT persisted
despite controlling for covariates. Semi-automated measurements replicated findings.
VWA for the theoretical median airway luminal perimeter of 4 mm (Pi4) was elevated
4.4% in smoke exposed ferrets (P=0.015). Increased BWT and Pi4 developed steadily
over time.

CONCLUSIONS: uCT-based airway measurements in ferrets are feasible and
reproducible. Smoke exposed ferrets develop increased BWT and Pi4, changes similar
to humans with chronic bronchitis. yCT can be used as a significant translational
platform to measure dynamic airway morphological changes.

Abstract Word Count: 250/250

Keywords: COPD, chronic bronchitis, bronchial wall thickness
Descriptor number: 9.4 COPD: Comorbidities
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Introduction

Chronic obstructive pulmonary disease (COPD) is characterized by progressive
airflow obstruction and is currently the third leading cause of death in the United States
(25). COPD, most frequently caused by cigarette smoking, results in emphysema that
principally features destruction of lung parenchyma; chronic bronchitis, characterized by
chronic mucus hypersecretion and expectoration (9, 25); or often a mix of these
phenotypes. The protean effects of emphysema and chronic bronchitis that vary in
severity on an individual basis makes it challenging to sub-phenotype and monitor
COPD, thus limiting the ability to characterize relevant mechanisms, the severity of
disease expression and progression, and response to targeted treatment (8). This is
particularly important for the diagnosis of chronic bronchitis, which afflicts approximately
60% of individuals with COPD, and in which specific therapies are only beginning to
emerge.

Computed tomography (CT) is increasingly being used to visualize structural
changes associated with emphysema (parenchymal destruction) and airway remodeling
(bronchial wall thickening, airway narrowing, or even loss of small airways in its extreme
form) (2). Recent advances in CT image-processing techniques have led to accurate
segmentation of airways and lung structures in patients, thus enabling the
characterization of COPD population into emphysema and chronic bronchitis
predominant sub-groups. Chronic bronchitis associated airway remodeling in COPD has
been successfully quantified by estimating bronchial diameters and airway wall
thickness on CT images acquired at full inspiration (10, 15). Pi10 measurements,

where multiple measurements of the relationship between airway perimeter and
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bronchial wall area are determined on an individual basis, and then calculated for a
theoretical airway with a luminal circumference of 10 mm (approximating a segmental
airway), were devised to avoid bias due to between-subject differences in airway sizes.
Using this calculation, Pi10 increases with worsening chronic bronchitis and airway
disease, and can be used as an effective outcome measure (7, 12, 14, 19). These
techniques have improved our understanding of COPD progression in patients, but
have not yet been coupled to experimental models with prominent airway disease to
reveal novel pathophysiological targets.

Animal models that recapitulate the morphological changes to the airways and
exhibits spontaneous lung disease due to cigarette smoking are needed to accelerate
our mechanistic understanding and help evaluate novel therapeutic targets of COPD-
related airway disease (4). While mice have been a powerful model, particularly for lung
matrix destruction that accompanies emphysema and the genetic contribution to these
pathways, they do not exhibit many of the mucosal abnormalities present in ferrets,
including clinical and mechanistic features of chronic bronchitis (5). Previously, we
have demonstrated that ferrets chronically exposed to cigarette smoke exhibit similar
clinical and pathological features associated with COPD in humans (20). With smoke
exposure, ferrets develop chronic bronchitis, including the presence of chronic cough,
histologic evidence of chronic mucus hypersecretion, and glandular hyperplasia, in
addition to emphysematous lung parenchyma. To fully exploit the model, novel
biomarkers of pathophysiology and clinical response are needed.

We hypothesized that uCT imaging of the ferret model of COPD could enable

non-invasive demonstration of key features of airway remodeling, including increased

4
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bronchial wall thickness that progresses longitudinally, providing a crucial, non-invasive,
and potentially responsive serial biomarker with direct clinical relevance. In this
manuscript, we establish increased bronchial wall thickness and elevated bronchial wall
area in smoke exposed ferrets that is dynamic, providing a longitudinal outcome

measure well-suited for the evaluation of novel therapies.
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Methods
Ferret model of COPD

All animal protocols were reviewed and approved by the University of Alabama at
Birmingham Institutional Animal Care and Use Committee (IACUC). Age and sex
matched wild type ferrets (Mustela putorius furo) were exposed to diluted mainstream
cigarette smoke following age of maturity (17-20 weeks of age) from 3R4F research
cigarettes (Univ. of Kentucky, Lexington, KY) using an automated cigarette smoking
apparatus (TSE Systems, Chesterfield, MO). Ferrets were exposed to 200 ug/l of total
particulate matter, 35-ml puffs of 2-s duration at a rate of 3 L/sec as previously
described (20). All ferrets were imaged by uCT at 6 months of cigarette smoke
exposure. A sub-cohort underwent uyCT at baseline and monthly thereafter through six
months. Ferret weights by sex were recorded after 6 months of smoke exposure;
smokers showed no statistical difference when compared to controls (23 smoke, 14

control) (Supplemental Table 1).

UCT imaging

We conducted non-contrast CT imaging of ferrets under inhaled isoflurane anesthesia
and prospectively gated for a single inspiratory phase of respiration using a uCT

scanner (MiLabs, Utrecht, Netherlands) (Supplemental Figure 1). All images were

acquired at ultra-focused magnification with respiratory gating and the following
parameters: tube voltage (55 kV), tube current (0.19 mA), scan angle (360°), and 20 ms
of exposure. All images were reconstructed using vendor software at 40 uym/voxel

resolution for manual measurements and 80 um/voxel for semi-automated
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measurements at a single respiratory phase; reconstruction at lower voxel counts did
not impact resolution due to limitations in respiratory gating of spontaneously breathing
animals. Post-reconstruction, images were filtered using 0.5 mm Gaussian smoothing

kernel on PMOD software (PMOD Technologies LLC, Zurich, Switzerland).

Manual measurements of airway morphology

The segmental and sub-segmental bronchial wall thickness is commonly
measured to assess degree of airway remodeling in COPD patients (2). To conduct this
in ferrets, airways were selected based on the ability to routinely visualize them by uCT
and produce the measurements at specific anatomic locations in a reproducible fashion
between ferrets. Lungs were divided into apical, medial and caudal sections and a
single 5™ (or 6™ when the 5™ was not well visualized) generation airway from each
region were measured for both the left and right lung. Typical 5" to 6" generation
airways, using the sum of airway wall plus lumen, are estimated between 1.4 to 1.6 mm
in males, which is approximately 50% of the size of the corresponding airway in
humans, but with otherwise similar histological structure; noting length is 25-50%
smaller in females, and airway lumen ~50% of the total airway diameter, this
corresponds to luminal airway measurements between 0.4 to 0.8 mm in females (17).
The analyst was blinded to exposure type. For each selected airway, the axial image
view was used for bronchial wall thickness (BWT) and luminal diameter (LD)
measurements at the midpoint of each segment, confirmed by segmental image view so
as to avoid the impact of airway branching, and BWT/LD ratio calculated (Figure 1A).

This resulted in six airway measurements for each animal (N= 23 smoke, 19 control for
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left and right apical, medial, and caudal lobes, respectively). We compared the mean
values of these six airway measurements between smoke exposed ferrets and controls,
both with each airway treated as an individual variable and averaged as a single point
estimate of these parameters for each ferret. A second analyst, also blinded to
treatment assignment, recapitulated measurements from a subset of ten ferrets (N=5

smoke, 5 control). The airway perimeter was calculated by LD*= and the square root of
the wall area by 4,_3? & (BWT=+ LD = BWT). Aregression line was then generated
between airway perimeter and 4 for each ferret. Since the average mean internal
luminal perimeter in control ferrets was ~2 mm for the manual method, we estimated the

V4 of airways with internal perimeters of 2 mm, termed Pi2.

Semi-automated measurement of bronchial wall thickness

We authored a customized semi-automated version to recapitulate the
measurement of ferret bronchial wall thickness, but limited this to the apical lobe due to
reproducibility of the procedure. First, the entire region of the airway lumen was
segmented using a region-growing method (22), when the seed pixel was selected at
the center of the cranial trachea (threshold: < -900 HU) to initiate airway mapping

(Supplemental Figure 2A). Then the 4" to'6™ generation of apical lobe airway in both

the left and right lungs were selected for analysis (Supplemental Figure 2B), noting this

is more proximal than could be reliably achieved with manual measurements enabled
by the region growing method. The 3-dimensional CT image was vertically re-oriented
for each airway generation so that it was vertical to the image slices. Vertical re-

orientation was a 3D rotation of the image so the selected airway was vertical to the
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axial image slices, facilitating sequential axial cuts to determine bronchial wall area.
Vertical re-orientation was implemented in the following steps. First, the centroid of the
airway lumen was determined in each image slice. Second, a line fitting the centroids of
the image slices was determined, and the angle between the fitted line and the vertical

axis calculated (Supplemental Figure 2C). Third, the 3D image was rotated to align with

the vertical axis (Supplemental Figure 2D).

In each image slice, the binary luminal region was obtained using a region-
growing method after the seed pixel was selected at the center of trachea (threshold: < -
900HU) and dilated twelve times sequentially (40-um increase at each dilation) (1),
creating an iso-distance shell region (40-um thickness) at each iteration by SR, = DLR,
— DLRy.1, where SR, and DLR, are the shell region and the dilated luminal region,

respectively, at the n"™ iteration (Supplemental Figures 3A and 3B). The pixel values of

the bronchial wall on each shell region were averaged, and the bronchial wall thickness
(BWT) was determined as twice the distance from the original luminal boundary to the

shell region having the maximum mean pixel value (Supplemental Figure 3C). The

luminal diameter (LD) and perimeter were calculated by 2V(LA/mm) and 2V(1rLA),
respectively, where LA is the luminal area, so that comparisons could be main to
manual measurements. The square root of the wall area, VWA, was calculated by

j,,,ﬂ_ma = (BWT* -+ LD = BWT). Approximately 200 image slices were analyzed for each
animal at one airway per apical lobe between the 4™ and 6" generation. The YWA of all
image slices were plotted over the luminal perimeter for each animal, and a linear
regression line was retrieved. The VWA at various luminal perimeters (e.g., Pi2 and Pi4)

were estimated on the regression line. Since the mean luminal perimeter with the
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automated method approximated 4 mm, Pi4 was used as the primary analysis, and Pi2
was used as a sensitivity analysis. The segmentation of the airway lumen was
conducted using ImagedJ (NIH, Bethesda MD), and the other image processing and
analysis were fully automated using a lab-made computer software package based on

LabVIEW, version 17.0 (National Instrument, Austin TX).

Histopathologic analysis

Whole left lungs were inflated to a pressure of 25 cm of water and instilled by
70% alcoholic formalin for a minimum of 48 hours prior to sectioning and paraffin
embedding. Tissues were HE stained and airway wall thickness was determined from
RGB color images of HE stained sections using Image Pro Plus 7 image analysis
software (Media Cybernatics). Images were made with 4x, 10x, 20x, or 40x objectives
and were obtained from each airway sectioned at approximately perpendicularly in the
sections provided. For each airway, epithelial type (cuboidal or ciliated respiratory), and
presence or absence of cartilage, mucus glands, and goblet cells were recorded

(Supplemental Figure 4A). Using image editing software, images were prepared for

analysis by erasing the area external to the wall so as to leave airway adventitia,
cartilage, mucus glands, and smooth muscle. Material in the lumen was erased and the

lumen filled with solid red (Supplemental Figure 4B). To measure the total area of the

airway, the image was gray scaled and thresholded so as to form a representative black

object (Supplemental Figure 4C), and the total area exported in pm? to an Excel

spreadsheet data template. The software was appropriately calibrated for each

objective magnification. The software was configured not to fill holes or spaces, as the
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majority of apparently empty space is due to shrinkage during fixation and processing
and is thus not present in life. The area of the lumen was determined by selecting the
red object representing the lumen, then gray scaling, thresholding, and exporting the

area in ym? for analysis. The perimeter of the luminal object was also collected and

exported (Supplemental Figure 4D). From these raw data, we calculated estimated wall

thickness as (total area — lumen area)/lumen perimeter; estimated airway luminal
diameter as lumen perimeter/1r, and the ratio of wall thickness/luminal diameter. Use of
the perimeter of the luminal object estimates the luminal diameter, and thus wall
thickness, of the airway at full diameter, without mucosal folding, which provides better
estimates of size and wall thickness in life than circumference of a circle of the area of
the luminal object. The data from the airways for each animal were collected

individually. Ten to 25 airways (average 16.75) were analyzed per ferret.

Statistical analysis

Descriptive analysis was conducted with Graphpad Prism V7 (LaJolla, CA), and
inferential statistics were conducted by Student’s t-test or ANOVA with Tukey’s post-hoc
evaluation, as appropriate. Results are presented as means + SD, unless indicated
otherwise. P<0.05 was considered statistically significant. Regression analysis was
conducted using SPSS V19 (IBM). Univariate regression was used to determine factors
related to determinants of airway morphology, including smoking status, sex, and
anatomic location (apical, medial, or caudal, as categorical variables), and laterality.
Subsequently, multivariate backwards regression was used to assess the independent

contributors to airway morphology.
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Results
Bronchial Wall Thickness and Luminal Diameter

Bronchial wall thickness is an important marker of airway wall injury and is
associated with chronic bronchitis in patients (7, 12, 14, 23). As depicted in
representative images, after six months of cigarette smoke exposure, smoke exposed
ferrets demonstrated greater bronchial wall thickness as compared to air controls
(Figure 1B). Manual evaluation of BWT revealed cigarette smoke exposed ferrets had
elevated mean BWT by 34% (0.58 + 0.09 mm, n=23 vs. 0.43 + 0.06 mm, n=19 control;
P<0.001), (Figure 1C). Since BWT was partially dependent on airway size, we also
examined luminal diameter (LD) and BWT/LD ratio. LD was 15% larger in smoke
exposed ferrets measured at the same anatomic locations (0.73 £ 0.11 mm smoke vs.
0.63 £ 0.11 mm air controls; P=0.003; Figure 1D), which may be an early indicator of
altered airway tone, or alternatively airway dilatation induced by chronic bronchitis.
Despite these changes, mean BWT/LD was 16% higher in smoke exposed ferrets (0.82
+ 0.15 mm smoke exposed vs. 0.71 + 0.13 mm controls; P=0.013) (Figure 1E),
indicating BWT is induced by smoking, even when controlled for changes in airway size.

To compare with uCT, we conducted histopathological analysis of airway wall
thickness by morphometry, capturing the distance from the surface of the epithelial cells
to the surrounding smooth muscle, but not overlying mucus since histopathological
fixation disrupts mucus continuity with the epithelium (see Figure 1B inset), by a
veterinary pathologist familiar with the ferret lung and blinded to exposure assignment.

Results in airways from 0.53 to 0.93 mm luminal diameter (chosen to reflect
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approximate size of airways measured by yCT) indicated smoke exposed ferrets had no
increase in airway wall thickness compared to air control ferrets (0.35 + 0.03 mm smoke
exposed vs. 0.52 + 0.16 mm controls; P=0.067), indicating the principle reason for

increased BWT by uCT was likely due to mucosal thickening.

Regional Differences in Airway Wall Thickness

Having established that smoke exposed airways exhibited significantly greater
bronchial wall thickening as compared to air control exposed ferrets, we next sought to
determine whether particular lobes were more affected, as seen in human COPD
patients (18, 24). Likely related to differences in airflow in ferrets that alter deposition of
cigarette smoke constituents, increased BWT performed by manual measurement
disproportionately affected the caudal (40% increase, p<0.001) and apical lobes (37%
increase, p=0.001) of ferrets exposed to cigarette smoke as compared to controls,
whereas the medial lobe (25% increase, p=0.005) was less severely affected by
smoking (Figure 2A). The effect of smoking on airway caliber varied substantially by
anatomic location; the apical lobe of smoke exposed ferrets exhibited increased
diameter (by 23%), whereas the medial (8%) and caudal (19%) lobes were less dilated
(Figure 2B). Consequently, ratiometric BWT/LDs measurements were also increased
by smoking when all airways were considered (Figure 2C), and were relatively
consistent by anatomic location (13%, 17%, and 19% increased by smoke exposure
over air controls at the apical, medial, and caudal lobe, respectively); considered
individually, the changes in BWT/LD at each individual anatomic location were not

statistically significant, but were as a group (Supplemental Table 2).
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Regression analysis

As multiple different variables could be influencing airway dimensions, we next
performed regression analysis to account for potential factors independently, using
every airway measurement in the dataset. Univariate analysis for an effect on BWT
demonstrated smoke exposure (3=0.148, indicating smoking had increased BWT 0.148
mm on average; P < 0.001) and apical anatomic location (3=0.064, P<0.001) each had
significant contributions to bronchial thickness in ferrets, whereas laterality and sex had
no effect (Table 1A). Similar to BWT, BWT/LD ratio was also significantly affected by
smoke exposure (3=0.080; P = 0.003) and anatomic location (3=0.044; P=0.007).
Likewise, smoking (3=0.099, P<0.001) and male sex were associated with increased
airway dilation. (3= 0.119, P<0.001).

To account for each of these variables independently, we then conducted
multivariate backwards regression to determine dominant contributors to airway
morphology, starting with all variables noted in Table 1A. In the most parsimonious
model for determinants of BWT (R?=0.368, P<0.001, N=252), smoke exposure and lung
region were each independent determinants of increased airway thickness (Table 1B).
For BWT/LD ratio (R?=0.141, P<0.001, N=252), smoke exposure (#=1.192; P<0.001),
female sex (3=0.855; P<0.001), and anatomic location (3=0.444; P<0.005) each
remained in the final model. Similarly, for LD (R?*=0.166, P<0.001), smoke exposure
(R=0.093; P<0.001), anatomic location (3=0.049; P=0.001), and male sex (3=0.115;

P<0.001) were significant. In aggregate, these findings indicate smoke exposure has a
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strong effect on BWT and BWT/LD, even when controlled for covariates that influence

these parameters.

Airway Wall Thickness as measured by Pi2

Next we standardized measurements of airway abnormality in ferrets that closely
modeled human airway disease detection using calculated airway wall thickness
expressed as the square root of the wall area of a theoretical airway, as described in
detail in the methods section; in the case of humans, this is a 10 mm internal perimeter
airway (Pi10) as previously described (7, 12, 14, 19). For the ferret equivalent, first, we
observed pronounced differences between smoke exposure groups indicating a
consistent increase in wall area across various luminal perimeters (Figure 3A). The
probability density function of the inner airway perimeter of control ferrets indicated 65%
of the airways measured were between 1.5 and 2.5 mm, with a mean perimeter of 1.94
mm (Figure 3B); thus, we used calculation of /WA of a theoretical 2 mm perimeter
airway for each ferret (i.e. Pi2) to assess difference between groups. Regression
analysis on an individual ferret basis was used to calculate the vWA for the theoretical
2 mm perimeter airway (Figure 3C,D). Pi2 was 21.5% higher in smoke exposed ferrets
as compared to air controls (1.458 £ 0.196 mm smoke exposed vs. 1.199 + 0.151 mm
controls; P<0.001, Figure 3E). These findings indicated Pi2 provided a strong indicator
of the effects of smoking, with excellent discrimination between groups using a method

that is translatable to human studies and incorporates those advantages.

Inter-analyst reproducibility
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To assess the influence of analyzer on manual measurements, we trained a
second analyzer on a representative dataset of 10 ferrets, and assessed reproducibility
of mean airway wall measurements per ferret between operators after blinding to
exposure assignment. While there were systematic differences in the measurement of
BWT, LD and BWT/LD between analyzers, the relative difference in BWT (30.9%
increase in smoke exposed ferrets vs. air controls by analyst #1 vs. 38% by analyst #2)
and BWT/LD (19.4% vs. 41.7%) between smoke exposed ferrets as compared to air

controls remained relatively consistent and detectable (Supplemental Figures 5A, B).

Similar conclusions were true for inter-analyst differences in Pi2 measurements

(Supplemental Figure 5C). Bland-Altman plot showed differences between analysts

were not related to airway thickness and within 95% confidence of each other

(Supplemental Figure 5D). This suggested that airway morphometry measurements

were robust in terms of ability to distinguish disease phenotype, but also suggested that
semi-automated measurement could be potentially advantageous to avoid analyst-

dependent differences in absolute quantitation.

Semi-automated airway analysis

To address the between-operator differences in airway measurements, increase
the number of measurements possible in a given dataset, and transition to actual
measurement vs. a calculated assessment of airway wall area, important in the case of
asymmetry, we developed a semi-automated airway wall measurement algorithm, and
applied this to the upper airways. Figure 4A illustrates the process for semi-automatic

BWT measurement. The individual BWT measurements (N=200 axial slices per ferret x
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23 smoke, 19 control) was elevated in smoke exposed ferrets (0.590 + 0.077 mm) as
compared to that of the air control group (0.561 + 0.074 mm; P<0.0001; Figure 4B). As
compared to manual measurements in the same ferrets, semi-automated measures of
bronchial wall thickness were larger, reflecting the algorithm calculated the thickness of
airways more proximal than could reliably be obtained evaluating a single axial slice, but

continued to distinguish BWT in smoke exposed ferrets vs. air controls (Supplemental

Figure 6).

To conduct Pi measurements with the semi-automated methods, we conducted a
similar analysis procedure as performed with manual measurements, but used a larger
Pi to reflect the fact that more proximal airways were captured. The probability density
function (PDF) of luminal perimeter in the control group indicated forty percent of the
airways measured were between 3.5 and 4.5 mm, with a mean perimeter of 4.293 mm
thus, we used calculation of WA of a theoretical 4 mm perimeter airway for each ferret
(i.e. Pi4) to assess difference between groups (Figure 4C). Figure 4D shows a scatter
plot of measured VWA vs. luminal perimeter of a representative animal in each group
together with a linear regression line, suggesting the relationship is linear in each case
(P<0.001 for each). Figures 4E and 4F show the VWA vs. luminal perimeter regression
lines of each animal in the control (n=19) and smoke groups (n=23), respectively, each
constructed from ~200 data points. The mean VWA for a 4 mm luminal perimeter airway
is indicated with a horizontal dotted line. The Pi4 of animals in the smoke exposed
group was 1.874 £ 0.110 mm, significantly larger than that in the control group (1.795 +
0.090 mm; p=0.015; Figure 4G). As a sensitivity analysis and to compare with Pi

estimates conducted with the manual measurements, the Pi2 in the smoke group also
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was higher than that in the control group, approaching statistical significance (1.622 +
0.111 mm vs. 1.533 £ 0.184 mm; p=0.061). Overall, these results confirmed findings
with manual airway measurements in a fashion that was more robust and that could be

applied to a greater number of representative airways.

Longitudinal Changes in Airway Dimensions with Smoke Exposure

To assess airway thickness evolves over time in smoke exposed ferrets with
chronic bronchitis, we next performed quantitative uyCT analysis at baseline and monthly
thereafter through six months in a sub-cohort of smoke exposed ferrets (N=3). As seen
in Figure 5A, mean BWT by manual measurement method steadily increased over time,
with initial changes detectable as early as two months of cigarette smoke exposure
(24% increase, P<0.05) that plateaued by 4 months (48.8% increase). Semi-automated
measurements showed BWT steadily increased with cigarette smoke exposure, and
became statistically significant at five months (Figure 5B, 10% increase, P=0.016).
Similarly, automated Pi4 measurements also increased over time (Figure 5C),
becoming statistically significant (P<0.05) at 3 months and peaking with a 7.7%
increase (5 months, P=0.006). In contrast to smoke exposure, air control ferrets did not
increase BWT over time, either by manual (Figure 5D) or semi-automated
measurements (Figure 5E). These results showed cigarette smoke exposure induces
airway disease as detected by several complimentary measures of airway wall

abnormalities readily detected by uCT, and is first evident by 2-3 months of exposure.
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Discussion

Here we have demonstrated a technique to study structural airway changes
using high-resolution uCT in a ferret model of smoking induced chronic bronchitis, a
technique highly sensitive to airway disease in humans with COPD (7, 12, 14, 19). This
was successfully implemented by the manual measurement of 6 segmental airways,
similar to a human study that established the correlation of bronchial wall thickness with
airway reactivity (19), and also by semi-automated data extraction that improved the
number of airways assessed, the range of airways measured, and the throughput and
potential bias of the assessments. Both between analyst reproducibility and the use of
semi-automated version of the method demonstrated complementary findings that were
also reproducible, providing definitive conclusions. We further showed that cigarette
smoke exposure in ferrets caused an increase in bronchial wall thickness that
progressed over the course of a longitudinal six month study as compared to air control
ferrets, expanding our prior understanding of airway disease in the model (20) and
firmly establishing causality. As compared to histopathological analysis that did not
show that smoke exposure increased airway wall thickness, but did not capture the
overlying mucus layer, our results suggest that mucus accumulation may be the
dominant factor underlying the difference in uCT parameters, although other aspects
including differences related to in vivo measurements for CT imaging vs. ex vivo
measurements for histology, or technical issues related to tissue processing and
variable washout of mucus could also have contributed to this discrepancy. Of note, this
is consistent with our prior report where global changes in epithelial thickness were not

observed, even though epithelial cell height was increased (20).

19

Downloaded from journals.physiology.org/journal/ajplung (073.054.163.179) on May 7, 2020.



449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471

The segmental and sub-segmental airway wall thickness is commonly measured
using Pi10 in human subjects, and has proved to be a superior biomarker of airway
disease than other CT-based metrics (7, 12, 14, 19). Several studies demonstrated the
significance of Pi10 measurements towards estimating airway narrowing associated
with COPD (7, 12, 14, 19), and Pi10 has major advantages for sensitively detecting
disease while avoiding bias in the estimate of between-subject differences in airway
sizes. As an additional method developed in our study, in an effort to recapitulate the
measurement of bronchial wall area in humans to estimate airway size for a
standardized airway caliber on an individual basis (7, 12, 14, 19), we successfully
implemented theoretical airway caliber calculations for the square root of bronchial wall
area for the six medium sized airways we calculated manually, and also the ~200 semi-
automated measurements of BWA we measured directly in each ferret. Both the
manual measure of bronchial wall area for theoretical airways on an individualized ferret
basis (Pi2), and the semi-automated version (Pi4) demonstrated similar findings, in that
they each indicated a 5-20% increase in smoke exposed ferrets as compared to air
controls, and did so as soon as 2-4 months following initiation of smoke exposure.
These results provided a non-biased and potentially powerful approach to quantify
airway changes over time, and clearly demonstrated the deleterious effects of smoking
on airway morphometry that occur soon after first exposure, even though the intensity of
smoking was not massive. Noting that the semi-automated measure was based on
~200 points to determine the regression line necessary to calculate theoretical airway
perimeter, as compared to many fewer points with manual measurements, we suspect

semi-automated Pi4 will be particularly valuable in future studies of pathophysiological
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change or therapeutic response, noting that Pi4 did include airways with a larger airway
circumference, and thus may also report on distinct pathophysiological processes
occurring in medium-sized airways.

The protean effects of cigarette smoking on airway pathophysiology continue to
emerge, and have been delayed in part by the challenges of modeling the disorder in
humans (3). Development of the ferret model that exhibits chronic bronchitis in addition
to emphysema, a unique pathophysiology as compared to rodents but that closely
resembles human disease, provides an opportunity to better understand the human
condition if appropriate endpoints can be developed and implemented, overcoming
modest limitations posed by limited availability of ferret-specific protein reagents (20).

In ferrets, the effects of the cigarette smoke were most pronounced in the caudal and
apical regions of the lungs, areas most prone to particle deposition in the former (6) and
consistent with central airway disease in humans in the case of the latter (21). More
detailed analysis of how pathophysiology might differ by anatomic region provide an
avenue for future research. Interestingly, the effects of sex were not prominent, except
for differences in BWT/LD ratio, suggesting that despite their sexually dimorphic
characteristics with respect to overall animal size, the effects of smoking were
prominent in each. This sex-based difference in airway changes is also consistent with
that seen in human airways (11, 13). While we focused on airway disease, there may
be other radiographic findings warranting attention in future work, including radiographic
estimates of emphysema or the characterization of patchy alveolar opacities that are

transient in nature.
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A potential limitation of our study is that the resolution of the uyCT scans do not
yet fulfil the full capability of the instrumentation, principally due to limitations imposed
by motion artifacts (i.e. beaming) associated with imaging a breathing animal, despite
use of respiratory gating. This was noted as smaller voxel reconstitution did not
improve end-resolution. The limit for reliability in airway wall measurements will be
primarily determined by the spatial resolution of image. With current methods, the
spatial resolution is approximately 0.12 mm; further improvements would necessitate
longer imaging times and subsequently computational power for image processing.
Improved gating procedures, or institution of breath hold maneuvers to pause breathing
during image acquisition, could also be developed to improve limits of resolution,
allowing sufficient resolution to ultimately address new questions such as the severity of
emphysema regional differences in disease expression, or the occurrence of airway
drop out detectable in human specimen by frozen tissue analysis and ultra-high
resolution procedures (9, 10, 15, 16). While manual measurements were limited by
throughput and the ability to measure the exact same location over time, semi-
automated measurements we were able to increase the number of measures and allow
for improved estimates of Pi4 that proved sensitive to disease as it emerged. However,
our semi-automated method for bronchial wall thickness measurements were developed
under the assumption that the airway is relatively straight at that location. Thus, this
method may be suboptimal for curved airways.

In summary, we successfully developed uCT based metrics of airway disease in
a COPD ferret model, allowing within and between subject comparisons in vivo,

enabling longitudinal studies as pathology evolves. Results in comparison to
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pathological interpretation demonstrated airway disease is principally due to changes in
the airway mucosa, as opposed to structural changes in the smooth muscle, and is
clearly induced by cigarette smoking in the model. We further show these metrics are
dynamic, and that quantification of airway thickening can readily be performed on an
individual ferret basis, providing a viable in vivo biomarker that can be exploited in future
studies. This sets the stage for use of airway wall parameters as a sensitive metric for
understanding biology that also has the potential for measuring the effects of novel

interventions affecting airway mucus or epithelial function.
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530
531
532 Figure legends:

533  Figure 1. Structural analysis of smoke exposed ferret airways using uCT. (A)

534  Representative image of ferret lung uCT scan. Red arrows show the locations where
535 airway measurements were taken. (B) Representative coronal and axial projections of
536  air control (upper panels) and 6 month smoke-exposed (lower panels) ferrets. Lower
537 insets are magnified views of a representative airway selected for measurements.

538 Yellow line indicates airway luminal diameter and red line represents BWT. Upper insets
539 demonstrate the same measurements by histopathological analysis for comparison. (C)
540 Manual BWT of smoke exposed and air control ferrets. Each point represents mean
541 BWT of a single ferret derived from 6 airway measurements per ferret and N=42 ferrets
542 (23 smoke, 19 control). ****P<0.0001 (D) Manual Mean luminal diameter. **P<0.01. (E)
543  Manual Mean BWT/Luminal Diameter ratio. *P<0.05. Inferential comparisons by

544  Student’s t-test.

545

546 Figure 2. Anatomic location specific structural analysis of smoke exposed ferret
547  airways using UCT. (A) Manual BWT of air control and smoke exposed ferrets by
548  anatomic location. (B) Manual Luminal diameter. (C) Manual BWT/luminal diameter
549  ratio. *P<0.05, **P<0.01, **P<0.001. ***P<0.0001. Each region had two

550 measurements per ferret (i.e. left, right) that were averaged to a single point estimate
551  per ferret (N=23 smoke, 19 control). A single point estimate for each of three regions
552  was included for each ferret in the all-region analysis (N=69 smoke, 57 control).

553  Inferential comparisons by ANOVA with Tukey’s post-hoc test.

554

555  Figure 3. Differences in calculated bronchial wall area for theoretical airways in
556 ferrets. (A) Manual VWA vs. luminal perimeter plotted for each individual ferret airway
557 (6 airways/ferret N= 23 smoke, 19 control), by smoke exposure status. Y-intercept
558  (VWA) of the regression line was significantly greater in smoke exposed ferrets as
559  compared to air control. ****P<0.0001 by linear regression slope comparison. (B)

560 Manual Probability density function of airway luminal perimeter sizes of air control

561 ferrets. (C-D) Manual Regression lines for each air control (C) and smoke exposed
562 ferret (D). Dotted lines show mean VWA for 2 mm perimeter airways. (E) Manual

563  Calculated VWA of the theoretical 2 mm perimeter airway (Pi2) from ferrets exposed to
564  cigarette smoke vs. airway control. ****P<0.0001 by Student’s t-test.

565
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Figure 4. Semi-automated analysis of airway wall anatomy in smoke exposed and
air control ferrets. (A) Semi-Automated image processing for measurement of
bronchial wall thickness is illustrated in three steps: First, the entire airway luminal
region is segmented, and a target airway generation is specified as indicated with
yellow lines. Second, the 3-dimensional CT image is re-oriented for the target airway
region (lumen & wall) to be vertical to the image slices. A representative image slice is
indicated with a dotted rectangle. Third, the bronchial wall boundary is automatically
determined in each image slice. Typically, about 200 image slices were analyzed for
each animal at one airway per apical lobe between the 4" and 6" generation. (B) Box
plots of the Semi-Automated bronchial wall thickness (BWT) in the control and smoke
groups. N=6648 airways; ****P<0.0001 by Student’s t-test. Boxes denote the 25"-75"
percentile and error bars represent the range. (C) Semi-Automated probability density
function of the luminal perimeter, when the 4-6™ generations of the apical airway were
analyzed in the control group. (D) Semi-Automated scatter plots of VWA vs. airway
luminal perimeter of a representative smoke exposed and air control ferret, each plotted
with a linear regression line. ****P<0.0001. (E, F) Semi-Automated linear regression
lines of VWA vs. airway luminal perimeters of each ferret from the air control (E) and
smoke exposed (F) group. Mean YWA at 4 mm luminal perimeter is indicated with
dotted lines in each panel. (G) Semi-Automated calculated VWA of the theoretical 4 mm
perimeter airway (Pi4) for each ferret in the air control and smoke exposed groups.
*P=0.012 by Student’s t-test.

Figure 5. Longitudinal cigarette smoke exposure increases BWT and Pi4. (A) 6-
month longitudinal study of mean BWT derived from all anatomic locations manually
measured in a sub set of ferrets (n=3) followed over the course of smoking-induced
COPD. *P<0.05, ***P<0.001, ****P<0.0001. (B) 6-month longitudinal study plotting
mean BWT of all anatomic locations by Semi-Automated analysis. *P<0.05 (C)
Calculated bronchial wall area of theoretical 4 mm perimeter airways in the same
longitudinal cohort by Semi-Automated analysis. *P<0.05. Inferential comparisons by
one-way ANOVA and Tukey’s post-hoc test. (D) Mean BWT derived from all anatomic
locations as a single value per ferret manually measured in an age-matched air control
cohort of 9 ferrets (N=1-5 measures at each time point). (E) Semi-automated BMT of
same as in D.

Table 1. Manual regression analysis of determinants of bronchial anatomy by CT.
(A) Univariate regression analysis of determinants of bronchial wall thickness. All
variables, including smoke status, sex, and anatomic location (apical vs. medial vs.
caudal lung lobe), and laterality (left vs. right) were modeled for contribution in
determining BWT. (B) Multivariate backwards regression model for significant
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607 determinants of bronchial wall thickness in COPD ferrets. All variables, including smoke
608 status, sex, and anatomic location and laterality were considered in the original model.
609 N =252, P <0.0001, R*=0.368.

610
Univariate Regression
Beta Std. Error | R square P Value
Smoking 0.148 0.016 0.241 <0.001
Status
Anatomical 0.064 0.011 0.124 <0.001
Location
Male Sex 0.025 0.019 0.007 0.184
Laterality 0.511 0.009 0 0.830
Multivariate Backward Regression
Smoking 0.015 0.002 0.368 <0.001
Status
Anatomical 0.006 0.001 0.368 <0.001
Location
611
612
613
614
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