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Abstract

Understanding asthma pathophysiology can directly help researchers and physicians pinpoint
mechanisms that govern airway hyperresponsiveness and effectively treat complex respira-
tory diseases such as asthma. The advancement in this research field has been prompted by
the usage of medical imaging technology and computational modeling providing a subject-
specific, noninvasive assessment of respiratory structure and function in vivo. This thesis
features several attempts to study mechanisms of bronchoconstriction and interdependence
between respiratory structure and function.

First, with complex system modeling of a network of airways, I investigated the effect of
breathing patterns on the catastrophic closure of airways and the emergence of patchiness
hypothesized to occur during an asthma attack. Second, from High-Resolution Computed
Tomography (HRCT) images of the lung, the effect of longitudinal heterogeneity on resis-
tance to airflow within central airways was studied. Lastly, the relationship between res-
piratory structure and function estimated from Positron Emission Tomography (PET) and
HRCT images was examined. Responses of central airways to a simulated asthma attack was
not able to explain the observed ventilation, thus prompting for an estimation of peripheral
airway resistance to be added such that the predicted ventilation matched the ventilation
observed in PET scans.

Three mechanisms hypothesized to be responsible for airway hyperresponsiveness in
asthma and their influences on peripheral airway response were tested in our data set.
In conclusion, we successfully identified the mechanism that was directly correlated with
hyperresponsiveness of peripheral airways in asthma.
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the radius ri and the longitudinal variability in the cross sectional area used

for computing Ra. . . . . . . . .
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Cumulative distribution functions (CDF) of underestimations of airway re-
sistance grouped for all airways of all asthmatic subjects (AS, left) and of
non-asthmatic subjects (NA, right) after MCh challenge at mean lung volume
(grey) and TLC (black). A: CDF of the total underestimation of airway re-
sistance due to ignoring all longitudinal heterogeneity (%Uiotq;). B: CDF of
the contribution to %Usyq caused by longitudinal heterogeneity in the airway
cross sectional area (%U,req). C: CDF of the contribution to %Uyug caused
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ity (TLC). Pairwise comparison based on the two-way ANOVA model with
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software, SAS, to be 3.24 with the median of 0.009. B: The distribution of
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Correlation between the contribution to %Uiea caused by longitudinal het-
erogeneity in the airway cross sectional area (%U,req) and CV?(A) (the square
of the coefficient of variation in the cross sectional area along that airway).
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tions. A least-square linear regression of the log-transformed data shows high
correlation between log(%Uyre,) and log(CV2(A)) had a goodness of fit R? =
0.997. . e

Correlation between the contribution to %Uiye caused by the non-circular
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A least-square linear regression of log(%Usngpe) and € had a goodness of fit R?
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that at mean lung volume (MLV) of the same airway. The plot includes all
airways of all subjects. Agys was imaged at MLV. The subscript MM denotes
the image taken after MCh challenge at MLV; MT after MCh challenge at
TLC. Airways with reduction in CV?(A) after the increase in lung volume to
TLC would be below the unity line. Airways were binned into 4 quartiles with
an equal number of airways (indicated by vertical lines). Note that in airways
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The apparent wall area during bronchoconstriction at the mean lung volume
(MLV), w and the apparent wall area during bronchoconstriction at total lung
capacity (TLC), wr, belonging to one asthmatic subject. The least-square
linear regression line was drawn in the solid black line. £ is the slope of the
regression line. w* is the apparent wall area where the predicted w = the

predicted wr based on the linear regression. . . . . . ... ... .. ... ..

The intra-subject change in the measured wall area (WA) and the intra-
subject average apparent wall area (w). The data were taken from 3 images
taken at: (1) BM: baseline at mean lung volume (MLV), (2) MM: post MCh
challenge at MLV, and (3) MT: post MCh challenge at total lung capacity
(TLC). The left column (blue) represents data from asthmatic (AS) subjects.
The right column (red) represents data from non-asthmatic (NA) subjects.
A: The intra-subject average of the W Ay or W Ay relative to W Agy,.
In both AS and NA subjects, WA increased after MCh challenge (P<0.05)
and following the lung volume increase to TLC during bronchoconstriction
(P<0.0001). B: The intra-subject average w. Following the lung volume
increase to TLC during bronchoconstriction, the apparent wall area decreased

in both AS and NA subjects (P<0.0001). . . . . . .. ... ... .......

The change in the airway wall area (W A) before and after lung expansion
to TLC during bronchoconstriction. Data from all airways in all asthmatic
(AS) and non-asthmatic (NA) subjects were plotted in A and B, respectively.
W A of each airway are colored according to their airway type: small (blue),
medium (yellow), and large (red). The significant difference of the change in
W A between AS and NA subjects was observed only in large airways. The
extent to which W A increased in large airways of AS subjects is higher than

that in large airways of NA subjects following lung expansion to TLC.. . . .
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The apparent wall area before and after lung expansion to TLC in 8 asthmatic
subjects. The apparent wall area during bronchoconstriction at MTLV (wasar)
and at TLC (wps7) from small, medium, and large airways were plotted in blue,

yellow, and red, respectively. A least-square linear regression was generated

for each subject and drawn in the solid black line. See text for explanation. .

The apparent wall area before and after lung expansion to TLC in 9 non-
asthmatic subjects. The WA during bronchoconstriction at MTLV (wasar)
and at TLC (wpsr) from small, medium, and large airways were plotted in blue,

yellow, and red, respectively. A least-square linear regression was generated

for each subject and drawn in the solid black line. See text for explanation. .

The slope of the linear regression (k) and relative change in lung volume
(VL /V Larr)?3. Data from each of the 8 asthmatic (AS) subjects (colored
in blue) and 9 non-asthmatic (NA) subjects (colored in red) were plotted with
a least-square linear regression line (colored in light blue) that was forced to

go through (1,1) (R = 0.53). See text for explanation. . . . . . . ... .. ..

The estimated lung volume (V' L) at three imaging conditions of all asthmatic
(AS) and non-asthmatic subjects (NA). The lung volume were taken from 3
images taken at: 1) BM: baseline at mean lung volume (MLV), 2) MM: post
MCh challenge at MLV, and 3) MT: post MCh challenge at total lung capacity
(TLC). The left column (colored in blue) represents data from AS subjects.
The right column (colored in red) represents data from NA subjects. In AS
subjects, V L increased both following the MCh challenge (P<0.05) and lung
expansion to TLC (P<0.05). In NA subjects, VL increased both following
the MCh challenge (P<0.0001) and lung expansion to TLC (P<0.0001). . . .
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3-16 The apparent wall area at mean lung volume (MLV) before and after MCh

challenge in 8 asthmatic subjects. The apparent wall area at MLV before
MCh challenge (wpy) and after MCh challenge (waspr) from small, medium,
and large airways were plotted in blue, yellow, and red, respectively. See text

for explanation. . . . . . . ..o

3-17 The apparent wall area at mean lung volume (MLV) before and after MCh

4-1

challenge in 9 non-asthmatic subjects. The apparent wall area at MLV before
MCh challenge (wgps) and after MCh challenge (wpspr) from small, medium,
and large airways were plotted in blue, yellow, and red, respectively. See text

for explanation. . . . . . . . .. ..

A: 3D volume rendering of an airway tree, lung, and a sublobar region imaged
at TLC. B: Diagram of 35 defined central airways and their labels used in our
analysis. Of these, the 19 most distal airways, colored in blue, were used to
define respective sublobar regions each airway subtended. C: Diagram of the
lumped parameter network model of the airway tree consisting of 35 defined
central airways with individual conductance of G.. For each of the 19 most
distal airways, a resistive element (R,) representing resistance of peripheral
airways within each sublobar region and elastic element with apparent compli-
ance of Ca were appended in series. These model parameters were estimated
from airway tree morphometry quantified from HRCT images, and the dis-

tribution of ventilation among sublobar regions (V') estimated from dynamic

PET scans. Each pathway was connected to a common pleural pressure (Fy).
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A: Fraction of gas content (Fgas) within each sublobar region located at a nor-
malized distance d from the most ventral part of the lung (d = 0 most ventral,
1 most dorsal) taken at baseline (BASE), after MCh challenge (POST), and
at TLC (PostTLC). Fgas was highest at TLC the top (supine position) and
decreased toward dependent regions of the lung with increasing dependency
on d as lung volume deviated from TLC. B: Regional gas volume (Vgasi) nor-
malized by its TLC value vs. gas volume of the lung (Vgasy) normalized by
TLC. Slopes of these lines (belonging to each sublobar region) represented spe-
cific compliance of a sublobar region relative to that of the lung (blackBASE,

Individual conductance (G.) of 35 defined central airways in a representa-
tive non-asthmatic subject at baseline (BASE: open circles) and post MCh
challenge (POST: filled circles) and gas volumes of regions that each airway
subtended (V) estimated from the PostTLC image. log(G.) scaled linearly
with log(Viyp) at PostTLC. . . . . .. ... 0 oo

Mean-normalized data of specific ventilation measured from PET scans (sV*)
and specific ventilation predicted from the lumped parameter network model
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for sf/;,*red computed from Model 1, 2 and 3 are shown in A, B and C, respec-
tively. In Model 1 and 2, the prediction of were reasonable at baseline, but
not after the challenge. In Model 3, we were able to match with by adding
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Cumulative distributions of the central component of specific pathway con-
ductance (sG,) at baseline (BASEsolid line) and post MCh challenge (POST-
dashed line) in 19 pathways for A) all non-asthmatic (NA), and B) all asth-
matic (AS) subjects. MCh challenge caused a significant reduction in sG, in
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Geometric mean (u,) and variance (ag) of the central and peripheral compo-
nent of specific pathway conductance ( and sG), respectively). Individuals p,
of sG, and sG) are shown in Fig. A and B. 03 of sG, and sG)p within each
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a reduction in g, of sG, in both non-asthmatic (NA) and asthmatic (AS)
subjects (P<0.05) and a substantial reduction in p, of sG, in both groups
(P<0.005). The geometric mean of sG, were at least an order of magnitude
higher than that of sG,. The change in geometric variance was not systematic
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Cumulative distributions of peripheral resistance (R,) relative to the total
pathway resistance (Rr). The plot includes data from 19 pathways of all non-
asthmatic (NA) and asthmatic (AS) subjects at baseline (BASE) and post
MCh challenge (POST). At BASE, R,/Rr was elevated in AS compared to
NA subjects (P<0.005). R,/Rr significantly increased in both groups after
MCh challenge (P<0.0001). . ... ... .. e
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Chapter 1

Introduction

1.1 Existence of Patchiness in Constricted Lungs

During an asthma attack, elevated resistance with heterogeneous airway narrowing leads
to a non-uniform distribution in ventilation. Imaging studies have shown that in subjects
with induced bronchoconstriction, the distribution of ventilation is patchy with contiguous
regions of very low ventilation compared to the rest of the lung [35, 34, 101, 100].

Although previous research studies have focused on characterizing airway narrowing and
heterogeneity in ventilation distribution, the link between changes in airway behavior during
bronchoconstriction and the formation of patchiness requires further investigation. Because
the heterogeneity in the distribution of ventilation can greatly impair the quality of gas
exchange within the lung, such link is of particular importance. Moreover, understanding
of mechanisms related to the emergence of patchiness during bronchoconstriction remain
unclear.

Using both medical imaging technologies and computational modeling, I investigated the
relationship between respiratory structure and function as well as the mechanism associated
with the emergence of patchiness during bronchoconstriction.

Noninvasive imaging techniques such as Computed Tomography (CT) and Positron Emis-

sion Tomography (PET) were used to obtain measurements of the structure and geometry of

25



the airway tree and lung functions before and during bronchoconstriction. From these data,
an approach to estimate resistance of peripheral airways at a level beyond the resolution of
HRCT images was derived. Applying this approach, I tested hypotheses concerning various
sources related to the preferential clustering of patchiness such as the gravity-oriented gra-
dient of alveolar ventilation, airway distensibility, longitudinal heterogeneity of individual
alrways, central airway constriction, etc.

The application of this approach on our data set enables the quantification of the effect of
the presence or absence of various previously postulated mechanisms of bronchoconstriction,
i.e. dynamic stretch on airway smooth muscle (ASM) [23], the distribution of ASM acti-
vation, etc. on the modulation of patchiness in asthmatic and non-asthmatic lungs before
and during a simulated asthma attack. The implication of this work can directly impact the

selection of asthma treatment in a per individual basis.

1.2 Thesis Organization

This thesis is organized into three main sections exploring the effect of breathing patterns
on the emergence of patchiness and catastrophic airway closure, the relationship between
respiratory structure and function in central and peripheral airways, and identification of
the mechanism that governs peripheral airway response.

In chapter 2, with complex system modeling of a network of airways, I investigated the
effect of breathing patterns on the catastrophic closure of airways and the emergence of
patchiness hypothesized to occur during an asthma attack.

In chapter 3, the effect of longitudinal heterogeneity on resistance to airflow within cen-
tral airways was studied from High-Resolution Computed Tomography (HRCT) images of
the lung. The latter half of the chapter dealt with the paradoxical dependency of airway
distensibility on airway wall area. |

The thesis concludes with chapter 4, the relationship between respiratory structure and
function estimated from Positron Emission Tomography (PET) and HRCT images was ex-

amined. Responses of central airways to a simulated asthma attack was not able to explain
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the observed ventilation, thus prompting for an estimation of peripheral airway resistance
to be added such that the predicted ventilation matched the ventilation observed in PET
scans. Three mechanisms hypothesized to be responsible for airway hyperresponsiveness in
asthma and their influences on peripheral airway response were tested in our data set.
Future work and potential applications of the work in clinical settings were included at

the end of each chapter.
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Chapter 2

Mechanical Ventilation and the

Network Model of the Lung

The two common ventilatory modes are volume-controlled ventilation (VCV) and pressure-
controlled ventilation (PCV). Interestingly, experimental data suggest that PCV may have
advantages on gas exchanges over VCV| which is a traditional mode of ventilation for patients
with severe asthma. Lopez-Herce et al. [54] reported two clinical cases showing significant
and rapid improvements in blood gases of children with severe asthma when ventilatory
mode was switched to PCV after ventilating with VCV for 6 h, during which Lopez-Herce
et al. observed no improvement in blood gases. Sarnaik et al. [79] published a study of 40
patients with severe asthma who showed significant improvements in blood gases as a result

of mechanical ventilation with PCV. Understanding the theoretical basis of the regional

behavior of a constricted lung could be helpful to interpret results of those studies.

We postulate that the significant improvement in blood gases observed experimentally
during PCV may have resulted from changes in the distribution of ventilation caused by mod-
ifications in the interaction between a short-range positive and long-range negative feedback
mechanism within the lung [101]. A positive feedback takes place when a small increase
in local airway constriction leads to further constriction of that airway and those distal to

it. Central to this mechanism is the response of the airway smooth muscle (ASM) to dy-
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namic conditions. When ASM is activated, the airway narrows, reducing the amount of
airflow through that airway. The reduction in airflow leads to reductions in regional tidal
ventilation and thus the dynamic forces on the airway wall from parenchymal tethering and
the transmural pressures. A reduction in these forces leads to shortening of the ASM and
therefore further enhances the constriction of the airway. This mechanism is short ranged
because it involves local interactions between airway and surrounding parenchyma and in-

terconnected airways.

A long-range negative feedback takes place when airway constriction in one airway leads
to airway dilatation of others far away in the tree. Central to this feedback mechanism is the
maintenance of total tidal volume (V'T') such as in VCV. When an airway constricts, airflow
through that airway is reduced. If total VT is kept constant, a decrease in airflow along
that airway subsequently causes an increase in driving pressure and airflow to the rest of the
lung, which leads to airway dilatation by the mechanism described above. This mechanism

is long range because it involves the interaction of airways far from each other.

Because in PCV driving pressure does not change in response to increased airway resis-
tance, the negative feedback will be absent. This should affect the patchiness in ventilation
distribution, and the instability of an unopposed positive feedback should rapidly lead to
catastrophic closure of airways. In this paper, we investigate the impact of ventilatory mode
on the distribution of ventilation during bronchoconstriction. Using a computational net-
work model embodying the above-mentioned feedback mechanisms [101], we 1) examine the
differences in spatial distribution of ventilation, total delivered V'T', and airway lumen in a
bronchoconstricted lung between VCV and PCV, 2) investigate how these differences depend
on the baseline ASM tone and ventilator settings, and 3) investigate whether the dynamic
response of active ASM to tidal breathing is responsible for the differences in the ventilation

distribution between VCV and PCV.
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2.1 Network Model of the Lung

Simulations were run on the network model that was previously described in details [101,
109]. The model consisted of a 12-generation airway tree with symmetric dichotomous
branching. Airway sizes were taken from the morphological data from the fourth generation
to the terminal bronchi of a human airway tree estimated by Weibel [105]. The model
of a single terminal airway published by Anafi and Wilson [3] was implemented for all
airways. Flow through each airway driven by a pressure drop was assumed to be laminar
[60], with negligible gas compressibility [75] and negligible entrance effect. Each terminal
bronchiole was connected to an acinar unit of constant and linear compliance. The effects
of pleural pressure, gravity, and chest wall mechanics were neglected. Additionally, we
neglected the interdependence between neighboring acinar units, as well as the nonlinearities
of parenchyma and chest walls. Airway length was independent of lung inflation, and the
wall thickness was adjusted with changes in airway diameter to preserve the wall volume [87].
To break the model-imposed functional and structural*symmetry, a small random variation
in wall thickness (1% coefficient of variation) was added to all airways. In the model, the
lumen of each airway was assumed to remain constant during the breath. However, in a
breath-by-breath manner, airway luminal area was determined based on the airway wall
area and the ASM length, which was assumed to be equal to the outer circumference of the
airway. The ASM length was computed based on the transmural pressure across the airway
wall and the dynamic properties of the ASM. To do this, transmural pressure as a function
of time was estimated in time steps of 10 ms along the breath as the net sum of radial forces
on the airway wall caused by the luminal pressure, tethering stress from the surrounding

parenchyma, and average pressure within the subtended alveoli.

Dynamic Equilibrium of Active ASM For a given set of flow and pressure conditions
within each breath, the ASM length expected for dynamic equilibrium was extrapolated
from an empirical linear relationship between the peak ASM length and peak ASM tension

for maximal ASM activation [3, 23, 28, 87]. Such a peak ASM tension was calculated as
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that balancing the peak transmural pressure during the breathing cycle. We then compared
the current ASM length of each airway with that expected for dynamic equilibrium, and, if
different, ASM length was adjusted by a fraction of the difference. This algorithm, repeated
over several breaths, led to steady-state conditions where ASM length of each airway was in
dynamic equilibrium. This approach has been found to describe well the dynamic response
of airways to a deep breath [11, 23] and is consistent with the force-velocity relationship [99]

and the viscoelastic properties for active smooth muscle [102].

Relative level of ASM activation In the Anafi and Wilson model [3], the relationship
between the peak ASM tension and peak ASM length at dynamic equilibrium was taken to
be that for a maximally activated ASM. To simulate conditions with the ASM activation
below maximum, the slope of that relationship was scaled by a factor of relative level of ASM
activation Tr. This factor ranged from Tr = 0 for fully relaxed to Tr = 1 for maximally
activated ASM.

Alveolar ventilation was estimated as the VT expansion of a terminal acinar unit during
the breath as determined by the product of compliance and the alveolar pressure swing.
Total lung VT was computed as the difference between maximum and minimum total lung

volume during each breath.

2.2 Simulations

We numerically solved the set of recursive state equations using MATLAB (Mathworks,
Natick, MA) to determine the flow along each airway and the pressure at each branch point
of the network. The model was driven with a constant breathing frequency of 12 breaths
per minute, with inspiratory-to-expiratory time ratio of 1:1 and a positive end-expiratory
pressure of 5 cmH,0. Our previous model [101] was modified so that a user could specify
the ventilatory mode to VCV or PCV. For VCV, the model input function was a constant
inspiratory flow providing a predefined VT, followed by a passive exhalation in which airway

opening pressure was kept constant at the positive end-expiratory pressure value. For PCV,
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the input function was a constant pressure during inspiration (Pr) followed also by a passive
exhalation as in VCV. The mode of ventilation could be changed at the end of a given
breath. For a transition from VCV to PCV, a specific value of P; could be selected or a
value estimated so that the VT delivered during the first breath at PCV was equal to that
during VCV. The value of T'r was set to be uniform throughout the airway tree and constant

during each breath but could be varied breath by breath in a predefined manner.

Simulation protocols All simulations started with VCV (constant VT of 650 ml) until a
steady state was established at baseline (T'r). In simulation protocol 1, we maintained VCV
at a constant VT = VTj,. In simulation protocol 2, a ventilatory mode was changed from
VCV to PCV, keeping the respiratory frequency and inspiratory-to-expiratory time ratio.
For PCV, the value of P; = Py was defined such that the total VT for the first breath
following the transition of ventilatory mode equaled VT, (Fig. 2-1). After a steady state
was achieved, a ramp increase in Tr from Trg to T'r = 1 with a slope of 0.0002 per breath
was applied to simulate a slow and progressive exposure to a bronchoconstrictor stimulus
(Fig. 2-1). The following three sets of simulations were run to investigate the three aims

listed in the Introduction of Chapter 2.
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Figure 2-1: Simulation Protocols. A: relative smooth muscle activation (Tr) plotted breath
by breath. B: response of peak airway opening pressure (F,,,) relative to positive end-
expiratory pressure (PEEP). The dashed line divides the 2 simulation protocols (volume-
controlled ventilation (VCV) and pressure-controlled ventilation (PCV) with the inspiratory
pressure (Pr) set at a fraction of Prg). Prp is the Py that yields the tidal volume (V7))
immediately after the transition equal to VT during VCV.
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Ventilatory Modes of Mechanical Ventilation Effects of ventilatory mode on airway
lumen, delivered VT, and the distribution of ventilation. Both simulation protocols were
run using T'rg = 0.5. This value was chosen to be 10% less than the estimated T'rq reported
previously [109]. Two hundred fifty-six terminal airways were randomly selected, and their
radii were normalized by the fully dilated respective radius at Try plotted as a function of
time. The fraction of closed terminal airways, at a given time, was computed as the fraction
of airways with radii less than 0.5% of their fully dilated radii. Values of P; during PCV
and VT /VT, and the peak airway opening pressure during VCV were plotted as a function
of time. Finally, the distribution of ventilation was represented by a Mandelbrot-like tree,
where ventilation to each terminal unit corresponded to a data point in the 64 x 64 grid.
The color scale corresponded to the ventilation normalized by the average ventilation during

VCV. Throughout this paper, this plot is referred to as a pseudo-ventilation image.

Influence of the baseline ASM activation and ventilator setting Both simulation
protocols were conducted with Try set at a value ranging from 0.5 to 1.0 in increments of
0.1. In simulations with protocol 2, PCV was given with values of P;/P;go ranging from
0.90 to 1.10 in increments of 0.01. Differences in steady-state airway radii, steady-state VT
(VTss), and the spatial distribution of ventilation were noted. The sensitivity of VT, to the
selection of P; was calculated as the slope of a plot between VT, /VTy and P;/Prg. The
spatial distributions of ventilation in steady state were plotted for VCV before the transition

to PCV and in PCV for all P; settings.

Contribution of the dynamic behavior of ASM to the distribution of ventilation in
PCV Simulation protocol 2 was run with T'rg = 1 with a transition to PCV using P;/Pr o=
1.031. This number was derived iteratively so that VT during steady-state condition in
PCV equaled V1. Note that this value of P; is not the same as that which gives a first-
breath VT = VT,. The simulation was then repeated, but this time with a model that
did not include the dynamic properties of ASM; instead, airway radii during PCV were
fixed to the values obtained during steady-state VCV. Ventilation histograms and pseudo-
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ventilation images during steady state in PCV were generated for each simulation. The
degree of ventilation heterogeneity was quantified by the coefficient of variation (equal to
SD/mean) [67, 100, 101]. The simulations were also run with a value of P;/P;y = 1.04, a
condition where the effect of the ASM dynamic behavior on the distribution of ventilation

was exaggerated.

2.3 Effects of Mechanical Ventilation

As observed before, in VCV, the constriction of airways was homogenous at low levels of
ASM activation. A slow increase in T'r over time caused a reduction in airway radii and
a concomitant increase in peak airway opening pressure. As T'r reached a critical point
(T'r < 0.8), groups of airways rapidly constricted, whereas others expanded, resulting in a
combination of airway constriction and dilation [101] and in patchy ventilation distribution
characterized by large size ventilation defects [109] (Fig. 2-2). As T'r continued to increase
above that critical point, ventilation defects continued to emerge with a concomitant redis-
tribution of ventilation away from ventilation defects. During PCV, low levels of Tr resulted
in a uniform airway constriction similar to that in VCV as long as VT remained unchanged
(up to around 1,000 breaths in Fig. 2-3). However, as T'r continued to increase, we observed
a progressive drop in V7" and an accelerated airway constriction that led to full closure of all

terminal airways (Fig. 2-3). Note that the timing for full airway closure was not uniform.
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Figure 2-2: Airway response and changes in airway opening pressure with progressive bron-
choconstriction during VCV. A: Tr plotted breath by breath. B: Response to the changes
in Tr of lumen radii of terminal airways normalized by their corresponding fully dilated
radii (r/rp). Data from 256 representative airways are presented. In the pseudo-ventilation
images at 2 steady conditions, the values of acinar ventilation normalized by total ventilation
were represented in a color scale. C: Response of F,,, relative to PEEP.
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Figure 2-3: Airway response and changes in airway opening pressure during progressive
bronchoconstriction with PCV with Trq = 0.5. A: T'r plotted breath by breath. B: Response
to the changes in Tr of lumen radii of terminal airways normalized by their corresponding
fully dilated radii (r/r). Data from 256 representative airways are presented. In the pseudo-
ventilation images at 2 steady conditions, the values of acinar ventilation normalized by total
ventilation were represented in a color scale. C: Response of VT normalized by VTp. D:
Response of Py, relative to PEEP
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2.3.1 Transition from VCV to PCV

For transitions from VCV to PCV taking place with Tr0 < 0.8, airway radii were uniformly
constricted and remained constant before, during, and after the transition (Fig. 2-3). How-
ever, for Try > 0.8, i.e., 0.9 (Fig. 2-4) or 1.0 (Fig. 2-5), transitions from VCV to PCV led to
P;-dependent dynamic changes in radius and V7" until a new steady state was reached. Note
that even when P; was set such that the firstbreath V1" in PCV was equal to that during
VCV (VT = VT,), when distribution of ventilation was heterogeneous, the new steady state
reached involved a substantially reduced V'T' with a ventilation distribution that was also
heterogeneous but no longer patchy. Further increasing T'r during PCV led to rapid closure

of most terminal airways (fraction of closed airways was 0.96) (Fig. 2-4).
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Figure 2-4: Airway response and changes in airway opening pressure during progressive
bronchoconstriction with PCV with Trg = 0.9. A:T'r plotted breath by breath. B: Response
to the changes in T'r of lumen radii of terminal airways normalized by their corresponding
fully dilated radii (r/rg). Data from 256 representative airways are presented. In the pseudo-
ventilation images at 2 steady conditions, the values of acinar ventilation normalized by total
ventilation were represented in a color scale. C: Response of VT normalized by V1j. D:
Response of P, , relative to PEEP.
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Figure 2-5: Effect of the setting of P; during PCV on the VT normalized by V1p, the VT
during VCV, and ventilation distribution during maximal ASM activation (T'rq = 1). T'r was
initially increased to 1.0 and kept constant to ensure a steady state (until the 900" breath).
At that point, the ventilatory mode was transitioned to PCV with P set at different values
as a fraction of Pry. The pseudo-ventilation images illustrate the effect of different P on
ventilation distribution.
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2.3.2 Sensitivity of VT and regional ventilation to selection of Pr

After the transition from VCV to PCV in conditions of Trg < 0.8, both VT and the regional
distribution of ventilation remained steady, with VT, linearly related to P;. However, for
Tro > 0.8, VT, and the distribution of ventilation at steady state were highly and nonlinearly
dependent on the chosen value of P; (Fig. 2-6). Indeed, small differences in the setting of Py
led to large differences in the resultant VT,s and the distribution of ventilation (Fig. 2-5).
For example, for Py just 10% greater than P;q, VT, increased by 68% relative to VT with
PCV and all airways reopened to yield a uniform distribution of ventilation. Conversely,
for Py just 10% less than Py, there was a reduction of VT, of more than 95% relative to
VT, and virtual closure of most (78%) terminal airways. The maximum sensitivity of VT,
to the selection of P; for PCV at Trg = 1 (Fig. 2-7) was almost 40 times greater than the

sensitivity of the system with Try < 0.8.
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Figure 2-6: Steady state VT (VT) during PCV as a function of P; for simulations with
maximal ASM activation (T'ro=1). VT, was normalized by the VT during VCV (VT;) and
P by the Py yielding a first-breath VT following the transition equal to VT (Pr o). The solid
line connects data points obtained from different simulations that were run with different
values of Pr/Pro. The dashed line connects data points obtained from a single simulation
that was run with successive step increases in Pr/Pro from 0.9 to 1.1 and successive step
decreases from 1.1 back to 0.9 (the direction of change is indicated by arrows).
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Figure 2-7: The sensitivity of VT, to the selection of P; was estimated from multiple
simulation runs with independent changes in P; (solid line in Fig. 2-6). Note that the
sensitivity of VT, to the values of Py is exceptionally high around Py = 1.03 P;p.
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Figure 2-8: Histograms and spatial distributions of ventilation normalized by the average
ventilation during VCV at maximal ASM activation (T'ro=1). Histograms and pseudo-
ventilation images from 3 simulations of the identical VT, were compared. Both data sets
were during steady state after the transition from VCV to PCV with P;=1.04 P;,. However,
in A, the dynamic properties of active ASM were present, while B absent.

2.3.3 Ventilation heterogeneity and ASM dynamic behavior

When airway radii were allowed to change according to the dynamic properties of active
ASM, the ventilation heterogeneity was higher during VCV (Fig. 2-9A) than during PCV
with Py selected for equivalent VT, (P = 1.031 Prg) (Fig. 2-9B). Indeed, the coefficient of
variation of regional ventilation during PCV was reduced by 31.05% compared with VCV,
and the ventilation to severely hypoventilating units substantially decreased lower in the

model that included the dynamic properties of active ASM (Fig. 2-8).
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Figure 2-9: Histograms and spatial distributions of ventilation normalized by the average
ventilation during VCV at maximal ASM activation (Tro=1). Histograms and pseudo-
ventilation images from 3 simulations with identical VT, were compared. Each simulation
was run under the following 3 conditions. A: During steady state, VCV before the transition
to PCV. B: During steady state, after the transition from VCV to PCV with P selected
so that VT, equaled VT, (Py=1.031 P;p) and the dynamic properties of active ASM were
present. C: During steady state after the transition from VCV to PCV with P; selected
so that VT, equaled VT (P;=1.031 P;g) and the dynamic properties of active ASM were
absent.
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2.4 Methodological considerations

We used a computational network model of the lung that used realistic anatomic and physio-
logical parameters for a healthy human [101]. The model incorporated Weibels [105] symmet-
ric airway tree structure and virtually uniform anatomic and functional parameters for each
generation of the airway tree. This idealized structurefunction architecture served to demon-
strate that the severe heterogeneity in ventilation during bronchoconstriction in asthma could
be explained by interactions of positive and negative feedbacks among the systems compo-
nents without invoking intrinsic component heterogeneity. Such a model was previously run
with VCV, using a constant inspiratory flow and passive exhalation, to simulate an ideal-
ized spontaneously breathing person with enough respiratory drive and respiratory muscles
capable of maintaining his/her ventilatory requirements during bronchoconstriction. Here,
we took advantage of the same model but ran it with PCV to explore the sensitivity of the
model when P;, and not VT, was kept constant during bronchoconstriction. To establish an
initial state in the model, we first ran the simulations with VCV while T'r was progressively
increased from a fully relaxed state to a baseline muscle tone. Once a steady state was
achieved, ventilatory mode was switched to PCV with Pj set to deliver the next breath VT
equal to that during VCV and observed the dynamic changes in airway radii and ventilation
to a new steady state. This simulated the case where P; for PCV was set to keep ventilatory
levels at transition equivalent to those with VCV. Transitioning to PCV such that VT was
similar to that during VCV helped us to eliminate the possibility that the known effect of VT’
on bronchoconstriction and on the size of ventilation defects [101] was the cause of observed
differences in airway behavior between ventilatory modes. However, note that because of the
difference in the input function in both modes of ventilation, during heterogeneous condi-
tions, VT and its regional distribution were not at steady state after the transition to PCV
but underwent a transient period before settling into a new steady state at a substantially

reduced value (Figs. 2-4 and 2-5).

For the smooth muscle activation beyond criticality (Tr > 0.8), a transition from VCV

to PCV caused major changes in ventilation. Delivered VT during PCV could not be
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maintained equal to that during VCV, even though P; was selected to deliver equal VT in
the breath immediately after the transition to PCV. In fact, a slightly larger value of P; had
to be chosen so that VT, during PCV would equal VTj.

2.5 Emergence of Patchiness, Catastrophic Airway Clo-

sure and Dynamics of Tidal Volume

Our simulations suggest that the total ventilation and spatial distribution during PCV could
be substantially more sensitive to changes in smooth muscle activation level (Fig. 2-3) and
Py settings (Figs. 2-5 and 2-6) than previously anticipated. Such a high sensitivity was the
result of the properties of the active ASM under dynamic forces and was much greater than
that attributable to temporal differences predicted by models that ignore ASM dynamic
properties. In practical terms, our findings imply that small changes in the settings of
the mechanical ventilator or in the degree of bronchoconstrictive stimulus to the lung of
asthmatic patients ventilated with PCV could result in unexpectedly large changes in the
magnitude of the delivered VT (increase or decrease), in airway behavior (full reopening
of closed airways or catastrophic closure), and in ventilation distribution (elimination of
patchiness).

After the transition from VCV to PCV, the system behaved differently depehding on
the baseline level of smooth muscle activation (T'rp). For Trg < 0.8, the system started off
constricting uniformly. After the transition from VCV to PCV, the system remained uniform
with a stable VT. As T'r was further increased during PCV, airways continued to constrict
uniformly with constant VT, and, at a certain point, VT rapidly dropped as accelerated
airway constriction led to full airway closure (Fig. 2-3). This behavior can be explained
based on the positive feedback mechanism implicit in the basic building block of our model
[3]. To understand this behavior, let us consider first an equivalent lung model of parallel
pathways where each path to a terminal unit is represented by resistance element connected

to a compliant alveolar element. Assuming this model is driven at constant frequency (f),
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the flow rate and volume delivered into each branch (z) at a given pressure amplitude depends
2
on the magnitude of the pathway impedance |Z,-|2 = R+ (#f@) , where C; and R; are the

equivalent compliance and resistance for each pathway, respectively.

For low levels of T'r and ventilation at normal f in this network, since R; < ll1/2fC;, Z;
is mostly dependent on Cj, and thus VT and its distribution among branches are relatively
independent of T'r. This behavior is apparent during the period of the breaths 5001,000 in
Fig. 2-3. However, as Tr is further increased and airway caliber reduced, R; becomes an
increasingly important contribution to pathway impedance and VT begins to drop. As VT
is reduced, the tidal tethering forces on the airways decreased, further constricting them,
increasing R and reducing VT. Eventually, ventilation delivered to each of the branches in
the network catastrophically collapses. This effect is manifested differently during VCV. In
VCV, total VT is kept constant, and, as T'r is increased above a critical level, the reduction
of flow to a slightly overconstricted branch results in an increase in pressure gradient and a
redistribution of flow toward slightly less constricted branches. This shift in regional expan-
sion affected both parent and daughter branches, resulting in the patchiness of ventilation

shown in Fig. 2-2 as previously described [101].

In simulations with T'ry >0.8, the system under VCV started in a highly heterogeneous
state with a patchy distribution of ventilation. Under this condition, the transition to PCV
was not stable and was highly dependent on the value of Py selected for PCV (Figs. 2-4 and
2-5). Indeed, the total VT and the distribution of ventilation changed in the subsequent
breaths following the transition, even though PCV was set to provide a first-breath VT equal
to that during VCV and P; was kept constant. This behavior is not entirely surprising since,
in contrast to the case of T'ry leq 0.8, the distribution of ventilation before the transition was
not uniform and thus expected to change due to the difference in the driving signal [95]. PCV
maintains airway opening pressure at a high constant level during inspiration, whereas in
VCV airway pressure is initially low and increases progressively with lung volume inhalation.
Therefore, the driving signal in PCV should promote more flow to regions with prolonged

time constant (high R;C;) than that in VCV. Moreover, in contrast with VCV, in PCV
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as some airways constricted, flow is not redirected to less constricted airways, potentially
reducing ventilation heterogeneity relative to that during VCV (Fig. 2-5). However, the
reasoning based exclusively on linear networks [27, 56, 70] failed to explain the magnitude
of the response of our model. In fact, when airways were kept frozen in the model during
the transition from VCV to PCV, the resulting reduction in ventilation heterogeneity was
substantially less than that observed when airway dimensions were dynamically determined

by the properties of active ASM (Figs. 2-9 and 2-8).

The simulation data also showed that the sensitivity of VT to P; during PCV was almost
40 times greater in the model with the dynamic properties of ASM than in the model with
no dynamic properties of ASM. As a result, differences in Py of + 10% during PCV could
lead to dramatic differences in both VT and the distribution of ventilation from severe
hypoventilation to hyperventilation. Worth noticing was the fact that a change of only 1%
in P; (from 1.03 Prg to 1.04 Prp) resulted not only in an elevation of 30% in VT but also

in the virtual elimination of patchiness in ventilation (Fig. 2-5).

This model behavior could explain clinical observations by Lopez-Herce and colleagues
[54, 79] of rapid and significant improvements in arterial PCO2 and oxygenation during PCV.
They found in two children with severe asthma, whose level of gas exchange had not improved
during 6 h of VCV, that a change to PCV resulted in fast imprdvements in blood gases [54].
The results from our simulations might explain those improvements as resulting from an
improvement in ventilation distribution. Motivated by that case report work, Sarnaik et
al. studied 40 patients with severe asthma who were intubated and mechanically ventilated
with PCV. They also found significant improvements in blood gases after an initiation of
mechanical ventilation [79]. In both papers, the authors speculated that improvements in
blood gases with PCV were due to the improvement in ventilation distribution expected
from the enhanced pressure equilibration between alveolar units with heterogeneous time
constants. As we discussed above, in a severely constricted network, pressure equilibration
alone resulted in changes in ventilation heterogeneity much smaller than those seen when we

incorporated the dynamic properties of active ASM in the network model. Switching from
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VCV to PCV with airway dimensions unaffected by dynamic forces only minimally reduced
the heterogeneity in ventilation. Therefore, we believe that clinical improvements seen in
PCV may have resulted from the dilating effects of tidal breathing on the ASM, rather than

from just pressure equilibration.

Increasing level of bronchoconstriction Inspiratory flow is generated by the differ-
ence between airway opening and pleural pressure, referred to as transpulmonary pressure.
During mechanical ventilation with PCV, this is accomplished by specifying the ventilators
driving pressure, P;. Our model predicts that, in a severe asthma attack, if P; is insufficient
for maintaining VT, catastrophic airway closure may follow (Fig. 2-3). In a spontaneously
breathing person, the increase in transpulmonary pressure is generated by a reduction in
pleural pressure. Therefore, during severe airway constriction, a compensatory reduction
in inspiratory pleural pressure by respiratory muscles is required to maintain ventilation.
In our model, this is equivalent to the compensatory increase in driving pressure inherent
to VCV, which leads to a redistribution of V'T" to regions of the lung with relatively less
constriction. This redistribution can be thought of as a long-range negative feedback that
causes airway dilatation of relatively well-ventilated airways. This long-range negative feed-
back combined with the short-range positive feedback results in a patchiness of ventilation
distribution similar to that observed in several complex systems in nature [77]. It should be
noted that, despite the patchiness if the respiratory muscles generate enough pressure, VT
can be maintained and total closure of all airways can be prevented. However, during in-
creased airway obstruction if respiratory muscles become fatigued and are unable to maintain
ventilation, airflow will not be redistributed to ventilating regions. This will eliminate the
long-range negative feedback and thus the compensatory airway dilation, eventually leading

to catastrophic closure of all airways.

Ventilation heterogeneity and ASM dynamic behavior From our results, we con-
clude that the dynamic behavior of active ASM may play an important role in reducing

heterogeneity of ventilation and magnifying the VT sensitivity to P; during PCV. The sig-
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nificant reduction in ventilation heterogeneity when active ASM behavior was included in
our model reaffirmed our hypothesis that positive feedback might contribute to nonlinearity
in airway response under PCV. The data also suggest that the sensitivity to P; in PCV
could be advantageously exploited to improve ventilation and its uniformity by judicious

adjustments in the ventilator pressure settings.

Model assumptions The network model is structurally symmetric Tr could vary breath
by breath but was set to be uniform throughout the airway tree. Symmetry breaking was
achieved by adding a small random variation in wall thickness (1% coefficient of variation)
to all airways. The purpose of this approach was to evaluate the effects caused purely by the
dynamic behavior of the ASM independent of other preexisting heterogeneity. Variations
of smooth muscle activation within the airway tree, regional differences in pleural pressure
within the thorax, and the asymmetry of the airway tree were not included in our network
model. We expect that these features, if incorporated into the model, would precipitate
symmetry breaking and the formation of ventilation defects at lower values of Tr. Further-
more, they would promote the systematic localization of ventilation defects and magnify the
patchiness in ventilation during VCV. As a result, to reduce ventilation heterogeneity during
PCV, the setting of P; may have to be increased relative to that predicted by this model.
Also, the presence of structural or functional parameter heterogeneity could be expected to
reduce the overall VT sensitivity of the system, which in the limit would behave as one with
fixed obstructions and minimal dynamic effects of ASM.

Additional reasons that V7T sensitivity to P; in a real lung could be different from that
predicted by this symmetric network model are discussed here. Although the model incor-
porates structural and functional features that are consistent with a human lung, it can be
expected to exhibit general behaviors of a complex branching network in conditions within
the physiological range. However, the effects of some assumptions on the models complex
behavior are difficult to predict. For example, the model assumes linear chest wall and
parenchyma compliances and ignores the passive characteristics of the airway wall. Non-

linear mechanical properties of these elements could affect the magnitude of the predicted
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sensitivity in different ways. On the one hand, it is well known that the passive properties of
the respiratory system become stiffer at low and high lung volumes. This could result in an
even greater sensitivity of VT to the P; setting than those predicted for a constant compli-
ant chest wall under physiological conditions. Likewise, nonlinear changes in parenchymal
tethering forces with lung volume could result in higher than predicted VT sensitivity. Also,
the potential formation of liquid bridging [29], not included in this model, could result in
rapid airway closure without luminal cross-sectional area being reduced to zero. This phe-
nomenon, ignored in our model, could further increase the V1" sensitivity to changes in Py
by precipitating airway closure as P is reduced.

On the other hand, the passive nonlinear characteristics of the airway wall could tend to
reduce the magnitude of the VT sensitivity by acting to stabilize drastic changes in airway
lumen. This effect would be more likely prominent in central airways, which are protected by
cartilaginous rings or plates, and less important in peripheral airways, which are simulated in
this model (generations 4 to 16 of the human airway tree). Given the opposing effects of the
different assumptions on the model, it is difficult to speculate whether the VT sensitivity
to Py, during PCV predicted for our bronchoconstricted model, could be an over- or an
underestimation of the sensitivity in a real lung. Thus these predictions have to await

experimental validations.

2.6 Summary

Our simulations with an integrative network model of the lung provide new insights into
complex interactions among airways and explore the impact of ventilation mode, or breath-
ing pattern, on the stability of ventilation and its spatial distribution within the asthmatic
lung. In contrast to VCV, which ensures the total ventilation but results in a patchy dis-
tribution of regional ventilation during bronchoconstriction, PCV results in a more uniform
distribution, but the total ventilation could be highly sensitive to minor changes in driving
pressure. Although the simplifications inherent to a theoretical model limit its direct clinical

application, the insights derived from these simulations may provide a theoretical foundation
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to guide the selection of ventilation mode, the adjustment of ventilator settings for patients

with asthma, and the interpretation of clinical observations.
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Chapter 3

Central Airways

Characteristics of central airways under normal and challenged conditions have been explored
in the field of asthma research. Imaging techniques such as Computed Tomography or
bronchoscopy have been widely used to assess the sizes of central airways and its change
after an induced asthma attack. The following two studies explore the effect of heterogeneity

along an airway on the estimated resistance, and distensibility of the central airways.

3.1 Function Effect of Longitudinal Heterogeneity in
Constricted Airways Before and After Lung Ex-

pansion

3.1.1 Introduction

Heterogeneity in narrowing among airways is an essential feature of asthma and has been
the object of many experimental and modeling studies [8, 9, 13, 27, 26, 32, 48, 56, 93,
94, 98, 100, 101, 109]. In most experimental studies, the luminal area was assessed at a
single site of the airway [8, 9, 13, 48]. However, given the lack of knowledge on the degree
of heterogeneity in the cross sectional area along airways and the extent to which airways

narrow heterogeneously along their length, the precision of these measurements is unknown.
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This longitudinal heterogeneity in the cross sectional area when ignored could affect the
estimation of airway function, i.e. airway resistance (R,,). This is due to the nonlinear
relationship between the pressure drop and luminal area. For example, R, of an airway
with a uniform cross sectional area along its length is always less than that of an airway of
equivalent average area but with longitudinal heterogeneity in the cross sectional area. In
addition, the shape of the cross sectional area may also be important in the estimation of
Ryy. For example, Rg, of a tube with a circular cross section is lower than that of a conduit
with the same cross sectional area but elliptical shape. Thus, disregarding these two factors,
the non-circularity of the shape of the cross section, and the longitudinal heterogeneity in
the cross sectional area, should result in an underestimation in the calculation of R,,. It
is also possible that the effect of these two factors on airway resistance calculation may be
different between asthmatic (AS) airways and non-asthmatic (NA) ones. If the longitudinal
heterogeneity in the cross sectional area under bronchoconstriction is greater in AS compared
to NA airways, we expect that it would accentuate the differences in R,,, between AS and
NA airways.

In this study, we evaluated the underestimation of R,,, resulting from ignoring the longi-
tudinal heterogeneity in the cross sectional area and non-circularity of the shape at baseline,
during bronchoconstriction and after an increase in lung volume to TLC. Airway dimensions
were obtained from the analysis of High-Resolution Computed Tomography (HRCT) images
using previously validated 3-D reconstruction algorithms [33, 53, 76, 96].

3.1.2 Methods

Subjects Images obtained from 8 mild-to-moderate asthmatic and 9 non-asthmatic adult
volunteers were analyzed. Subject demographics and pulmonary function tests during screen-
ing visit, performed while subjects were in an upright ‘position, are shown in Table 3.1. Sub-
jects with mild-to-moderate asthma were selected according to the NIH Global Initiative for
Asthma with forced exhaled volume within 1 sec (FEV1), or forced vital capacity (FVC), >
80% predicted, less than daily symptoms, and peak flow or FEV1 variability of < 30%. Ex-
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clusion criteria were the use of tobacco (current smokers, and those with > 10 pack-years), or
oral steroids, symptoms of upper and lower respiratory tract infection, or emergency visits or
hospitalizations for asthma in the past month, history of cardiopulmonary disease other than
asthma. No systemic or inhaled corticosteroids had been used within 1 wk prior to enroll-
ment. The study protocol was approved by the Massachusetts General Hospital-Institutional
Review Board. All subjects gave their written informed consent.

Prior to the study date, all subjects underwent a Methacholine (MCh) challenge to deter-
mine their PC20: the concentration of inhaled MCh aerosol that caused a 20% reduction in
FEV1. PC20 was determined based on the method published by Crapo [18]. The maximum
dose given to asthmatics was 8 mg/ml and all non-asthmatic subjects were given 25 mg/ml.
Spirometry during the initial screening of subjects was performed while subjects were in an

upright position.

Group Asthmatic subjects Non-asthmatic subjects
Age, years 30.9 £+ 10.9 31.7 £ 10.3
Gender (F/M) (2/6) (5/4)

Height, cm 174.5 + 7.4* 165.7 + 6.4
Weight, kg 77.8 £ 13.3 64.9 + 7.8

FEV1, L(%Predicted) 3.5 + .47 (86.7+12.2)  3.26 + .74 (91.1 + 10.5)
FVC, L (%Predicted) 4.39 + .56 (93.5 + 11.2) 3.79 + .86 (89.8 & 10.3)
PC20, mg/ml 1.7 + 1.3 > 25

Table 3.1: Demographics of asthmatic and non-asthmatic subjects and PFT collected from
screening in an upright position (mean + standard deviation). * Unpaired t-test comparison
between asthmatic and non-asthmatic groups; * P<0.05, *** P<0.0001.

Study Protocol HRCT images were obtained with a Siemens Biograph 64 PET-CT to-
mograph with the subject in the supine position. In this report, we analyzed HRCT images
obtained with the scanner in a helical mode with 64 slices per rotation, 0.6 mm collimation, a
pitch of 1, 120 kV peak, and 80 mA. The image reconstruction was done using the B31 kernel

with a 0.75 mm slice thickness, 0.5 mm slice increment and 0.25mm overlap. Images were
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acquired during a short breath hold ( 20 secs) at a lung volume equal to the mean lung vol-
ume (MLV) averaged over a 30-second stable breathing period prior to each scan. To guide
the breath-hold maneuver, impedance plethysmography (SomnoStarPT, SensorMedics Corp,
Yorba Linda, CA) was used and a signal of instantaneous lung volume during breathing and
a reference line corresponding the MLV were presented to the subject via a head mount dis-
play. The first and second scans were acquired-at baseline and after MCh challenge during
a breath hold at MLV. A third scan was then acquired during at total lung capacity (TLC).
We referred to the first, second and third scan as BM (Baseline-MLV), MM (MCh-MLV)
and MT (MCh-TLC) sc;fm, respectively.

Data Analysis Pulmonary Workstation 2.0 (PW2) software (VIDA Diagnostics, Iowa
City, TA) was used to analyze all HRCT scans, obtain 3D rendered airway trees, and derive
airway dimensions. From each scan, we analyzed 35 defined central airways (0-6'" generation)
with diameter > 2 mm (Fig. 3-1A). Airways with cross sections that were not perpendicular
to its centerline due to the segmentation error in PW2 were excluded in our analysis by
inspection (on average around 1-2 airways per subject). We used measurements from the
middle half of the airways in order to minimize potential systematic errors that could have
been caused if measurements near bifurcations were used. For each airway, the following
parameters were imported into MATLAB (Mathworks, Natick, MA): 1) the major and minor
radii (a; and b;) for 5 airway lumen cross sections (i) equally spaced over the middle half of
each airway (Fig. 3-1B), 2) the average luminal area (Agyg), assumed as the average of the
5 elliptical sections of radii a; and b;, and 3) the airway length (L). Estimation of Airway
Resistance to Flow. Using HRCT images, for each airway we computed the resistance of

three airway models (Fig. 3-2) assuming laminar flow as follows,

1. Rgyg: the resistance of a cylindrical airway with the average radius (r4,) and length

(L) was computed as,

SuL

4
T gug

Rypy = (3.1)
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where p is the viscosity of air and,

(3.2)

Ta'ug = =

. Rp: the total resistance of an airway made of 5 segments (i = 1, 2, , 5) each of which
had the length I; = L/5 and elliptical cross section with major and minor radii of a;
and b;. Note that a; and b; varied along the airway length. Ry was computed as the

sum of resistances of each elliptical segment as follows,

o 25: apl; [(as/b:)* + 1]

3

(3.3)

i=1
. R4: the resistance of an airway made of 5 segments (i = 1, 2, , 5) each of which had
the length [; = L/5 and circular cross section with radius of r; that could vary along

the length. To ensure that the circular cross sectional area was equal to that of the

elliptical one, r; was set to,

i = v/ a;b; (3.4)
R4 was computed as,
5
8/,Lli
Ra=) ot (3.5)
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Figure 3-1: 3D rendered airway tree of an asthmatic subject after MCh challenge imaged at
mean lung volume (MLV). A: Labels of all 35 defined central airways (0 — 6™ generation)
that were included in our analysis. B: A close-up of an airway (colored in blue) illustrating
the presence of large longitudinal heterogeneity in the cross sectional area. To calculate the
resistance of three airway models (See text and Fig. 3-2), dimensions of the five luminal
cross sections (marked in white) equally spaced over the middle half of each airway were

used. See text for an explanation.
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Figure 3-2: Three models of the airway used for calculating three airway resistances (Rm,g,
Rr and R4). A: Model of a cylindrical airway with a constant radius of ravg and total length
of L used for computing R4 B: Model of an airway with both longitudinal variability in
the cross sectional area and non-circularity of the cross sectional shape used for computing
Rp. The cross section was assumed elliptical with a major and minor radius of ai and bi,
and the segmental length of /;. C: Model of an airway with circular cross sections with the
radius ri and the longitudinal variability in the cross sectional area used for computing R4.
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Quantifying the Functional Effect of Longitudinal Heterogeneity The underesti-

mation of Rg, coﬁld result from the longitudinal heterogeneity in the area and the non-

circularity of the shape of its cross section. The relative difference between R and R,y4

was an estimated error when the airway was assumed cylindrical with an average airway

luminal area. This relative difference was defined as the total underestimation of R, due

to longitudinal heterogeneity in area and the non-circular shape termed %Ujotqr.
Raug

R _
%Utotal = %T—RT-—

(3.6)

The difference between R4 and Rg,, relative to Rr was the underestimation of R,y of

an airway assumed to have a circular cross section when longitudinal heterogeneity in area
was ignored (%Ugreq)-

Ravg

Ra—
Uarea =005
% % R

(3.7)
The underestimation of Raw that was caused by the non-circular shape of the cross

section (%Ushape) Was defined as the difference between %Uyotar and %Uareq-
%Ushape = %Utotal - %Ua'rea (38)

Factors Affecting the Underestimation of Airway Resistance We evaluated the
contribution of two physical factors to the underestimations of Raw: 1) The longitudinal
heterogeneity in the cross sectional area quantified by the square of the coeflicient of variation
in cross sectional area (CV2(A)), and 2) The non-circularity of the cross section, quantified

by the average eccentricity (¢) of 5 elliptical cross sections.
5 2
1 b;
= - 1— (= 3.9
=52y (a) @9

Because of the quadratic dependence of R,,, on the inverse of the cross sectional area, if

R, is estimated assuming a constant average area, it should underestimate the true Raw in
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proportion to CV2(A). Because that the distributions of %U,.e, on CVZ(A) did not follow
normal distributions, we evaluated the dependence between the log-transformed variables as

the goodness of fit coefficient (R?) of the a linear regression model:

109 (%oUarea) = ko + k1 - log (CV?(A)) (3.10)

The shear stress resisting fluid flow through a highly non-circular cross section (e close
to 1) is larger than that through a circular cross section of the same cross sectional area
(e=0) and thus, the resistance to flow through a tube with non-circular cross section must
be higher than that through a tube with circular cross section. Since followed the normal
distribution while %Uspape did not, we evaluated the dependence of log(%Uspepe) on € in

terms of the goodness of fit coefficient of the simple linear regression model to the data:

log (%Ushape) = kQ + k3 - € (3.11)

Statistical Analysis %Uotar, %Uarea, and %Uspape from 3 scans for each subject were
reported as the median + standard deviation (range: minimum maximum). All statisti-
cal analyses were performed using the statistical software package SAS 9.2 (SAS Institute,
Cary, NC). Since distributions of %Uistar, %Ugreq, and %Uspqape Were not normal and better
resembled lognormal distributions, we analyzed effects of the group and imaging condition
on the log-transformed %Usotar, %Uarea, and %Uspqpe using a two-way analysis of variance
(ANOVA) with an interaction term and repeated measurements. Pairwise comparisons be-
tween BM, MM and MT were made within each group based on the two-way ANOVA
model for log(%Usotar), 108(%Uareq), and log(%Ushape). The two-way ANOVA model yielded
an estimate of the mean of the log(%Usotar); 10g(%Uares), and log(%ﬁshape) distributions
for each scan per group, which were then used to compute A,, the relative change in the
log-transformed data, between any two scans. To quantify the change in caused by MCh
challenge, and by the lung volume increase to TLC, A, was defined as log(%Unar/%Usn ),

and as log(%U mT/ %U uM ), respectively. Moreover, we investigated whether the effect of
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lung volume on CVZ2(A) could be different for airways of different sizes. For each subject,
airways were sorted by their average inner cross sectional area at baseline (ABM) and divided
into 4 quartiles. Using SAS, the log of the ratio of CV2(A) before and after TLC in each
quartile was compared with 0 to determine if the change in CV2(A) caused by the increase
in lung volume to TLC was statistically significant. For all statistical analyses, P<0.05 was

considered significant.

3.1.3 Results

The Total Underestimation of Resistance (%U;xs) was highly variable among air-
ways and could be substantial in some (Table 3.2). The median of %U;ya was relatively
small (<6%) (Table 3.2)) and not significantly different between the asthmatic (AS) and
non-asthmatic (NA) group in any of the three conditions imaged (Table 3.4). However,
there was a significant effect of imaging condition on %Uyua (P<0.01) (Table 3.4). This
can be illustrated by a left shift of the cumulative distribution function (CDF) of %Ussta
caused by the increase in lung volume to TLC (Fig. 3-3A). The left shift observed was more
noticeable in the NA than in AS group (Fig. 3-3A). As a result of the increase in lung
volume to TLC, %U,oq significantly decreased in both the NA group (P<0.0001) and the
AS group (P<0.01) (Table 3.3 and Fig. 3-3A). However, the change in %Uq caused by
MCh challenge was not significant in either group (Table 3.3).
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Figure 3-3: Cumulative distribution functions (CDF) of underestimations of airway resis-
tance grouped for all airways of all asthmatic subjects (AS, left) and of non-asthmatic sub-
jects (NA, right) after MCh challenge at mean lung volume (grey) and TLC (black). A: CDF
of the total underestimation of airway resistance due to ignoring all longitudinal heterogene-
ity (%Usosar). B: CDF of the contribution to %Usua caused by longitudinal heterogeneity in
the airway cross sectional area (%Ugreq). C: CDF of the contribution to %Uysa caused by a
non-circular shape (%Uspape). See text for explanation.
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Asthmatic Non-asthmatic

%Utotal

BM 5.61 + 5.50 (0.58 - 32.37) 5.48 &+ 5.79 (0.77 - 33.06)
MM 5.81 &+ 5.15 (0.67 - 29.54) 5.73 + 6.84 (0.53 - 39.45)
MT 4.55 + 5.90 (0.45 - 52.99) 4.87 + 5.34 (0.44 - 35.88)
%Uarea

BM 1.53 + 4.39 (0.02 - 28.38) 1.33 £ 4.43 (0.02 - 26.36)
MM 1.55 £ 3.78 (0- 22.36)  1.37 % 5.67 (0 33.22)
MT  1.23 4 3.76 (0.01 - 24.97) 1.09 £ 4.02 (0.02 - 28.86)
%Ushape

BM 3.17 £+ 3.00 (0.31 - 21.91) 3.29 + 3.20 (0.50 - 21.15)
MM 3.01 &+ 3.08 (0.36 - 28.22) 3.20 £ 3.27 (0.49 - 20.79)
MT 2.48 + 4.15 (0.31 - 51.09) 2.66 + 2.99 (0.22 - 21.18)

Table 3.2: The statistical properties of %Usotar, %Uarea; and %Uspape in asthmatic and non-

asthmatic subjects computed from 3 scans: baseline at MTLV, post MCh at MTLV and post
MCh at TLC. *Values shown are medians + standard deviations with range in parentheses.
Definition of abbreviations: %Uiq = total underestimation of airway resistance due to
ignoring the longitudinal heterogeneity; %Ugyre, = the contribution to %Uise caused by
longitudinal heterogeneity in the airway cross sectional area; %Uspqpe = the contribution to
%Uyotar caused by a non-circular shape; BM = Baseline scan at mean lung volume (MLV);
MM = post MCh scan at MLV; MT = post MCh scan at total lung capacity (TLC).

Asthmatic Non-asthmatic
P-value A, P-value A,

log ( % Utotal )

BM — MM 0.6085 1.014 0.2519 1.021
MM — MT 0.0067  0.898 *<0.0001 0.884
log(%Uarea)

BM — MM 0.0075 1.885 0.0059 1.497
MM —- MT <0.0001 0.297 <0.0001 0.151
log(%Ushape)

BM — MM 0.4510 0.967 0.2825 0.971
MM —» MT 0.0858 0.888 0.0048 0.890

Table 3.3: P-values and mean estimates of pairwise comparisons of the log-transformed
%ovtotal, Toareas a0d Yoshape Within asthmatic and non-asthmatic subjects.
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10g (%Utotal log (%Uarea 10g (%Ushape
Effect of group 0.3128 0.7063 0.1226
Effect of imaging condition 0.0052 0.0024 0.0478

Table 3.4: P-values of the two-way analysis of variance (ANOVA) with repeated measure-
ments of lOg(%)Utotal), log(%Uareal)a and log(%Ushapel)'

Contributions of %Uy,re, and %Uspape t0 %Usotar  On average, %U,yre, contributed to 36%
of %Usotar with the rest contributed by %Uspgpe. Neither %Ugreq nor %Uspape Was, on average,
different between the AS and NA group at any of the three conditions studied (Table 3.4).
Additionally, the two-way ANOVA showed significant effects of the imaging condition on
Y%Usrea and %Uspape in both AS and NA groups (Table 3.4). The increase in lung volume
to TLC resulted in a systematic left shift in the CDF of %Uge, in both AS and NA (Fig.
3-3B). However, there were only minimal changes caused by the increase in lung volume to
TLC in the CDF of %Uspepe from the AS group (Fig. 3-3C). The reduction in the mean of
the log-transformed %Usnqepe after the lung volume increase to TLC was significant only in
the NA group (P<0.005 with A, = 0.89) from the two-way ANOVA model (Table 4 and
Fig. 3-4C). No significant effect of MCh on %Ugpgpe in any group was observed.

A significant reduction in mean log(%U,.,) Was observed with the increase in lung volume
to TLC in both groups (P<0.0001) (A, = 0.2965 for AS and 0.1511 for NA) (Table 4 and
Fig. 3-4B). A significant increase in the mean log(%U,e,) Was observed in both AS (P<0.01
with A, = 1.8845) and NA group (P<0.01 with A, = 1.4966) (Table 3.3) and Fig. 3-4B).

Longitudinal Heterogeneity in the Cross Sectional Area and the Non-Circular
Shape Figure 3-5A and 3-5B shows the probability distribution of CV?(A) and that of
eccentricity (e) of all airways in all subjects under 3 conditions. The first four moments

(mean, variance, skewness, and kurtosis) of these distributions are presented in Table 3.5.
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Figure 3-4: Changes in average underestimations of airway resistance caused by MCh chal-
lenge and an increase of lung volume to TLC. Each point represents the average of all
airways for each asthmatic (AS, left) and non-asthmatic (NA, right) subject. A: Average
underestimation of resistance caused by ignoring longitudinal heterogeneity in the airway
cross sectional area and the non-circularity of the cross sectional shape (%Uiotqr). B: Aver-
age contribution to %U;nq caused by longitudinal heterogeneity in the cross sectional area
(%Usrea). C: Average contribution to %Uy, caused by a non-circular shape (%Ushape). BM
denotes the image taken at baseline during breath-hold at mean lung volume (MLV). MM
denotes the image taken post MCh challenge at MLV. MT denotes the image taken post
MCh challenge at total lung capacity (TLC). Pairwise comparison based on the two-way
ANOVA model with repeated measurements: *P<0.05, **P<0.005, and ***P<0.0001.
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Figure 3-5: The distribution of the longitudinal heterogeneity in the cross sectional area
quantified by CV?#(A) and the non-circularity of the shape of the airway cross section (e).
A: The distribution of CV2(A) in all airways of all subjects under 3 conditions. Skewness of
this distribution was measured using statistical software, SAS, to be 3.24 with the median
of 0.009. B: The distribution of eccentricity of the assumed-elliptical cross section (¢). The
average € was 0.611.
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Mean Variance Skewness Kurtosis
CVQ(A) 0.016 0.001 3.235 14.264
€ 0.611 0.009 0.054 -0.312

Table 3.5: The statistical measures of CV2(A) and e. Definition of abbreviations: CVZ(A)
= Longitudinal heterogeneity of the airway cross sectional area; € = eccentricity of the
assumed-elliptical cross section.

Correlations between Longitudinal Variability in Cross Sectional Area and Shape
10g(%Uareq)) Was linearly related to log(CV2(A)) yielding ko = 2.29, and k;= 0.97 in Eq. 10
(R?2=0.997) (Fig. 3-6). Similarly, log(%Ushape) Was linearly related to € yielding ks = -1.67,
and k3 = 3.50 for Eq. 3.11 (R?=0.966) (Fig. 3-7).

Changes in CV%(A) for Different Sized Airways When the lung volume was increased
to TLC, the average CV2(A) was significantly reduced in all but the largest airways quartile
(airways with average ABM > 29 mm?) (P<0.05) (Fig. 3-8). However, the reduction in
%Uprea or in CV2(A) after the lung volume increase to TLC was not correlated with airway

size or with the change in airway size (data not shown).
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Figure 3-6: Correlation between the contribution to %Ujua caused by longitudinal hetero-
geneity in the airway cross sectional area (%U,e.) and CV?(A) (the square of the coefficient
of variation in the cross sectional area along that airway). Data are taken from all air-
ways in all subjects in all three imaging conditions. A least-square linear regression of the
log-transformed data shows high correlation between log(%Uy,re.) and log(CV2(A)) had a
goodness of fit R? = 0.997.
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Figure 3-7: Correlation between the contribution to % Uy caused by the non-circular shape
(%Ushape) and e (the eccentricity of the assumed-elliptical cross section). Data are taken from
all airways in all subjects in all three imaging conditions. A least-square linear regression of
108(%Ushape) and € had a goodness of fit R? = 0.966.
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Figure 3-8: Changes in longitudinal heterogeneity in the cross sectional area caused by the
lung volume increase to TLC in airways of various sizes. The average luminal area of an
airway at baseline (Apgys) was plotted against the ratio in longitudinal heterogeneity in the
cross sectional area (CV?(A)) at TLC over that at mean lung volume (MLV) of the same
airway. The plot includes all airways of all subjects. Agys was imaged at MLV. The subscript
MM denotes the image taken after MCh challenge at MLV; MT after MCh challenge at
TLC. Airways with reduction in CV?(A) after the increase in lung volume to TLC would be
below the unity line. Airways were binned into 4 quartiles with an equal number of airways
(indicated by vertical lines). Note that in airways with the largest Apgy, the increase in lung
volume to TLC did not significantly change the longitudinal heterogeneity.
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3.1.4 Discussion

This study demonstrated that neglecting the longitudinal variability in the luminal area and
the non-circularity of the cross sectional shape results in an underestimation of Raw. The
effect was highly variable with %U,, being as high as 53% (AS) and 36% (NA) after MCh
challenge at TLC. However, the median values were less than 5% and similar in AS and NA
subjects. On average, the longitudinal heterogeneity in the cross sectional area contributed
to 1/3 of %Ussar, while the non-circular shape contributed to 2/3 of %Ugq;- In both AS
and NA subjects, the mean values of %U;oq; and %Uy,eq increased after MCh challenge and
reduced by elevating lung volume to TLC. After lung volume was increased to TLC, %Usnqpe

significantly decreased in non-asthmatic subjects, but not in asthmatic subjects.

It is worth noting that, in contradiction to our initial expectation, longitudinal hetero-
geneity in these central airways was not higher in AS compared to NA. Indeed, we found
no difference between AS and NA in the longitudinal heterogeneity in the area and/or the
non-circularity of the shape. Interestingly, the effect of elevating lung volume to TLC was

different in both groups in that it made the cross section more circular only in NA.

Mefhodology Limitations The methodology used by PW2 was previously validated in
Plexiglas phantoms of airways with diameters ranging from 1.98 to 19.25 mm (inner cross
sectional area (A) ranging from 3.08 291.04 mm?) [53]. In the smallest tube, the contribu-
tion of imaging error to CV? in the area estimation was 0.0021. Based on those results, and
given that airways analyzed in our study ranged from 4.0 mm? to 271.3 mm?, the largest
expected contribution of measurement errors to CV2?(A) should be less than 0.0013, which
corresponds to 1/13 of the observed average value CV2(A) in the smallest 25% of the air-
ways analyzed and much lower for the larger airways. Given the complexity of the airway
tree airway structure in vivo, the contribution of measurement errors to CVZ(A) could be
somewhat higher. Nonetheless, the error was not of enough magnitude to obscure the small

but significant effects of MCh or lung inflation observed.
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Model Assumptions Assumptions for estimating Raw were: steady and fully developed
laminar flow, negligible gravity, incompressible fluid, and constant viscosity. In addition, we
assumed the airway walls shape and luminal area were approximately elliptical and changed
smoothly along the airway, such that inertial effects or secondary flows due to these effects
would be negligible. Depending on the flow rate, the airflow through trachea and large
airways could be turbulent (Reynolds number > 2000). Pedley estimated that flow at 100
L/min through airways from the first 4 generations of a symmetric airway model would be
turbulent [74]. Therefore, in high flow conditions such as during exercise, the pressure drop
in large airways would be greater than that calculated assuming laminar flow, thus yielding
an even greater underestimation of R,,,. However, during spontaneous breathing in adults,
the flow rate is typically around 12 L/min [81]. Hence, a laminar flow assumption would
be reasonable. Effects of the unsteady developing flow through the complex tree structure
should result in even greater pressure drops and underestimations of R,,. Nonetheless,
independent of the flow conditions, since Ry, is a function of the cross sectional area elevated
to an exponent > 2, results obtained from this study can be seen as a lower bound of the

effect, and the pairwise comparisons should remain qualitatively valid.

Physical Parameters Determining %U,,c, and %Uspape The longitudinal heterogeneity
in the cross sectional area, taken as its mean-normalized variance (CV?(A)), was highly
correlated to the underestimation of resistance attributed to changes in cross-sectional area
(%Us,rea)- The two parameters were not identical, or expected to be so a priori, but CV2(A)

explained almost all (99.7 %) variance in %Uqye,.

Also, sheer stress is known to be higher in an elliptical cross section compared to a
circular one. Therefore, it can be expected that if the non-circularity of the cross section is
ignored, airway resistance should be underestimated. Our result showed that %Ushape was
highly correlated with 103.5¢. Given these high levels of correlation, it can be concluded
that results and conclusions presented in terms %Ugreq 0r %Usnape can also be applicable in

terms CVZ(A) and .
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Bronchoconstriction Methacholine challenge caused an increase in the longitudinal het-
erogeneity in the area and %Ue, in both AS and NA subjects with a higher increase in AS.
We speculated that such difference in airway response between AS and NA could be due
to local differences in airway responsiveness that might be larger in subjects with asthma

leading to a higher increase in longitudinal heterogeneity in the cross sectional area after

MCh challenge.

Effects of Lung Expansion from MLV to TLC In both AS and NA groups, an increase
in lung volume to TLC during bronchoconstriction reduced %Uyptq;. In NA, the reduction
in %Uiota at TLC was the result of reductions in %Ugreq and %Uspape. In contrast, in
asthmatics, the reduction in %U,yq during the TLC maneuver was only due to the reduced
%Uareq but not in %Ushape. This suggested that the cross sectional shape of a non-asthmatic
airway once the lung volume increased to TLC became more circular, while that of an
asthmatic airway did not. We speculate that parenchymal tethering forces acting on the
airway wall could be more heterogeneous along the wall in asthmatic airways compared to
non-asthmatics. If parenchymal tethering forces were homogeneous along the perimeter of
the airway after lung inflation, one could expect that the airway wall would be distended
symmetrically in the radial direction making the cross-section more circular, and thus with
a lowered eccentricity as we observed in non-asthmatic airways, but not in asthmatic ones.
Therefore, our results might suggest that the lack of reduction in %Ugnepe and e observed
in asthmatic subjects might be due to a less homogeneous lung expansion in asthmatics
particularly during bronchoconstriction.

Another explanation for this difference could be related to the reduced elastic recoil in
asthmatic patients. Based on results from a computational model of airway narrowing [108]
with parameters taken from actual lung tissues from AS and NA patients, Wiggs et al.
concluded that airway narrowing was enhanced in the presence of the reduced elastic recoil
[107]. Elastic recoil may be reduced in asthmatic patients after asthma attacks [111], during
a stable period [63], or even 6 weeks following successful treatments of acute attacks [22].

This reduction in the elastic recoil in AS could imply a reduced magnitude of the parenchy-
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mal stress increase upon the increase in lung volume, potentially making the reduction in
eccentricity of the cross sectional shape under ASM tension more difficult in AS compared to
NA airways. The reduced sensitivity of the non-circular shape to lung volume increase in AS
may also be compatible with differences in the behavior of airway smooth muscle postulated

to explain the reduced or absent response of asthmatic lungs to a deep inhalation [24, 57, 91].

Despite observing the trend in the change in underestimations of resistance caused by the
increase in lung volume to TLC, individual airways in fact behaved heterogeneously. In a
large fraction of the airways (54% of AS airways and 57% of NA airways), the increase in lung
volume to TLC caused a decrease in %Uyreq (>5% decrease), but an increase in %U,;.q in a
substantial number of airways (33% of AS airways and 32% of NA airways with an increase
in %U,req of >5%). Originally, we had expected that the high distensibility airway should
have a large decrease in longitudinal heterogeneity in cross sectional area. Surprisingly,
we found no correlation between the change in the cross sectional area caused by the lung
volume increase to TLC and the change in %Uy,e,. Therefore, the variability in the change of
%Uarea Was not attributable to differences in airway distensibility per se and the mechanism
responsible for these effects remains illusive. Nevertheless, interesting results emerged as
we investigated the reduction in the average longitudinal heterogeneity in the cross sectional
area in airways of different sizés. We found that the average longitudinal heterogeneity in the
cross sectional area was only reduced in the smallest 75% of the airways. It is possible that in
the largest 25% of the airways, the relative effect of pleural pressure change or parenchymal
tethering could have been small compared to the effects of stiff cartilage plates [69], which

are more prevalent in large airways.

In conclusion, we demonstrated that neglecting the longitudinal heterogeneity in airway
luminal area, and assuming a circular cross section led to underestimations in airway resis-
tance, which could be considerable ( 50%) in some airways, but small on average (median
<6%). We estimated the magnitude of the two sources responsible for the underestimation
of R,y the variability in the cross sectional area and the non-circularity of its shape. These

sources contributed on average to 1/3 and 2/3 of the total underestimation, respectively.
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We found that an increase in lung volume to TLC during bronchoconstriction reduced on
average the longitudinal heterogeneity in the cross sectional area in both AS and NA air-
ways. However, the magnitude of that effect was variable among airways and the average
reduction was smaller and less consistent in AS compared to NA subjects. We speculated
that loss of lung recoil, increased wall stiffness, remodeling of the airway wall, or reduced
airway-parenchymal interdependence in asthmatic airways might be the cause of the lack of
reduction in the non-circularity of the cross section by inhalation to TLC observed in AS

subjects.

3.2 Paradoxical Dependency of Airway Distensibility
on Airway Wall Area in Asthma

3.2.1 Introduction

Lung expansion has been thought as a potential mechanism for reducing excessive airway
narrowing in bronchoconstricted patients. However, it has been shown that this does not
apply to asthmatic patients. Many research studies have therefore focused on understanding
the mechanism of lung inflation and its effect on airway expansion. To do this, understanding
the mechanics of airway narrowing becomes very important.

Due to the potential benefit of lung expansion on the reduction and/or prevention of
excessive airway narrowing in non-asthmatic subjects, many recent research studies have
focused on the mechanism of lung inflation and its effect on airway expansion [14, 17, 83,
84, 82, 85, 91]. To understand the effect of lung inflation on airway expansion, it becomes
essential to study the mechanics of airway narrowing.

Many researchers suggested that excessive airway narrowing could be related to thicken-
ing of airway wall [41, 58, 65, 72, 80]. Moreno et al. investigated how airway narrowing could
be affected by the changes in the airway structure and airway smooth muscle [65]. They
suggested that airway narrowing should increase with mechanical factors such as thickening

of airway wall, increased ASM proportion to the airway cross section [65]. Based on the
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measurements from postmortem specimens of asthmatic lungs, James et al. concluded that
thickening of airway wall could be an important determinant of airway hyperresponsiveness
[41]. In addition, Macklem claimed that thickening of airway wall could lead to uncoupling
of airway-parenchymal interdependence [58], unloading the airway smooth muscle and even-
tually resulting in excessive airway narrowing [72]. Moreover, Sasaki et al. proposed that
thinning of airway wall could reduce airway narrowing [80].

Based on these studies, we would expect that under the same increase in lung volume,
airways with thick walls should expand less than those with thin walls. To investigate this
hypothesis, we compared airway dimensions analyzed from High-Resolution Computed To-
mography (HRCT) images taken during Methacholine-induced bronchoconstriction in asth-

matic and non-asthmatic subjects at mid-tidal lung volume and total lung capacity.

3.2.2 Methods

Subjects Selection We studied High-Resolution Computed Tomography (HRCT) images
from 8 mild-to-moderate asthmatics and 9 non-asthmatic adult volunteers. Based on NIH
guidelines, individuals with the forced exhaled volume in 1 sec (FEV1) or forced vital capacity
(FVC) > 80 % predicted, and peak flow or FEV1 variability of < 30% in daily symptoms were
qualified as a mild-to-moderate asthmatic patient. Subjects that were either non-smokers, or
ex-smokers of < 10 pack-year history were not included in the study. All asthmatic subjects
had no chronic respiratory symptoms or cardiopulmonary disease other than asthma. Prior
to the study date, the concentration of inhaled MCh aerosol that causes a 20% reduction
in FEV1 (PC20) was determined for each subject after a Methacholine (MCh) challenge
test done in an upright position. The maximum PC20 dose for normal subjects without

hyperresponsiveness is 25 mg/ml.

Study Protocol HRCT images were acquired during a short breath hold (around 20 secs)

at a lung volume equal to that averaged over a stable breathing period prior to each scan.

TM)

Impedance plethysmography (Respitrace was used to aid the breath-hold maneuver.
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Through a head mount display, subjects were able to view their instantaneous lung volume
during breathing, as well as a reference line at its mean value. The total of 3 HRCT images
of the whole lung were taken during a breath hold in the following order: 1) BM: at baseline
before MCh challenge at mean lung volume (MLV), 2) MM: after MCh challenge (with a
PC20 dose) at MLV, and 3) MT: after MCh challenge at total lung capacity (TLC).

Imaging The subjects were imaged in supine positions with a Siemens Biograph 64 PET-
CT tomograph. The scanner was used in a helical mode with 64 slices per rotation, 0.6
mm collimation, a pitch of 1, 120 kV peak, and 8 mA. The image reconstruction was done
using the B31 kernel with a slice thickness of 0.75mm, 0.5mm slice increment and 0.25 mm

overlap.

Data Analysis In this paper, we exclusively used Pulmonary Workstation 2.0 software
(VIDA Diagnostics, Iowa City, IA) to analyze all HRCT images obtained as part of the study
and obtain airway measurements. For each image, for 35 specific central airways (up to the
6" generation), we imported the following measurements into MATLABTM: the average
outer airway cross sectional area (Ao), average inner airway cross sectional area (Az), total
lung volume (V' L). On average 1 airway per subject was removed from the analysis because
its cross section was, by inspection, clearly not perpendicular to the centerline.

The cross sectional area of the airway wall (W A), and apparent wall area (w) were
calculated as WA = AoAi, and w = W A/Ai. The relative distensibility (A) was computed
using the following equation:

Aiprr—Ainrpg

Ao
A= ML (3.12)
2/3 2/3 *
VL,/LT—VLMM

vil;
where the subscript MM indicates that the data was from the image taken after MCh
challenge at MLV, and the subscript MT indicates that the data was from the image taken
after MCh challenge at TLC.

Using MATLAB, we generated a linear least-square regression between the apparent wall
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Figure 3-9: The apparent wall area during bronchoconstriction at the mean lung volume
(MLV), w and the apparent wall area during bronchoconstriction at total lung capacity
(TLC), wr, belonging to one asthmatic subject. The least-square linear regression line was
drawn in the solid black line. k is the slope of the regression line. w* is the apparent wall
area where the predicted w = the predicted wr based on the linear regression.

area before and after lung expansion to TLC for each subject. Then, for each regression
(See Fig 3-9) we obtained 3 following parameters: the slope of the regression line (k), w
along the regression line where w = wr(w*), and R? of the regression line. Additionally, we
speculated that the higher the change in lung volume from MLV to TLC is, the more the
regression line should deviate from the 45deg line. Hence, k should be positively correlated
with the relative change in lung volume from MLV to TLC. A linear least-square regression
of k and (V Lyspr/V Lasr)??® was generated such that the regression line was constrained to

pass through.
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Statistical analysis Data are expressed as means + standard deviation. Using the sta-
tistical software package SAS (SAS Institute, Cary, NC), we analyzed the data with a 2-way
analysis of variance (ANOVA) model with repeated measurements (same subject imaged at
different times). Pairwise comparisons of WA, w, A and VL within each group based on
the 2-way ANOVA model from baseline at MLV to post MCh at MLV, and post MCh at
MLV to post MCh at TLC were made. For all statistical analyses, P<0.05 was considered

significant.

3.2.3 Results

A lung volume increase to TLC during bronchoconstriction (BC) resulted in a statistically
significant increase in the airway wall area (WA) in both asthmatic (AS) and non-asthmatic
(NA) subjects (P<0.0001) (Fig 3-10). The statistically significant difference in the change of
WA between AS and NA subjects following the lung volume increase to TLC was observed
only in large airways (P<0.05) (Fig 3-11).

Despite the increase in WA, the apparent wall area (w) in both AS and NA airways
significantly decreased after the lung volume increased to TLC (P<0.0001) (Fig 3-10). After
the lung volume was increased to TLC, w of small airways reduced to a greater extent than
w of large airways in both AS and NA subjects (Fig 3-12 and 3-13). The reduction in w
of each individual airway within each subject scaled linearly with the apparent wall area of
an airway imaged at MLV post MCh challenge (wasas). The relationship between wysas and
wyT was approximated to be linear with R? value ranging from 0.83 to 0.97 (0.91 £ 0.05)
in AS, and 0.75 to 0.92 (0.87 £ 0.05) in NA subjects. The slope of the regression (k) was
less than 1 in all AS and NA subjects and was positively correlated with the lung volume at
TLC relative to that at MLV (Fig 3-14). When the increase lung volume from MLV to TLC
was small, k was also small. Forcing the regression line to pass through £=1 when the lung
volume did not change from MLV to TLC, the least square linear regression was described

by the following equation: k = 0.9052 % (V Ly /V Lar)¥? (R = 0.53).

81



>

*ik * ik

o
©

Average WAMM,m ‘WA_BM
« 5 B B

Ll

N O ¢

Average

—_— -—

FS o
%){ ’
»

-
-]

{
7

BM MM MT BM MM MT

Figure 3-10: The intra-subject change in the measured wall area (W A) and the intra-subject
average apparent wall area (w). The data were taken from 3 images taken at: (1) BM:
baseline at mean lung volume (MLV), (2) MM: post MCh challenge at MLV, and (3) MT:
post MCh challenge at total lung capacity (TLC). The left column (blue) represents data
from asthmatic (AS) subjects. The right column (red) represents data from non-asthmatic
(NA) subjects. A: The intra-subject average of the WAy or WAy relative to W Agy.
In both AS and NA subjects, WA increased after MCh challenge (P<0.05) and following
the lung volume increase to TLC during bronchoconstriction (P<0.0001). B: The intra-
subject average w. Following the lung volume increase to TLC during bronchoconstriction,
the apparent wall area decreased in both AS and NA subjects (P<0.0001).
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Figure 3-11: The change in the airway wall area (WWA) before and after lung expansion
to TLC during bronchoconstriction. Data from all airways in all asthmatic (AS) and non-
asthmatic (NA) subjects were plotted in A and B, respectively. WA of each airway are
colored according to their airway type: small (blue), medium (yellow), and large (red). The
significant difference of the change in WA between AS and NA subjects was observed only
in large airways. The extent to which W A increased in large airways of AS subjects is higher
than that in large airways of NA subjects following lung expansion to TLC.
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Asthmatics

Figure 3-12: The apparent wall area before and after lung expansion to TLC in 8 asthmatic
subjects. The apparent wall area during bronchoconstriction at MTLV (wasps) and at TLC
(wpr) from small, medium, and large airways were plotted in blue, yellow, and red, respec-
tively. A least-square linear regression was generated for each subject and drawn in the solid

black line. See text for explanation.
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Non Asthmatics

Figure 3-13: The apparent wall area before and after lung expansion to TLC in 9 non-
asthmatic subjects. The WA during bronchoconstriction at MTLV (waa) and at TLC
(warr) from small, medium, and large airways were plotted in blue, yellow, and red, respec-
tively. A least-square linear regression was generated for each subject and drawn in the solid

black line. See text for explanation.
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Figure 3-14: The slope of the linear regression (k) and relative change in lung volume
(V Ly /V Lyr)??. Data from each of the 8 asthmatic (AS) subjects (colored in blue)
and 9 non-asthmatic (NA) subjects (colored in red) were plotted with a least-square linear
regression line (colored in light blue) that was forced to go through (1,1) (R = 0.53). See
text for explanation.
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Figure 3-15: The estimated lung volume (VL) at three imaging conditions of all asthmatic
(AS) and non-asthmatic subjects (NA). The lung volume were taken from 3 images taken
at: 1) BM: baseline at mean lung volume (MLV), 2) MM: post MCh challenge at MLV, and
3) MT: post MCh challenge at total lung capacity (TLC). The left column (colored in blue)
represents data from AS subjects. The right column (colored in red) represents data from
NA subjects. In AS subjects, V'L increased both following the MCh challenge (P<0.05) and
lung expansion to TLC (P<0.05). In NA subjects, V L increased both following the MCh
challenge (P<0.0001) and lung expansion to TLC (P<0.0001).

The lung volume varied across 3 imaging conditions. After MCh challenge, lung volume
increased in both AS subjects (P<0.05) and NA subjects (P<0.0001) (Fig 3-15). The lung
volumes after MCh challenge at MTLV and TLC in AS subjects were higher than that in
NA subjects (P<0.05). However, there was no étatistical difference in lung volume between

AS and NA subjects before the challenge at MLV.

In both AS and NA subjects, WA increased after MCh challenge (P<0.05), but the
increase in less than that observed after the lung volume was increased to TLC (Fig 3-10).
After MCh challenge, there was no statistical difference in w in neither AS nor NA subjects
(Fig 3-10). Fig 3-16 and 3-17 illustrated no systematic response of w in individual airways
of all AS and NA subjects after MCh challenge.

87



Asthmatics

7 - 7
I I
3 // // '
/
/ ° ,/ //‘
§2 £ ’ ’
4 ’ ’
3 # " J
e
1 ,‘ od "'
7 V4
4 / ’
% 1 2 3
“am
r'd rd V4
Vd rd 7/
’ ’ /
’ ’ -
' ) 4 AN ]
z/' // //.
s « .
2 L ] £ ¥
' 4 /
L ‘.
/’: e »
r'd F 4 P
s rd
// ‘ //
L b
Fd g
», ..
7’ ® /’¢ [ ]
N 4 7
v e
’ /
7
Se
} Y
/ /s

Figure 3-16: The apparent wall area at mean lung volume (MLV) before and after MCh
challenge in 8 asthmatic subjects. The apparent wall area at MLV before MCh challenge
(wpnr) and after MCh challenge (wasas) from small, medium, and large airways were plotted
in blue, yellow, and red, respectively. See text for explanation.
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Figure 3-17: The apparent wall area at mean lung volume (MLV) before and after MCh
challenge in 9 non-asthmatic subjects. The apparent wall area at MLV before MCh challenge
(wpm) and after MCh challenge (wpspr) from small, medium, and large airways were plotted

in blue, yellow, and red, respectively. See text for explanation.

89



3.2.4 Discussion

The results of this study show that the lung expansion to TLC caused a reduction in the
apparent wall area (w) of central airways in both asthmatic (AS) and non-asthmatic (NA)
subjects during bronchoconstriction. This reduction was systematic in both AS and NA
subjects, such that airways with thick apparent wall area had a larger reduction in w after
the lung volume was increased to TLC than those with thin apparent wall area. Moreover,
an airway that underwent a higher lung volume increase would have a higher reduction in
w, even though the two airways had the same w before the lung volume increase.

Despite the reduction in the apparent wall area, we observed that the measured wall
area (W A) increased both after MCh challenge and lung expansion to TLC. Note that the
increase in WA after lung expansion to TLC was significantly different between AS and
NA subjects, but only in large airways whose inner area was at least 38 mm?. WA in AS
subjects was higher than that in NA subjects for all 3 imaging conditions. Interestingly,
the difference between the increased WA in AS and NA subjects after lung expansion to
TLC was not observed in small-sized (inner area is < 7 mm?) or medium-sized (inner area

is between 7-38 mm?) airways.

Limitations of HRCT Imaging Modality The measurements estimated from HRCT
images using Pulmonary Workstation 2.0 have been validated only for central airways with
the luminal area greater than 3.08 mm?2. Moreover, due to the restriction on the allowed
radiation exposure, only static images were acquired. This imaging modality could not cap-
ture the time-dependent responses, which would be helpful in understanding the mechanics
of airway narrowing, a process that was highly dynamic.

In our analysis of airway response to MCh challenge, the difference in the MCh concen-
tration (PC20 dose) between subjects was not accounted for. Note that depending on the
degree of airway hyperresponsiveness in each subject, the PC20 dose could be different. PC20
dose in AS subjects is lower than that in NA subjects because of the hyperresponsiveness is

higher in AS than NA subjects.
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Simulataneous Lung Expansion during Bronchoconstriction We found that after
the MCh challenge, when airways were constricted, the lung volume also increased. This
made the effect of bronchoconstriction difficult to be separated from that of the lung expan-
sion to TLC on airway dimensions. Therefore, a definite conclusion cannot be made as to
either the bronchoconstriction and/or lung expansion to TLC influence the change in airway

dimensions following the MCh challenge.

Change in the Measured Wall Area The response in the change of W A during bron-
choconstriction reported in previous literature was contradictory. In the studies published
by James et al., they found that the inner W A remained relatively unchanged both during
bronchoconstriction and after the change in the lung volume [39, 40]. However, Sasaki et al.
reported no change in the inner W A during bronchoconstriction and a decrease in the outer
WA [80]. Interestingly, however, our results indicate that during bronchoconstriction and
after the increase in lung volume, W A increased.

Note that in the studies published by James et al. and Sasaki et al., the airway wall area
was measured from the postmortem sample taken from the lung that had been mechanically
ventilated before dissection. In contrast, our airway measurements were estimated from in
vivo images. Additionally, during our study, subjects were breathing spontaneously, while
the animals in the studies conducted by James et al. and Sasaki et al. were mechanically
ventilated. Thus, we speculated that the discrepancy between our results and those published
by James et al. and Sasaki et al. might have come from differences in the experimental
procedure and method for acquiring airway measurements.

The increase in W A during bronchoconstriction observed in our study could have resulted
from the shifting of blood volume into the bronchial venous plexus in the airway wall as
a result of an induced bronchoconstriction. The induced bronchoconstriction can cause
the pulmonary blood flow to increase [86]. Due to the increased blood flow in pulmonary
circulation and the close communication between pulmonary circulation and the bronchial
venous plexus as shown in the study by Murata et al. [66], we expected that the blood flow

into the bronchial venous plexus could increase, and therefore, lead to the increase in W A
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during induced bronchoconstriction.

Similarly, the observed increase in W A after the increase in lung volume to TLC could
have resulted from the increase in blood flow in the bronchial venous plexus. However, we
expected that the mechanism might be different. The increase in lung volume leading to the
increased parenchymal expansion should reduce the interstitial pressure. When the intersti-
tial pressure was lowered, the vessels outside the influence of alveolar pressure were minimally
affected, leading to the increase in blood flow [37]. Due to this increase in pulmonary blood
flow and its close communication with the bronchial venous plexus, we expected that after
the increase in lung volume to TLC, W A could increase. The amount of blood volume within
the lung may not be insignificant as studies in sheep have shown that the bronchial blood

volume comprises as much as 20% of the total tissue volume [4, 62].

Changes in the Apparent Wall Area Based on the interdependence of airways and
parenchyma, it should follow that airways with thicker wall when subjected to an increase in
lung volume should not dilate as much as those with thinner wall. Hence, we expect airways
with large apparent wall area when subjected to the increase in lung volume to not have an
increase in its apparent wall area (due to smaller increase in the luminal area). However,
we found the opposite to be true in our data set, that is, small airways (large apparent wall
area) are more distensible, i.e. have larger decrease in its apparent wall area (large increase
in its luminal area) after lung expansion to TLC.

A larger reduction in apparent wall area in small airways after TLC expansion could be
because during bronchoconstriction, small airways had larger constriction and thus for the
same increase in luminal pressure due to TLC expansion, there was more dilatation of the
airway lumen than in large airways. This agrees with findings in the literature showing high
distensibility in small airways [46].

Studying the measured and apparent wall area helps guide our understanding of the

relevance of parenchymal interdependence in asthma.
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Chapter 4

Peripheral Airways

Although peripheral airways have not been extensively studied due to the limitation in im-
age resolution and imaging techniques, published data in the literature have suggested that
asthma pathogenesis coud be highly affected by changes in peripheral airways (diameter
<2 mm). In this chapter, an approach for estimating resistance of peripheral airways was
presented along with the application of this approach on experimental data. Later in the
chapter, we applied this approach on the data to study three mechanisms of bronchocon-

striction and evaluate their correlation with peripheral airway responses.

4.1 Image-Based Modeling Approach for Estimating

Peripheral Airway Constriction in Human Lungs

4.1.1 Introduction

Airway hyperresponsiveness and ventilation heterogeneity are important characteristics of
asthma. Underlying both of these characteristics is the complex relationship between airway
structure and lung function. To study this relationship during bronchoconstriction, recent
research has focused on developing morphometric models of the lung [2, 27, 92] or inverse

models for estimating lumped parameters of the respiratory system from global measure-
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ments, i.e. from data obtained from forced oscillation techniques [30, 44].

Advancements in medical imaging technologies have provided increasingly more detailed
images of the in vivo lung, and led to development of novel insights into the relationship be-
tween airway structure and lung function. Noninvasive measurements of airway dimensions
during bronchoconstriction using High Resolution Computed Tomography (HRCT) has led
to better understanding of heterogeneity in airway narrowing [48], the site of airway nar-
rowing caused by bronchoconstriction in asthma [71], the effect of longitudinal heterogeneity
on airway resistance [110], and structural changes in asthmatic airways [12]. A pulmonary
imaging technique to quantify regional specific ventilation from dynamic Positron Emission
Tomography (PET) scans [103] has been used to investigate the emergence of patchiness
in asthma [101], the characteristics of ventilation distribution [100], and patterns of airway
constriction [94]. Magnetic Resonance Imaging had also been used to quantify the extent of
ventilation defects [15, 21|, as well as parameters of lung microstructure such as number of

alveoli per unit lung volume and acinar airway radii-parameters [112].

However, despite these advances in imaging technologies, there has not been any method
to quantify the resistance of peripheral airways within anatomically defined regions in hu-
mans. The fact that the majority of airways within the bronchial tree have diameters too
small to be measured by HRCT in vivo poses a major challenge for measurements of periph-

eral airway resistance within anatomical regions.

Here we describe an approach that combines measurements from two imaging modalities
(PET and HRCT) to estimate the resistance of peripheral airways (j2 mm in diameter) within
anatomically defined regions of the lung and their changes during bronchoconstriction. This
approach was applied to data from 7 asthmatic (AS) and 8 non-asthmatic (NA) subjects
at baseline and during bronchoconstriction and used to evaluate changes in resistance of

airways smaller than those measurable with HRCT.
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4.1.2 Methods

Data from our PET-HRCT studies were collected (See Data Acquisitions and Study Pro-
tocol) and used to estimate subject-specific parameters in asthmatic and non-asthmatic
subjects at baseline and during bronchoconstriction (See Derivations of Subject Specific Pa-
rameters). These parameters were then used as inputs to a lumped parameter network model
(LPN) of the lung to provide estimates of regional peripheral resistance (See Equivalent Net-

work Analysis).

Data Acquisition and Study Protocol

Subjects Images were obtained from 7 mild-to-moderate asthmatic and 8 healthy adult
volunteers (demographics shown in Table 4.1). Subjects with mild-to-moderate asthma were
selected according to the criteria of the NIH Global Initiative for Asthma with forced exhaled
volume within 1 sec (FEV1) or forced vital capacity (FVC) > 80% predicted, less than daily
symptoms, and peak flow or FEV1 variability of < 30%. We excluded subjects that were
current smokers, and those with > 10 pack-years). Other exclusion criteria were the use
of oral steroids, symptoms of upper and lower respiratory tract infection, or a history of
hospitalizations for asthma in the past month, or history of cardiopulmonary disease other
than asthma. No systemic or inhaled corticosteroids could be used within 1 week prior
to enrollment. The study protocol was approved by the Massachusetts General Hospital

Institutional Review Board. All subjects gave their written informed consent.

Prior to the study date, all subjects underwent a methacholine (MCh) challenge to de-
termine their PC20: the provocative concentration of inhaled MCh aerosol that caused a
20% reduction in FEV1. PC20 was determined based on the method published by Crapo
[18]. The maximum dose given to asthmatics was 8 mg/ml and all non-asthmatic subjects
were given 25 mg/ml, a dose that by protocol was less than their PC20. Spirometry during

the initial screening of subjects was performed while subjects were in an upright position.
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Non-asthmatic subject (n = 8) Asthmatic subjects (n = 7)

Age, yr 32.1 £ 10.9 31.4 £ 11.7
Sex (F/M) (5/3) (2/5)

Height, cm 166.4 £ 6.5 173.3 £ 7.1
Weight, kg 65.4 £ 8.2 76.3 £ 13.6
FEV1, L (%Predicted) 3.3 +£ 0.8 (93.8 £ 10.3) 3.6 £ 0.5 (88.0 £ 7.9)
FVC, L (%Predicted) 4.0 + 1.0 (93.6 + 13.2) 4.6 £ 0.8 (93.2 + 8.2)
PC20, mg/ml > 25 24 £+ 1.8

Table 4.1: Demographics and PFT collected from screening in an upright position of asth-
matic and non-asthmatic subjects. Values are means + SD. Unpaired t-test comparison
between asthmatic and non-asthmatic groups: *P < 0.0001.

Study Protocol A Siemens Biograph 64 PET-CT tomography scanner was used in a
helical mode to acquire 64 slices per rotation. The scanner setting was 0.6 mm collimation,
and a pitch of 1. The energy settings were 120 kV peak, and 80 mA. Image reconstruction
was done using the B31 kernel with a 0.75 mm slice thickness, 0.5 mm slice increment and
0.25 mm overlap. With the subjects in the supine position, HRCT images were acquired
during a short breath hold (around 12 secs) under 3 consecutive conditions: 1) at baseline and
imaged at mean lung volume (MLV) (BASE), 2) following a five breaths of PC20 dose of MCh
and imaged at the subject determined MLV (POST) and 3) post MCh and imaged at total
lung capacity (PostTLC). Dynamic PET emission scans of tracer gas 3NN were acquired
following the first and second CT scans. The kinetics of *NN was used to assess regional
specific ventilation within the lung. Prior to each HRCT or PET scan, MLV was determined
over the 30-second period of stable breathing. To guide the breath hold maneuver, the
instantaneous lung volume and a line indicating MLV from an impedance plethysmograph
(SomnoStarPT, SensorMedics Corp, Yorba Linda, CA) were displayed to each subject by
means of video glasses. Breathing frequency (f) was calculated for each subject at each
condition as the dominant frequency of a Fast Fourier Transform of the lung volume signal

from the impedance plethysmography during the ¥ NN washout period [38].

Data Analysis Pulmonary Workstation 2.0 (PW2) software (VIDA Diagnostics, Towa

City, IA) was used to analyze and obtain airway dimensions of 35 defined central airways
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(0" — 6" generation) for each condition (Fig. 4-1A). The following parameters from PW2
were imported into MATLAB (Mathworks, Natick, MA): 1) the average luminal area (A), 2)
airway length (L), and 3) generation number (starting with 0 for the trachea). From HRCT
images, using PW2 19 sublobar regions subtended by 19 of the most distal airways were
identified (Fig. 4-1B). For each region and imaging condition, the following parameters were

gathered:

e d: relative distance of each sublobar regions geometric center from the most ventral

point in the lung normalized by the total lung height (from ventral to dorsal),
e Vitis: tissue volume defined as the volume of the sublobar region not occupied by air.

e ['gas: fraction of the regions volume occupied by gas.

Lumped Parameter Network Analysis

For each subject at a given condition (BASE or POST), the 35 defined central airways, each
with individual conductance of G., or resistance (G_'), were interconnected in a network
with a subject-specific airway tree structure (e.g. Fig. 4-1A). Each of the 19 most distal
airways (colored in blue in Fig. 4-1B) was connected to a peripheral resistance (R,), then
to an elastic element with apparent compliance of C,, and then a common pleural pressure
(P,) (Fig. 4-1C). Airflow (V) through each branch of the airway tree is assumed to be equal
to the sum of flow of its daughter branches. Values of G. and C, were estimated from HRCT
and PET images (See 4.1.2). Three network models were considered: 1) a network model
where pressure drops across both resistive elements ( and R,) were neglected, 2) network
model where only pressure drops across R,, but not G;' was neglected, and 3) a network
model where pressure drops across neither G;! nor R, was neglected. G, was defined as
the airflow through each of the 19 most distal airways divided by the sum of pressure drops

across all central airways leading to each sublobar region (Fig. 4-1C and Appendix A). For

Model 3, total pathway resistance (Rr) was defined as G’C’l +R,.
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Figure 4-1: A: 3D volume rendering of an airway tree, lung, and a sublobar region imaged at
TLC. B: Diagram of 35 defined central airways and their labels used in our analysis. Of these,
the 19 most distal airways, colored in blue, were used to define respective sublobar regions
each airway subtended. C: Diagram of the lumped parameter network model of the airway
tree consisting of 35 defined central airways with individual conductance of G.. For each
of the 19 most distal airways, a resistive element (R,) representing resistance of peripheral
airways within each sublobar region and elastic element with apparent compliance of Ca were
appended in series. These model parameters were estimated from airway tree morphometry
quantified from HRCT images, and the distribution of ventilation among sublobar regions
(V) estimated from dynamic PET scans. Each pathway was connected to a common pleural

pressure (Py).
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Derivations of Subject-Specific Parameters

Regional gas volume (Vgas) Regional tissue volume (Vtis) measured from PW2 was

found to be quite variable among three imaging conditions for each region in all subjects. For

Viis, BASE

example, the mean and standard deviation (Mean + SD) of regional Viis, post

for all subjects
was 1.01 £ 0.32 compared with the average and SD of whole lung %—ﬁ% of 0.99 £+ 0.04
for all subjects. This suggested that the variability in Vitis; was likely due to an inconsistent
segmentation among scansan observation that was confirmed by visual inspection. Given
that parenchymal segmentation appeared to be most accurate at TLC and that Vtis of the
lung did not significantly change with imaging condition, for each sublobar region Vtis was
assumed to be equal to that measured at TLC for the other two conditions (BASE and
POST). Moreover, since regional Fgas is a parameter normalized by the sublobar regions
total volume, it should be less sensitive to the inaccuracy in sublobar segmentation than
Vgas. Hence, we estimated Vgas of each sublobar region i from its regional Fgas (Fgas;)
and Vtis; at TLC as,

Fgas;

Vg(lS = . Vtisi,PostTLC (41)

1 — Fgas;

Subtended Gas Volume (Vsub) was computed for each central airway as the sum of

gas volumes of all regions subtended by that airway.

Alveolar Ventilation per Unit Volume (SVA) Within each sublobar region, the activity
of 13NN during washout measured with PET was averaged and used to estimate alveolar
ventilations per unit of gas volume assuming a two-compartment model [103]. Sublobar

region sV, was then computed as the blood flow weighted sV, of the two compartments.

Total Ventilation (V7;) of asublobar region, i, was defined as the sum of its alveolar (Vj ;)
and dead space (Vp ;) ventilations. Since specific ventilation (sV,4) was the total ventilation
per gas volume within each subtended region, VA,i was the product of sV, and Vgas;. VD’Z‘

was assumed to be 1/3 of VT,i. An average airflow through each airway was computed from
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the sum of VTJ- to its subtended regions. sV* was defined as the mean-normalized sV of all

sublobar regions weighted by their corresponding V gas;.

Regional Apparent Compliance (C,) Assuming that P, was constant throughout the
pleural space, we estimated an apparent compliance of a sublobar region (C, ;) as the change
between MLV and TLC of its regional gas volume (AV;) divided by the change in transpul-
monary pressure (AP,;). For both BASE and POST, we computed Ca,i as,

Coi = AV, _ Vgasirrec — Vgasimry (4.2)

AP, Vgasy,rrc—VgasL.mrv
P sC-FRC

where Vgas; and Vgas;, were the gas volumes in the sublobar region and the whole lung,
respectively; the subscript MLV and TLC denoted the lung volume state at which Vgas was
calculated; sC was the specific compliance of the lung and assumed to be 0.1 L/emH,0 per
1L of FRC [47, 90]. We estimated each subjects FRC from their TLC and body mass index
using the empirical table by Jones et al. [42] (See Appendix B). Fig. 4-2B shows a plot
V—Q‘Z% vs. whole lung Vgasy/Vgasr rrc for all sublobar regions of a subject at BASE
(in black) and POST (in red). In this plot, the data from a sublobar region whose specific

compliance is equal to that of the lung would follow the identity line, and the variation of

the sublobar apparent compliance is reflected by differences in the slope in Fig. 4-2B.
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Figure 4-2: A: Fraction of gas content (Fgas) within each sublobar region located at a nor-
malized distance d from the most ventral part of the lung (d = 0 most ventral, 1 most dorsal)
taken at baseline (BASE), after MCh challenge (POST), and at TLC (PostTLC). Fgas was
highest at TLC the top (supine position) and decreased toward dependent regions of the
lung with increasing dependency on d as lung volume deviated from TLC. B: Regional gas
volume (Vgasi) normalized by its TLC value vs. gas volume of the lung (Vgasy) normal-
ized by TLC. Slopes of these lines (belonging to each sublobar region) represented specific
compliance of a sublobar region relative to that of the lung (blackBASE, redPOST).
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Conductance of Individual Airways (G,) was defined as the ratio of airflow to pressure
loss along each of the 35 anatomically defined airways. The pressure loss along each airway
was computed as the sum of major and minor losses based on the work by Katz et al. that
accounted for the local characteristics of flow in the human airway tree [45]. Major and minor
losses were estimated based on a local Reynolds number, average airway diameter, length,
average flow velocity, and empirical table of minor loss coefficients. That table provides
constants for each generation number based on computational modeling and experimental
results of flow through a bifurcating structure. This method was applied to all airways except
those whose cross sections, by inspection, did not appear perpendicular to their centerlines
due to the segmentation error in PW2. On average, this amounted to one, but no more than
two, airways per subject. Conductance of erroneously segmented airways was estimated
based on the observed correlation between log(G,.) and log(V subpesirrc) for all airways
measured within each individual (Fig. 4-3). For BASE or POST condition, linear regression
was applied to the plot of log(G.) and log(Vsubpysrrc). The regression parameters for
each subject were used to estimate G, of those airways based on their measured subtended

volume, VsubposiTrc-
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Figure 4-3: Individual conductance (G.) of 35 defined central airways in a representative
non-asthmatic subject at baseline (BASE: open circles) and post MCh challenge (POST:
filled circles) and gas volumes of regions that each airway subtended (V) estimated from
the PostTLC image. log(G.) scaled linearly with log(Vsu) at PostTLC.
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Figure 4-4: Mean-normalized data of specific ventilation measured from PET scans (sV*)

*

and specific ventilation predicted from the lumped parameter network model (.szred) for
each pathway in a representative non-asthmatic subjects at baseline (BASE: open circles)
and post MCh challenge (POST: filled circles). Data for SV;;;ed computed from Model 1,
2 and 3 are shown in A, B and C, respectively. In Model 1 and 2, the prediction of were
reasonable at baseline, but not after the challenge. In Model 3, we were able to match with
by adding the appropriate estimates of R, with less 1% prediction error.

Peripheral resistance (R,) In a plot of model-predicted (sl‘/p’;ed‘i) vs. measured mean-
normalized (sV;*) specific ventilations of sublobar regions, deviations from the identity line
of the data for Model 1 and Model 2 (Fig. 4-4A and Fig. 4-4B) imply that nonzero values
of regional R, need to be included to the network to account for the distribution of sV
measured from PET scans. To estimate R, for each pathway, we used the following algorithm.
First, assuming a known oscillatory driving pressure and in-phase flow throughout the tree,
we obtained approximate values of sublobar R, such that the magnitude criteria in the

following equation was satisfied,

— Py = (Z Gt,k Vi + sz%) =1 (Oiz szf) (4.3)

kew;

where k is an index defining specific airways along a pathway, i.

Values of estimated R, entered into Model 3 allow airflow to be calculated for each sublo-

bar region i (including both phase and magnitude). These airflows were used to calculate
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Svmed’i and compare them against the corresponding PET measured sVi. This yielded a
prediction error of less than 1% for the initial estimate, and was rapidly reduced by iterative

estimation of R,.

Pleural Pressure (F,) was not directly measured during this study, and thus had to be
estimated. First, for baseline conditions, we started with a fixed value of P, for all subjects.
Although we found that values of sG); for each subject fell within a range, there was usually
an outlier whose value was an order of magnitude higher than the average sG,;. This outlier
was identified to be from the pathway with the highest the total pressure drop given by
Model 2.

We chose to apply the following approach to select P, based on the assumption that the
variance of the distribution of sG,; at baseline should not be greatly affected by the exclusion
of one of its pathways. For each subject, we began by identifying the smallest value of Py
that yielded nonzero R, as the pressure drop across the pathway j with the highest total
pressure drop in Model 2. Then we calculated the values of sGp; for incrementally increasing
values of F,; until the exclusion of sGy, ; did not reduce the mean-normalized variance of sGp
by more than 20%. This value of P, was the final estimate used in our analysis. For the

condition after MCh challenge, P,; was assumed to double relative to Py at BASE.

Pathway Specific Conductance Peripheral airway component of pathway specific con-

ductance (sG,;), and central airway component of pathway specific conductance (séc’i) were
R_115 éc i s
defined as VgZZsi and Vgass respectively.

Statistical Analysis All reported measurements were the mean + standard error (range:
minimum maximum). Statistical analyses were performed using SAS 9.2 (SAS Institute,
Cary, NC). One-way ANOVA was used to determine the effect of MCh challenge on C,.
When the normality test failed, the Wilcoxon Rank Sum Test was used instead of the one-
way ANOVA. Two-way ANOVA with repeated measurements was used to determine the
effect of MCh challenge and the effect of asthma. If the normality test failed, two-way
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ANOVA was reapplied to the log-transformed data. For all statistical analyses, P<0.05 was

considered significant.

4.1.3 Results

Fractional Gas Content (Fgas) Fgas within each subject increased after MCh challenge
(P<0.0001) reflecting an increase in total lung volume (P<0.001). Lung volume increased
after the challenge on average by 24.8 + 7.0% in NA and 26 4+ 8.8% in AS subjects, but were
not significantly different between the two groups. Fgas measured at MLV had a vertical
dependency that was reduced when lung volume increased after MCh challenge (P<0.05).
Fgas at PostTLC had a small but significant vertical dependency (P<0.001) as illustrated
in Fig. 4-2A. During inflation from MLV to TLC, sublobar gas volume (Vgas;) increased
differently among regions with some expanding more and others expanding less than the
average expansion of the lung (Fig. 4-2B). Sublobar apparent compliance (C,;) derived
from these regional changes in Vgas between MLV and TLC did not significantly change
after MCh challenge in neither the NA, nor AS group (Wilcoxon Rank Sum test).

Conductance of Individual Central Airway (G.) Log(G.) varied linearly with log
Vsub at TLC in both NA and AS subjects at BASE and POST (Fig. 4-3). Linear regression
parameters for that relationship had an average correlation coefficient of 0.85 (SE of 0.01) and
average regression slope of 1.12 (SE of 0.05). Two-way ANOVA with repeated measurements
performed on these correlation coeflicients and slopes showed no significant effect of MCh

challenge or the presence of asthma.

Central Component of Pathway Specific Conductance (s@c‘i) The data taken from
all pathways in all subjects of each group show that séc,i was highly variable as seen in the
broad cumulative distributions both at BASE and POST. In addition, MCh challenge caused
a left shift in these distributions in both groups reflecting a systematic reduction in median
of sG.; from 3.22 [cmH20 - s]~1 to 2.42 [emH20 - 5|1 (Fig. 4-5A). Analysis by individual

subject shows a significant, but small, reduction of the individual geometric mean (y,) of
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sG.; after MCh challenge for both groups (P<0.05) (average reduction of 20.2 £ 0.1 SE)

(Fig. 4-6A). The heterogeneity of sé’c,i within subjects, measured by the geometric variance

2
g

sG.; after MCh challenge in NA subjects, the increase did not reach significance (P=0.058)

02), was not different between NA and AS subjects. Although there was an increase in o2 of
9
Fig. 4-6C). In the AS group, the response of 02 (sG.;) to MCh challenge was highly variable
g 3

between subjects.

Peripheral Component of Pathway Specific Conductance (sG,;) The broad cumu-
lative distributions of sG,;, pooled for all pathways in all subjects of each group, illustrates
a large variability in peripheral pathway conductance in both groups at BASE and POST.
MCh challenge also caused a left shift in these distributions of sGp,; in both groups reflecting
a substantial reduction in the median of sG,; from 0.12 [cmH20 - s]~1 to 0.03 [cmH20 - 5|1
(Fig. 4-5B). Analysis by individual showed that MCh challenge caused a significant and
substantial reduction in p4 of sGp; in both groups (Pj0.001) (average reduction of 69.8 £ 0.1
SE), but p, of sG,; was not different between groups (Fig. 4-6B). The geometric variance
(03) of sG,; was not different between NA and AS subjects and was not affected by MCh

challenge in a systematic manner (Fig. 4-6D).

The peripheral component of specific conductance was more than an order of magnitude
smaller than the central component in both groups for both conditions (Fig. 4-6A and Fig.
4-6B). This large contribution of peripheral airways to mechanical obstruction can best be
presented in terms of the ratio between peripheral resistance (R, ;) and total resistance (Rr;)
of each pathway. The right shift in the cumulative distributions of R,;/Rr;, pooled for all
pathways in all subjects of each group, shows that at baseline R,;/Rr; was moderately
higher in AS than NA subjects (P<0.005), and increased substantially after MCh challenge -
(P<0.0001) with no difference between NA and AS for POST condition (Fig. 4-7). Baseline
values of Rp;/Rr,; ranged from 0.79 0.99 in NA (median of 0.96) and 0.75 0.99 in AS
subjects (median of 0.97). For POST, values of R,;/Rr; were greater than 0.95 for all
pathways with a median of 0.993.
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Figure 4-5: Cumulative distributions of the central component of specific pathway conduc-
tance (sG.) at baseline (BASEsolid line) and post MCh challenge (POSTdashed line) in 19
pathways for A) all non-asthmatic (NA), and B) all asthmatic (AS) subjects. MCh chal-
lenge caused a significant reduction in sG, in both groups (P<0.01). Peripheral component
of specific pathway conductance (sG,) at baseline (BASEsolid line) and post MCh challenge
(POSTdashed line) in 19 pathways were plotted for C) all NA, and D) all AS subjects. In

both groups, we found a significant reduction in sG, after MCh challenge (P<0.001).
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Figure 4-6: Geometric mean (y,) and variance (03) of the central and peripheral component
of specific pathway conductance ( and sG,, respectively). Individuals p, of sG. and sGp
are shown in Fig. A and B. org of sG, and sG, within each individual are shown in Fig. C
and D. Bronchoconstriction (POST) caused a reduction in p, of sG, in both non-asthmatic
(NA) and asthmatic (AS) subjects (P<0.05) and a substantial reduction in p, of sG, in both
groups (P<0.005). The geometric mean of sG. were at least an order of magnitude higher
than that of sG,. The change in geometric variance was not systematic in either group. See

text for further explanation.
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Figure 4-7: Cumulative distributions of peripheral resistance (R,) relative to the total path-
way resistance (Rr). The plot includes data from 19 pathways of all non-asthmatic (NA) and
asthmatic (AS) subjects at baseline (BASE) and post MCh challenge (POST). At BASE,
R,/Rr was elevated in AS compared to NA subjects (P<0.005). R,/Rr significantly in-
creased in both groups after MCh challenge (P<0.0001).
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4.1.4 Discussion

This paper presents a novel image-based, subject-specific modeling approach to estimate
the resistance of central and peripheral airways, and the compliance of anatomically de-
fined sublobar regions. Applying this approach to imaging data from asthmatic (AS) and
non-asthmatic (NA) subjects, we found that the relative contribution of peripheral airway
resistance (R,) was elevated in AS compared to NA subjects at baseline (BASE) and substan-
tially increased during bronchoconstriction (BC) in both groups. Moreover, R, was highly
heterogeneous within and among subjects. R, represented a large fraction (>75%) of the to-
tal resistance of any pathway (Rr) at BASE, and increased to account for >95% of Rr during
BC. These results demonstrate that airway constriction during induced bronchoconstriction
occurs mostly in peripheral airways (<2 mm in diameter).

We will discuss and compare advantages of our approach with existing modeling ap-

proaches in two categories.

1. Models of Regional Lung Mechanics. Distributed inverse models applied to frequency
response data have been widely used to investigate mechanical responses during bron-
choconstriction [43, 44, 92, 113]. Parameters such as resistance and elastance from the
distributed model are estimated from whole organ measurements. They may provide
measurements of functional heterogeneity within the lung but not for anatomically de-
fined regions. In contrast, the modeling approach proposed in this paper provides esti-
mates of regional mechanics within anatomically defined regions of interest. Moreover,
the proposed approach not only allows for the quantification of functional impairment,

but also links the source of functional impairment to anatomical structures.

2. Morphometric Models. Morphometric models of a human lung such as those developed
by Weibel et al. [105] and Horsfield et al. [36] have been used to estimate the contribu-
tion of airway generations to the total pressure losses during breathing [74]. In Weibel
and Horsfield models, assumptions about the airway tree were made to generalize its
morphometry within a population, disregarding branching asymmetry and differences

in airway morphometry among individuals, which may influence the regional distri-
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bution of ventilation. Rather than a population-based model, the described approach
allowed us to build a subject-specific model for the lung based on each individuals

anatomical information.

Another morphometric model recently developed by Tawhai et al. [92] used lobar ge-
ometry obtained from the segmentation of subject-specific CT scan as an input to an
algorithm to grow distal generations of the airway tree. This model uses a volume-
filling algorithm to generate a tree structure that closely resembles that of the human
lung. Although the model creates an airway tree using subject-specific constraints, it
has many degrees of freedom to define the geometry of specific airways, which may
or may not represent in vivo airway functions at baseline or during bronchoconstric-
tion. In contrast, our estimation of peripheral resistance within sublobar regions can
yield a solution where the predicted ventilation closely matched the measured regional
ventilation. Nevertheless, the Tawhai model could be combined with our approach to

investigate functional changes at smaller length scales within sublobar regions.

Tgavalekos and colleagues combined data from PET imaging, oscillatory ventilation
mechanics, a{ld the Tawhai model to identify potential patterns of airway constriction
that could explain the observed size and location of ventilation defects during bron-
choconstriction [94]. Such statistical modeling tested assumptions about the distribu-
tion of constriction at different levels of the tree to match global oscillatory mechanics,
but were not necessarily consistent with quantitative measurements of regional ven-
tilation. However, in our modeling approach without making an assumption about
constriction patterns, we can estimate values of peripheral resistance for airways with

diameter <2mm within anatomically defined sublobar regions.

Model Assumptions Assumptions about unmeasured variables had to be made in our

model to derive estimates of peripheral resistance. Here, we discuss the potential implications

that these assumptions may have on our results and, when possible, how they can be avoided

in the future.
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Breathing Flow Waveform was assumed to be sinusoidal at a frequency equal to the
dominant frequency evaluated from Fourier analysis of the lung volume signal recorded
from impedance plethysmography during PET scan used to measure regional ventilation
distribution. Therefore, this estimated flow waveform is a first order approximation of the
actual flow, and it should not result in substantial differences in estimates of peripheral
resistance. Deviations from the actual flow waveform can be represented by additional
sinusoids of lower amplitude at frequencies other than the dominant frequency, which should

result in a small effect on the estimated pressure losses.

Regional Lung Compliance was estimated from total lung compliance and regional
changes in sublobar gas volumes derived from HRCT images. Total lung compliance was
not measured, but was estimated for each subject based on their lung volume assuming a
population-based specific compliance (sC) and an FRC-to-TLC ratio, determined from the
subjects body mass index (BMI) [42]. This method allowed us to arrive at a first order
approximation of a subject-specific total lung compliance, which can be measured in future

studies.

Dead Space Ventilation In order to compute total flow along airways from alveolar
ventilation per unit of gas volume (sVy), we need an estimate of dead space ventilation
(Vp). Hardman et al. showed in a modeling analysis that maximum V' D/VT under normal
physiological conditions was approximately 1/3 [31]. Therefore, we assumed V D/VT ratio
to be 1/3 and equal for all sublobar regions. In reality, regional dead space ventilation
is difficult to estimate and may differ between regions depending on several factors. For
example, intraregional gas mixing, anatomical volumes of airway feeding sublobar regions,
characteristics of regional airflow, or incomplete gas mixing between inhaled and alveolar
gas can affect the efficiency of gas exchange, and thus our estimates of regional airflow from
PET scans. Although studies by Wellman et al. [106] and Simon et al. [89] demonstrated a
high degree of correlation between sV, and specific alveolar volume change during breathing

in animals, the effect of this assumption on our estimates has to be further investigated in
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humans.

Pleural Pressure (FP,;) When either the pleural pressure (Fp) or total lung resistance is
known, the problem of determining peripheral resistance is well-defined and has a unique
solution. Unfortunately, neither parameter was available in our data set suggesting that
there could be infinite numbers of solutions for R,s that can predict the observed regional
distribution of ventilation. Hence, to evaluate regional R,s with certainty using our approach,
P, or total lung resistance needs to be measured or specified. Despite such limitation, we
investigated whether using a fixed value of B, within a physiological range for all subjects
could offer reasonable estimations of Rp. Although we found that, for each subject, most
of the values of sGp; from the 19 pathways fell within a bounded range, there was usually
an outlier with either a negative or a very high positive value of sG,; (more than an order
of magnitude higher than the population mean). This outlier was identified to be from
the pathway with the highest total pressure drop predicted by the model that ignored the
presence of peripheral resistance (Model 2). Values of P, less than that pressure would
gave unrealistic negative values of R,, and values above that pressure but too low would
yield exaggerated values of sG},; for that pathway compared with the rest. In retrospective,
it is clear that because different people were breathing with different tidal volumes and
frequencies, Py could not have been the same for all subjects.

Guided by this insight, we tested another method of selecting F,; based on the assumption
that the variance of the distribution of sG,; at baseline for a given subject should not be
greatly affected with the exclusion or inclusion of any one pathway. As P, was incrementally
raised above the minimum value yielding nonzero sG,;, the mean-normalized variance (CV?)
of the distribution of sGp; decreased and eventually converged to that of the distribution
without the outlier. We chose the P, at which CV? fell within 20% of that excluding
the outlying pathway. 20% was the typical change of CV? observed after excluding any
other pathway from the distribution. This assumption allows the variability of sGp,; within
pathways but implies a distribution without a single outlier.

In addition, we assumed MCh challenge resulted in a doubling of P, in both groups. For
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a constant flow rate, this corresponds to a doubling in the magnitude of lung impedance,
observed in studies of similar protocols conducted in our research lab. However, the increase
in Py may have been different among individuals. In fact, if bronchoconstriction caused
an increase in P, that was higher in AS than NA subjects, the values of R, in AS would
have been higher than those reported in this paper. Although we cannot prove that these
assumptions are valid and, for that matter, that the selected F, represented the actual P

value on a given subject, the following results suggest that our selected F,; is reasonable.

First, global values of lung specific conductance measured in humans with ages ranging
from 4 to 87 years of age are around 0.2 [cmH20 s]71 [7]. This compares extremely well
with the values of the lung specific conductance calculated from our model as the volume-
normalized inverse of the real component of total lung impedance without upper airways

(average of 0.10 + 0.05 SD for NA and 0.08 + 0.04 for AS at baseline).

A second set of data suggesting that our estimates of Rp are reasonable was from the
estimated values of R,/Rr derived from theoretical calculations of airway resistance per
generation by Pedley [74] in a Weibel symmetric tree. The sum of the resistances of the 4th
generation and beyond in that model accounted for 0.86 of the total sum of resistances for
the full tree assuming laminar flow or 0.63 for the case with a flow rate of 10 L/min. Our
estimates of R,/Rr at baseline ranged from 0.75 0.99 (median of 0.97). Although these
estimates are larger than those from Pedleys model, they are not unrealistic because they
came from imaging in vivo airways that had a baseline smooth muscle tone. In contrast,
airway geometry for Pedleys model was derived from cadaver castings of airways without

any smooth muscle tone and likely having lower peripheral resistance.

Techniques using a retrograde catheter, alveolar capsules, and wedged bronchoscope have
been used to measure resistance of peripheral airways in human lungs [97, 104], rabbits [78],
and dogs [52]. Values of peripheral resistance obtained from these techniques are also con-
sistent with ours. For example, using the wedged bronchoscope technique, Wagner and
colleagues [104] measured peripheral resistance in asymptomatic asthmatic subjects at base-

line and after histamine challenge. They found that R, of asthmatic subjects at baseline
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was higher than that of normal subjects (the average baseline R, in asthmatic was at least
3 times that in normal subjects) and R, increased significantly after the challenge. Romero
and Ludwig [78] used alveolar capsules glued to the pleura in rabbit lungs to measure tissue
viscance, which was thought to, in part, include peripheral resistance. They found that
the contribution of tissue viscance to total lung resistance was 65% + 15% at baseline and
increased to 84% =+ 12% after challenge with MCh aerosols. These data sets give additional
support to our estimates of P, and Rps.’ Clearly, measurements of P, (using esophageal bal-
loon techniques) or total lung specific conductance are necessary in order to obtain unique
estimates of R,. Furthermore, future studies can greatly benefit from direct measurements
of sC and dead space (using the Fowler technique).

In summary, this paper presents an image-based, subject-specific modeling approach in-
cluding PET and HRCT imaging to estimate structural and functional parameters of subjects
at baseline and during bronchoconstriction. Measurements of central airway morphometry,
derived from HRCT images, and ventilation distribution, derived from PET scans, were
combined to yield estimates of peripheral resistance of anatomically defined sublobar re-
gions. This method may aid in evaluating and understanding of regional differences in the
constriction of peripheral airways in vivo. Data obtained from this approach may also help
in identifying mechanisms responsible for the location and strength of peripheral airway
obstruction in a subject-specific manner without requiring in vivo measurements of small
airways, which are limited by imaging spatial resolution. It may also offer insights into the

regional physiology of distal airways in other lung diseases.

4.2 Topographic Modulation of Peripheral Airway Re-

sponse in Asthma

4.2.1 Introduction

Studying the effect of regional differences in respiratory function on the distribution of ven-

tilation during bronchoconstriction may help identify a mechanism related to excessive air-
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way response in asthma. During quiet breathing, the distribution of ventilation in normal
lungs was known to be determined by differences in regional compliance of the expanding
parenchyma [64], which varied based on gravitational dependency. However, from imaging
studies during a simulated asthma attack, it is clear that the distribution of ventilation is
patchy with contiguous regions of very low ventilation compared with the rest of the lung
[100, 101, 1, 21]. The existence of patchiness was likely due to elevated airway resistance
with heterogeneous airway narrowing. Modeling studies have provided insights that complex
interactions between airways and their surrounding parenchyma in an interlinked branching
structure can lead to the emergence of severe heterogeneity without existing asymmetries

between branches [109].

In addition, the presence of structural heterogeneity should initiate and exaggerate the
emergence of patchiness and define the anatomical location of ventilation defects. For ex-
ample, during breathing, airway caliber is determined by a dynamic equilibrium of forces
acting on the airway smooth muscle (ASM). Based on experiments on ex vivo ASM strips,
it was observed that dynamic stretch of activated muscles reduced its average constrictive
force. Similarly, application of dynamic forces on activated muscles increased its length.
Given that the parenchymal tethering forces resulted in the dynamic stretch of the airway
wall during breathing, one could expect that regions experiencing lower tidal distensions of
the parenchyma could preferentially constrict compared to those subjected to higher tidal
parenchymal distension. One could postulate that asymmetry caused by gravity-oriented
gradients in lung expansion could contribute to the preferential clustering of constricted air-
ways in less expanded, gravity-dependent regions of the lung. The anatomical location of
patchiness could also be driven by the heterogeneity in the activation of ASM caused by
the heterogeneous responsiveness of ASM or uneven distribution of allergens. In a simulated
asthma attack, this would correspond to an uneven dosing of airway walls by an aerosolized
agonist such as Methacholine (MCh), whereby regions with high agonist doses would drive

the local formation of patchiness.

Here we explore the extent to which these sources of asymmetry may modulate the topo-
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graphical distribution of peripheral airway constriction. To accomplish this, we developed a
multi-modality image-based (PET-CT), patient-specific modeling approach. This was used
to study subjects with and without asthma (n=7, n=8) as follows: HRCT images of their
lungs and dynamic PET scans of 3NN gas washout were obtained before and during a
simulated asthma attack by inhalation of aerosolized MCh.

Dynamic lung volume was monitored by impedance plethysmography (SomnoStarPT,
SensorMedics Corp, Yorba Linda, CA). HRCT images were obtained during breath hold at
their mean lung volume during breathing before each PET scan, and at maximal inhalation
during the simulated asthma attack. For each HRCT image, airway tree morphometry
was defined and tissue and gas volumes of sublobar regions (n = 19) were obtained using
Pulmonary Workstation 2.0 software (VIDA diagnostics, lowa City, IA (Fig. 4-8A). From
each PET scan, specific ventilation (sV) of each sublobar region was estimated from the
15NN washout rate [103].

A lumped parameter network model of lung mechanics was created based on the patient-
specific airway tree topology (Fig. 4-8B). Model characteristicsG. (conductance of each cen-
tral airway (n = 35)), C, (apparent compliance), Ap (driving pressure) and V (airflow)were
derived from the scans. Airflow through the trachea at the beginning of subjects airway tree
was assumed to be sinusoidal at a frequency (f,) measured by impedance plethysmography.
From this model, elastic admittance (YE), peripheral airway resistance (R,), and corner
frequency (f.) of the pathway leading to each sublobar region were derived for conditions
before and during bronchoconstriction caused by the simulated asthma attack. Regional gas
volume per unit tissue of each sublobar regionparenchymal distensionwas characterized by

its peak (dp), tidal amplitude (dr), and inspiratory distending capacity (d;c¢) (Fig. 4-8B).

Our study aims were to:

e Evaluate the extent to which compliance/elastance and central airway conductance

may determine the topographic distribution of ventilation,
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Figure 4-8: A 3D volume renders of the lung, airway tree and 3 representative sublobar
regions and patient-specific parameters derived from HRCT and PET images. B Structure
of the lumped parameters network model of the lung, corresponding lumped elements in each
pathway, and regional parenchymal distension (Vjus;/Viisi). Input and output parameters
of the lumped parameter network model previously presented in section 4.1 are listed below
4-8.
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e Estimate the value of peripheral airway resistance necessary to fully explain such ven-

tilation distribution, and

e Compute the correlation between the regional response of peripheral airways to induced

bronchoconstriction and the following sources of heterogeneity:

1. 8;¢, as a surrogate of airway dosing of MCh.
2. Or, as a surrogate of dynamic stretch on the smooth muscle,

3. dp, as a surrogate of parenchymal distending forces,

4.2.2 Results

Contribution of Tissue Elastic and Central Airway Viscous Pressure Drops to
Ventilation Distribution At baseline (BASE), the specific ventilation predicted (sV;,Ted)
from a network consisting only of elastic elements with apparent compliance of Ca was posi-
tively correlated with the regional specific ventilation (sV) in most subjects without asthma
(NA) (n = 7; R = 0.79 £ 0.02 SEM). However, this was true only in a few asthmatic sub-
jects (AS) (n = 3; R = 0.80 = 0.01 SEM). During bronchoconstriction (BC), this correlation
disappeared for most subjects except for 2 NA and 2 AS subjects. Example plots of sV
VS. szred are shown in Fig. 4-9A and 4-9B. The sum of square (SS) defined as the relative
difference between the mean normalized sV and sVPred from the network consisting only of
C, increased after Mch challenge in NA (P=0.003, paired t-test), but not in AS subjects.
During BC, SS of the model that included G, was significantly lower than SS of the previous
model (P<0.05). No difference in SS of the two models was found at BASE.

Lack of prediction of the elastic model was related to heterogeneity Values of
peripheral resistance (R,) were computed so that values of sV vs. szTed would be identical.
To investigate the reason the model consisting only of elastic elements could not predict the
ventilation well during BC, SS of the elastic model was correlated with the corner frequency

(f.) normalized by breathing frequency (fs) (f./f»). Note that f./f, in each pathway was
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identical to the ratio of elastic to resistive pressure drops in that pathway. Interestingly, we
found that the heterogeneity, not the magnitude, of f./f, was highly correlated with SS of
model consisting only of elastic elements (R=0.88) (Fig. 4-9).

Sources of Heterogeneity and Regional Response of Peripheral Airways First, to

study the relationship between the airway dosing of Mch agonists and responses in peripheral

airways caused by BC, we correlated d;c with gpﬁﬂ

, a parameter that ranged from 0
p,CHAL

(maximal constriction) to 1 (no response). Even though a negative correlation was expected,

it was not found in any subject (See Fig. 4-10 and 4-11).

The second source of heterogeneity investigated that could affect the peripheral airway

. . 1 R
response was dynamic stretch on airway smooth muscle. We correlated 6 with E%' To
P

i R
our surprise, we found that dr and F222%E
p,CHAL

4-12 and 4-13).

were not positively correlated as expected (Fig.

Lastly, we studied another source of heterogeneity that could affect the peripheral airway
response related to parenchymal tethering using dp as a surrogate for parenchymal distending
forces. We found that in most NA subjects (n = 6), % and 0p were positively correlated

P

as expected (R = 0.68 + 0.07 SEM) (Fig. 4-14). This positive correlation was significant
only in two AS subjects with highest PC20 (least response to Mch challenge) (Fig. 4-15).
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Figure 4-9: The sum of square (SS) of the relative difference between the mean normalized
sV and szTed was plotted against the geometric variance of the normalized corner frequency
(f./fs). Each data point represents data from an individual subject at baseline (BASE-
white) and after MCh challenge (CHAL-grey). Corresponding cumulative distributions from
two representatives are plotted on the right with arrow indicating individual data points on
the main plot. SS was highly correlated with geometric variance of f./f, (R=0.88). Most
geometric variance of f./f, increased in NA subjects after the challenge, whereas the trend
in the AS group is not clear.
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Figure 4-10: Parenchymal distending capacity d;c and peripheral airway response Ppmase

Rp,cHAL
in subjects without asthma (NA). We expected that regions of increased d;¢ should have an

increased peripheral airway response (negative correlation). However, we found no significant
negative correlation in any NA subjects.
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Figure 4-11: Parenchymal distending capacity d;¢ and peripheral airway response %‘% in
subjects without asthma. We expected that regions of increased d;¢ should have an increased
peripheral airway response (negative correlation). However, we found no significant negative

correlation in any AS subjects.
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Figure 4-15: Peak parenchymal distension dp and peripheral airway response R AL
subjects with asthma. There was a significant positive correlation in two AS subjects wiht
the least response to Mch challenge (highest PC20).
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4.2.3 Discussion

Our study demonstrates that the effect of elastic and central airway viscous pressure drops
on the distribution of airflow within the lung during an induced asthma attack is minimal
compared to the effect of viscous pressure drops in peripheral airways. We estimated the
peripheral airway resistance such that the predicted ventilation will match the observed
ventilation derived from PET scans. Using this information, we investigated the correlation
between different sources of heterogeneity that may give rise to the observed changes in
peripheral airway resistance. We found that the source of heterogeneity associated with
peripheral airway constriction in subjects without asthma was peak parenchymal distension,
instead of tidal distension. Moreover, the amount of MCh dosing was also not associated
with the degree of peripheral airway constriction. The distribution of ventilation in healthy
lungs was dependent on tissue elastic pressure drops, which were linearly related to tissue
compliance, and hence, the change in regional gas volume. This change in regional gas

volume was postulated to be directly associated with tidal aeration and lung strain [6, 25].

It was taken that the distribution of inspired gas in the lung would describe regional
distribution of ventilation in healthy lungs [64]. However, the contribution of central or
peripheral airway resistance should also affect the regional distribution of ventilation par-
ticularly during a simulated asthma attack. Macklem and Mead concluded based on their
measurements of resistance of peripheral airways that were at most 15% of the total lung
resistance that central airway constriction would contributed greatly to a marked increase in
pulmonary resistance [61]. However, we found the opposite to be true. The additional con-
tribution of central airway viscous pressure drops on the distribution of ventilation was small
and unable to explain the distribution during a simulated asthma attack. In fact, airway
~ constriction occurs mostly in the periphery. The resistance of peripheral airways contributed
to the majority of the total resistance at baseline and during bronchoconstriction in lungs of
open-chest dogs [55] and rabbit [78], as well as in vivo human lung (journal in review). We
postulated that this could be due to factors such as the increased secretion (inflammatory

exudate or mucus) that might have replaced surfactant resulting in the instability of closure
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in small airways during an induced bronchoconstriction [49]. Since small airways are less
able to clear secretions due to a lack of cilia and a lack of high gas velocity generated during

cough, it can exacerbate airway closure.

Our data suggests that pressure drops across peripheral airways are crucial in deter-
mining ventilation to sublobar regions. Additionally, we found that the extent to which
peripheral resistance impacted regional ventilation was determined by the heterogeneity in
the distribution of normalized corner frequency, that is the impact of peripheral resistance
on ventilation was increased in patients with increased heterogeneity in the distribution of
corner frequency. The effect of the three sources of heterogeneityairway dosing of Mch, tidal
stretch on airway smooth muscle (ASM), and peak parenchymal forceson peripheral airway

response during a simulated asthma attack was investigated.

First, using the inspiratory distending capacity (d;c) as a surrogate for Mch dosing, we
found no significant correlation between d;- and peripheral airway response in any subject.
This suggests that the distribution of Mch aerosols may not be the dominant source of
the preferential clustering of airway constriction during bronchoconstriction in distal lungs.
However, the lack of such correlation could be because the amount of Mch aerosols delivered
in each sublobar region could be different from that deposited on airway walls, possibly due

to aerosol agglomeration or other secondary phenomena.

Second, Fredberg et al. conducted a study on an isolated maximally contracted bovine
tracheal smooth muscle subjected to tidal stretchés and found that the steady state con-
tractile ASM force reduced when the tidal stretch/strain increased [23]. Based on this
experimental study, one can infer that airways inside a region with high tidal distension
should have lower ASM force, and thus, less peripheral airway constriction compared to
those in regions with low tidal distension. If this hypothesis holds in vivo, we should observe
a preferential clustering of peripheral airway constriction in regions with low tidal distension

(positive correlation). However, there was no significant positive correlation in any subject.

Two independent studies by Noble et al. [68] and Laprad et al. [51] conducted on intact
airways could explain this finding. They demonstrated that the lack of tidal oscillations
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in an intact airway did not result in an increase in airway response. It is possible that
the hypothesis that oscillatory strains caused the breakage of actin-myosin cross bridges
and reduction in ASM stiffness and contractile force was only applicable to the ASM strip,
but not the intact airway. This could be because during activation in an intact airway,
ASM shorted and thus moved away from the tensile strain required for yielding, making the

argument of the breakage of actin-myosin crossbridges invalid in intact airways [50].

Additionally, opposite to what we expected from the hypothesis inferred from studies
by Fredberg et al., we found that a region with high tidal distension had more peripheral
airway constriction than that with low tidal distension in some subjects (4 asthmatic and
4 non-asthmatic subjects). This unexpected correlation could potentially be explained by
a Chapman et al. study [16]. Their studies reported that in response to increased cyclic
stretch, the production of reactive oxygen species (ROS) in lung epithelial cells increased.
This increase in the production of ROS was hypothesized to induce inflammatory response

[16] that could be related to increased airway responsiveness.

The third source of heterogeneity investigated was the regional peak parenchymal dis-
tension as a surrogate for peak parenchymal force. In a sublobar region with high peak
parenchymal distension had reduced peripheral airway responses to Mch than in a region
with low peak parenchymal distension in almost every non-asthmatic subject. Here we dis-
cussed two published studies that support our findings. The first is a study conducted on
non-asthmatic subjects by Ding et al. investigating the impact of the increased lung vol-
ume (increased peak parenchymal distension) on changes in total lung resistance during a
Mch-induced bronchoconstriction [20]. They found that, in healthy lungs, the increase in
total lung resistance during bronchoconstriction was significantly higher at lower lung vol-
ume where the peak/average parenchymal distension was low. Given that most constriction
in the lung occurs in the peripheral airways, their finding suggests that the heterogeneity
in peak/average parenchymal distension was determined by the degree of peripheral airway
constriction in healthy lungs. Worth noting was the fact that this observation was not true

in almost all asthmatic subjects except one that turned out to be the least responsive to
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Mch challenge (largest PC20).

In conclusion, this finding suggests that the ability for parenchymal distension to pre-
vent airways from excessive narrowing during bronchoconstriction may be compromised in
asthmatic lungs. Such reduced ability of the parenchyma could be due to the decreased
interdependence between an airway and surrounding parenchyma. Several hypotheses that
could cause reduced interdependence between airway and parenchyma include remodeling of
peribronchial adventitia [73, 107, 59], a potential increase in parenchymal stiffness [88, 5, 10],
or airway remodeling [19]. For example, in asthmatic airways where remodeling of the air-
way wall is prevalent, the transmission of stress from the expanding parenchyma to dilate
airway lumen would be limited because of the thickened wall. Our work has the potential to
help identify mechanisms responsible for excessive bronchoconstriction in asthma and offer

suggestions for personalized treatment of asthma.
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Appendix A

Derivations of Specific Pathway

Admittance

A.1 Model 1

Each pathway in Model 1 consisted of elastic elements with different apparent compliance of

each sublobar regions (C, ;) (all resistive elements were assumed to be zero). Airflow through

each pathway (i) was assumed to be sinusoidal with maximum flow rate (Vj,az;), average

flow rate (V;), and constant breathing frequency (f).

Vi = Vmax’icos @2rf-t)= %‘Z’COS (2rf - t) (A.1)

The average pressure drop across C,; in each pathway (¢ = 1, ,19) during inspiration

(Ppw ;) to the flow rate through each pathway (V;).

T2 Y (1
Py =/ S dt (A.2)
P 0 Ca,i
In the Laplace domain, '
Vi(s
Poui(s) = m—— ) (A.3)

where s = j(2rf) and j = /-1
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Therefore, the pathway admittance (Y},,;) of Model 1 is,

i

Y;)w,i = P
pw,i

= 27l'fCa’z‘ (A4)

A.2 Model 2

The network in Model 2 consisted of conductance of central airways (G.x) and C, (i.e.
peripheral resistance (R, ;) was neglected). The total pressure drop, therefore, Py, ; was the
sum of the resistive pressure drop and the pressure drop across the apparent compliance.

In the Laplace domain,

Ppus(s) = V) 3 Vilo) (A.5)

Cui 8
a,l kEpw; c.k

where k is the index of an airway leading to the sublobar region i, and is the flow through

Vi 1V
P = (z | G) _ (C v f) (A6)

Youwi =

the airway k. Hence,

And,

(A7)

(ZkEpwi G‘Zkk
A.3 DModel 3

The network in Model 3 consisted of G.;, peripheral resistance (R,;), and C,; connected in
the order listed. A unique set of R,; was determined to satisfy the pressure drop boundary
condition both in magnitude and phase.

Similar to the analysis above,

1 . ) 1 Vv
Gc’k Vk + Rp,@Vz> ) (Caﬂ' 27Tf) (A8)



Solve for R,; such that Py, ; =

e (4

kepw;

— Ppl

1

¢k

Vk +szVz> -7 (
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Appendix B

Estimating Apparent Compliance

Regional Apparent Compliance (C, ;) for each sublobar region (index ¢ = 1, 2, , 19) was

computed as,

AV,
Cai = 4 B.1
’ AP, (B-1)
where
AV, =Vgas;rrc — Vgas; mrLv (B.2)

and AP, was found from the relationship below,

_ AVi/FRC _ (Vgasprrc — Vgaspyiv)

sC = B.3
Hence,
Vgasirre — Vgas;mrv
Ca’i = Vgasy roc—Vgasy mLv (B'4)
sC-FRC

where Vgas; and Vgasy were the gas volume in the segmental region and whole lung,
respectively; the subscript MLV and TLC denoted the lung volume during HRCT imaging

from which Vgas was calculated; sC was the specific compliance and assumed to be 0.1
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L/cmH,0 per 1L of Functional Residual Capacity (FRC). This method was equivalent to
those described in the literature by Fuld et al. [25].
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