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ABSTRACT

The topic of airway-parenchymal interdependence
(API) is of great importance to those interested in
identifying factors that influence airway patency. A
carefully designed experiment has raised questions
about the classical concept of API. This paper pro-
poses a new mechanism of API. The pulmonary lobe
is an aggregated body consisting of many Miller’s
lobular polyhedrons and a fractal bronchial tree. The
fractal cartilaginous bronchial tree was assumed to be
characterized by both Horton's ratio (L,,, /L; =2*,
where L, , and L; denotethemean lengthsof bra-
nches at Horsfield’ order of j + 1 and j) and power
laws between diameters and lengths of branches.
Fluid dynamic parameters of fractal trees were as
sumed to beinterrelated among powersand 4. A non-
cartilaginous lobular bronchiole is adjoined to the
edge of a lobular polyhedron, and is encircled by an
inextensible basement membrane to reflect a reversi-
ble relationship of rL, = constant(c), where r, and L,
denote the diameter and the length of a lobular
bronchiole, respectively. API at the level of the lobu-
lar bronchiole was described by
log(r,)=—(1+4)/(1+54)log(hk,/c), where r, and I,
denote the diameter of the lobular bronchiole and the
parenchymal parameter relating the size of the lobu-
lar polyhedron, respectively. If the distribution in
sizes of the lobular polyhedrons was described by a
Weibull’s probability density function characterized
by the shape parameter m as well as the fractal pa-
rameter 4 = 0.5, the diameter R of a cartilaginous
bronchial branch was determined by

log(R) = F (m)—3/7log(k/c), where F(m) denotes a
function of m, and h denotes the mean size of the
polyhedronsin the lobe. As a conclusion, API can be
described by a combination of both lobular API and

corresponding adaptive changes in the degree of con-
traction of airway smooth muscles.
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1. INTRODUCTION

Excessive airway narrowing is a hallmark of asthma and
chronic obstructive pulmonary disease (COPD) [1]. It
results from maximal shortening of airway smooth mus-
cle, leading to severe obstruction or even closure of the
airways. In contrast, traction bronchiectasis has been
recognized in high-resolution computed tomography
(HR-CT) scanned images from patients with idiopathic
pulmonary fibrosis (1PF) [2]. Parenchymal attachment to
the adventitial wall of the airways in the lung is widely
believed to contribute to the loads, measured in the air-
way smooth muscle, and, hence, it is assumed to be a
significant factor in limiting airway narrowing and in
producing traction bronchiectasis. Noble et al. [3], how
ever, have raised questions about this common assump-
tion. In a carefully designed experiment in mid-sized
cartilaginous porcine bronchi, they found that the force
pulling on the smooth muscle layer by the parenchyma
surrounding the adventitial airway wall was insignificant
and that it did not restrict luminal narrowing of the air-
way. The results suggest that parenchymal tethering may
not play an important role in the altered airway caliber
and smooth muscle function observed in COPD and | PF.

As Mandelbrot stated in his elegant monograph [4],
biological branching systems, including the human bron-
chial tree, exhibit a fractal nature, i.e., a scale-indepen-
dent self-similarity in the bifurcation pattern of their ar-
chitecture. The fractal dimensions have been measured
using various techniques. Fluid dynamic parameters of
the bronchial tree as the conduit system are derived in
power functions of radius including the fractal dimension
in the exponents [5,6]. These fractal properties of the
bronchia tree would be able to maintain the bronchial
tree as the most effective passage for airflows[7].

The stiffer cartilaginous airways may have prevented
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parenchymal tethers from altering the adventitial diame-
ter of the airways. Therefore, the increase in luminal di-
ameter (traction bronchiectasis) in pulmonary fibrosis
represents a relaxation uncoupling of the smooth muscle
layer from the adventitia, and the decrease in luminal
diameter in constricted airways represents a contraction
uncoupling of airway smooth muscle layer. Due to their
stiffness, the cartilaginous airways cannot change in
length, but they can change in diameter. A more compli-
ant non-cartilaginous airway, such as lobular bronchioles
(less than 1 mm in diameter), would be more amenable
to parenchymal pulling, to the extent that the elastic load
can be transmitted to the smooth muscle layer without
much hindrance. Thus, airway-parenchymal interde-
pendence would exist at the level of the lobular bronchi-
oles. In this study, we propose that airway smooth mus-
cle can change the degree of its contraction to maintain
the fractal geometrical properties of the bronchia tree.
The resulting adaptive bronchoconstriction in COPD or
adaptive bronchiectasis in IPF could occur through the
airway-parenchymal interdependence at the level of the
lobular bronchioles.

2. ASSUMPTIONS FOR MODELING

2.1. Fractal and Power Laws as Integration
Rules of the Bronchial Tree

The pulmonary lobes are composed of many lobules
(Miller’s secondary lobules), which are integrated into the
whole lung by the bronchial tree. By applying the rules of
integration to the bronchial tree, we assumed a power
relationship between the diameters at a bifurcation (7,
r, and r)inFigurel, asfollows:

Ho=r 4 @

Biologists with an interest in the quantitative aspects of
biological branching structures have found Horton's
branching law to be applicable to the bronchia tree [8].
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Figure 1. Power laws between
diameters at a bifurcation.
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We implemented Horsfield's version of Horton's branch-
ing law as another assumption as follows:

il

Lfl =2* (constant) )

J

where L, and L, denote the mean length of abranch
of Horsfield’s order j and j + 1, respectively, as shown in
Figure 2.

Flow travels through the diameter of larger parent
branch (1) connected to two smaller diameter daughter
branches (, and r3) with flow adhering to alocal power-
law scaling relationship. The n is the junctional exponent.
Data of bronchial or arterial trees were summarized by
Suwa et al. and expressed by power of n = 2.7 [5,6,8].

In Horsfield's ordering system, the first edge starts
from the terminal, and when the edges of order ; and
order £ come together at a vertex, the third edge is as-
signed to one order greater than the greater of j and £, or
toj + 1if j = k. The significance of Horton's branching
law is that it indicates a degree of topological self-simi-
larity in the branching structure. Horsfield's version of
Horton's law implies a geometrical self-similarity. Note
that the symbol (-) means the average length of Hors-
field'sorderjorj + 1.

2.2. Fluid Dynamic Relationships between
Fractal Dimensions

Fluid dynamic parameters of the bronchia tree as the
conduit system are derived in power functions of the
radius, including the fractal dimension in the exponents.
Suwa and Takahashi [5] showed fluid dynamic relation-
ships based on the fractal property in the length-radius
relationship of various arteria branching (Eqs.3 and 4)
asfollows:

=h (constant) (3)

i

ROOT

Li/L; =2

TERMINALS
HORSFIELD’S ORDERING

HORTON’SLAW

Figure 2. Horsfield's ordering system and Horsfield's
version of Horton's law.
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i+n=4 (4)

where Z, and 7, denote the mean length and diameter
of the bronchia branch of order j, respectively. We ap-
plied these additional assumptions for integration of pul-
monary lobules to awhole lung.

2.3. Airway-Parenchymal | nterdependence
through the Lobular Bronchiole

The pulmonary lobe is composed of many bodies that
consist of pulmonary parenchymal structures named
lobular polyhedrons (Miller’ s secondary lobules), each of
which is supplied by a single bronchiole adjoined to an
edge of a polyhedron (Figure 3). The bronchia tree is
located in the adventitia that borders the lobular polyhe-
drons. Thus the airway-parenchymal interdependence
would exist through interrelation between the lobular
bronchiole and the corresponding lobular polyhedron. A
non-cartilaginous lobular bronchiole is encircled by a
non-elastic sheet structure of the basement membrane,
which can change according to a reversal relationship
between its diameter () and its corresponding length (L))
asfollows:

rL, =c (constant) (5)

where ¢ is the surface area of the basement membrane of
the lobular bronchiole. If a lobule becomes larger, as a
result of compliance with Eq.5, the corresponding lobular
bronchiole becomes longer in length and smaller in di-

Cartilaginous
Bronchi

rnL=c

Lobular
Polyhedron

Lobular
Bronchiole

@ (b)

Figure 3. Lobular bronchiole/polyhedron interdependence.
(8) Cross-sectional view of right upper lobe of human lung.
Note that many lobular polyhedrons are aggregated in the
lobe, and the bronchia tree is buried between the polyhe-
drons. (@) A non-cartilaginous lobular bronchiole is adjoined
to the edge of alobular polyhedron by adventitial connective
tissue. The distortion of lobular bronchiole is limited by the
basement membrane, a non-extensible membranous sheet of
connective tissue, which is expressed by ».L, = constant(c),
where r; and L, are the diameter and the length of the lobular
bronchiole, respectively.
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ameter.

3. RESULTS

3.1. An Equation Describing
Airway-Parenchymal I nterdependence

In accordance with Eq.3, we introduced a parameter h, as
the parenchymal parameter of the lobule relating to the
size of the lobular polyhedron (Figure 3) asfollows:

L=h ”li (6)

Combining Egs.5 and 6 produced Eq.7, which calcu-
lates the airway-parenchymal interdependence at the
level of the lobular bronchiole as follows:

Iog(r,)=—iTlllog(%j ™

3.2. Relationship between Fractal Powers

The relationship between fractal powers can be examined
using a set of symmetrical branching portions in the
bronchial tree. Based on Eqs.1-3, these relationships
were obtainedas /., =2/, L, =hri,,and L =hr;
then, by use of Eq.2 (Horton's branching law), the rela-
tionship between powers i, n, and 1 was derived as fol-

lows:
i=An 8
Thus, using Eqs.4 and 8, we obtained a set of equa

tions describing the relationship between fractal powers
asfollows:

4

-4 %l

"t (%)
4

.:_ 9b

) (%)

3.3. Lobar Airway-Parenchymal
Interdependence

Combining Eqgs.7 and 9b derived the expression of the
airway-parenchymal interdependence in each lobule as

follows:
1+ h
lo =— log|
9(1)="175; g(cj

log(r") :—ﬁlog(%j

If a lobe was composed of a number N of lobular
polyhedrons, the lobar bronchial diameter R was ex-
pressed according to Eq.1 asfollows:

N
R' =31} (11
k

(10a)

(10b)
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where 7, (k=12,---,N) denoted the diameter of each
lobular bronchiole. Thus, by combining Eqs.10b and 11,
we obtained an equation describing diameter R of the
lobe consisting of lobules as a consequence of airway-
parenchymal interdependence as follows:

4

4
R'= i(h,yk/c)_@ ~ [ ¥ p(e)de

(12a)
or
|og(R)~¥|og(j:tl+;p(t)dtJ (12b)

where p(¢) denoted a distribution function of parame-
ter 4 in the lobe. To estimate the airway-parenchymal
interdependence, it is necessary to measure the distribu-
tion function of the parenchymal parameters /. By meas-
uring the length of the edges of the lobular polyhedrons
seen on the surface of the upper lobe of human lungs,
Min et al. [9] proposed a Weibull distribution function
for describing the distribution in the size of lobular
polyhedrons. If the distribution function of # was as-
sumed to be equal to the distribution function in the size
of lobular polyhedrons, p(7) was described by a probabil-
ity density function as follows:

pO="(n) ey

where m > 0 was the shape parameter and » > 0 was the
scale parameter of the distribution [10]. Thus, Eqg.12b
was transformed to Eq.14 by use of 2 = 0.5 and

h/e=nT (1+m/m) inEq.13 asfollows:

_8 ”
log(R) = glog {[%)[.{:T 7 1yt dr]}

=§Iogm+§logl“(m—+lj (14)
8 7 m

3 ©_-7/8_m-1_-" 3 E
+§Iog(jor "e dr)—#og(;]

where T (m+1/m)wasthe gammafunctionand # was
the mean value of |obular parenchymal parameter. Thus,
the determinants of diameter R of the lobar bronchus
were the shape parameter m and the mean of lobular
parenchymal parameter / as described by

log(R) = F(m)-3/7log(h / ), where F(m) denotes the
function of sum of the first three terms of Eq.14.

4. DISCUSSION

The degree of airway narrowing is determined largely by
a balance between airway smooth muscle (ASM) con-
traction and opposing mechanical loads [1,2]. The after-
loads that oppose airway narrowing consist of transmural

Copyright © 2012 SciRes.

pressure and eastic after-loads, which develop as nar-
rowing progressively distorts tissue structures. These
elastic after-loads arise both from within the airway wall
and from surrounding lung parenchyma. Parenchymal
attachment to the adventitial wall of airways has been
widely believed to contribute to loads by ASM. Yet No-
ble er al. [3] have raised questions about this concept.
They have shown that parenchymal elastic after-loads
produced by distortion of lung parenchyma do not re-
strict airway narrowing in mid-sized cartilaginous bron-
chi. Therefore, the ASM layer of the cartilaginous bron-
chi would change itself between contraction and relaxa-
tion, uncoupled from parenchymal distortion. Thus, we
aimed to show that another mechanism could explain the
airway-parenchymal interdependence. The current study
proposes a new mechanism of airway-parenchymal in-
terdependence to explain bronchoconstriction in COPD
and bronchiectasisin I PF.

Biologists with an interest in the quantitative aspects
of biological branching structures, including bronchial
trees, must perform laborious procedures to obtain good
data and as a consequence, have implemented the prop-
erties of fractal (scale-independent self-similarity) ge-
ometry [4-7]. The most important step to describe the
quantitative aspects of biological branching trees is to
introduce ordering systems of classifying each branch of
tree structure. In the long sequence of papers on lung
airways by Horsfield et al. [12], the ordering method
originally adopted is related to that proposed by Shreve
[13], except that the edges of order j and order & come
together at a vertex, and the third edge is assigned not to
j + k but to one order greater than the greater of j and £,
ortoj + 1if j = k. Horsfield's ordering scheme is cen-
tripetal and topological and includes only edges. In this
study, we adopted Horsfield’ s ordering scheme as shown
inFigure 2.

Horton drew attention to a number of empirical regu-
larities, usually now known as Horton's laws. The work
of Horton [14] encouraged several investigators to find
regularities corresponding to geometrical self-similarity
or fractal properties such as Eq.2, which denotes geo-
metrical self-similarity of the mean length of a branch.
Several investigators, such as Horsfield and Cumming
[15], Raabe et al. [16], and Horsfield and Thurlbeck [17],
reported Horton’s ratio for the bronchial tree as ranging
between 1.33 and 1.92, by which we calculated 4 in Ta-
ble 1. We used A = 0.5 for the bronchial tree of humans.
Since the diameter and length of the bronchial branch are
determined largely by a balance between ASM contrac-
tion and opposing mechanica loads, the fractal proper-
ties of the bronchia tree would be maintained by active
changes in the degree of contraction of ASM.

Concerning the study of Noble ef al. [3], Seow [18]
provided an editorial comment on the topic of airway-
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Table 1. The fractal parameter 1 was calculated on the basis of Horton's ratios, reported by Horsfield and collaborators. Note that A

values of bronchial trees are about 0.5 in humans.

Authors Material Samples Horton’s Ratio A
Human 1 14 0.49
Dog 1 16 0.68
Dog 1wk after birth 1 1.62 0.7
Horsfield et al. 1976 [15] Proximal 6", 7"" divisions 1 171 0.77
1 1.68 0.75
Intermedial 4" division 1 1.66 1.73
1 1.56 0.64
Human 1 133 041
Humanl 1 1.46 0.55
Dog 1 1.69 0.76
Raabe et al. 1976 [16]
Dog 1 153 0.61
Rat 1 18 0.85
Guineapig 1 1.92 0.94
) Sheep 1 151 0.59
Horsfield & Thurlbeck 1981 [17]
Sheep 1 1.39 0.48

parenchymal interdependence. He said that the topic of
airway-parenchymal interdependence is of great impor-
tance to many of those who are interested in identifying
factors that influence airway patency in health and dis-
ease. The first question is if a more compliant non-carti-
laginous airway would be more amenable to parenchy-
mal pulling, to the extent that the elastic load can be
transmitted to the smooth muscle layer without much
hindrance. The second question is how important, then,
airway-parenchymal interdependence is in maintaining
patency in small airways. The current study attempted to
answer these questions raised by Soew, using the archi-
tectural relationship between a bronchial tree and an ag-
gregate of lobular polyhedrons. Each lobular non-carti-
laginous bronchiole is located on the edge of a corre-
sponding lobular polyhedron with adventitial tissues
(Figure 3). Lobular bronchiole/lobular polyhedron in-
terdependence would operate at the level of the lobular
bronchiole. The limitation against distortion of the lobu-
lar bronchiole is the inextensible sheet of basement
membrane, which encircles the epithelial layer and cre-
ates a geometrical limitation, as expressed by EQ.5.
Therefore, we have proposed that the lobular bronchiole/
lobular polyhedron interdependence is the basic phe-
nomenon of so-called airway-parenchymal interdepend-
ence (Eq.7).

Each degree of airway-parenchymal interdependence
at the level of the lobular bronchiole-polyhedron will be
integrated into the whole lung through the fractal bron-
chial tree, as described by Eqgs.12a and 12b. This inte-
gration has been expressed by Eq.14 when the distribu-
tion function of lobular parenchymal parameter is de-
fined by the probability density function of Eq.13. Pa-

Copyright © 2012 SciRes.

rameter 4 was introduced by Suwa and Takahashi [5] as
the conseguence of summarizing data of arterial trees in
various organs. Parameter /i relates to the size of the
structural unit of the organ, such as the lobular polyhe-
dron. Weibull’s distribution of EQg.13 is related to a
number of other probability distributions. In particular, it
interpol ates between the exponential distribution (m = 1),
the Rayleigh distribution (m = 2), and the normal distri-
bution (m > 3) [10]. The unevenness in the size of lob-
ules becomes particularly marked when shape parameter
m is less than 3. Therefore, Eq.14 has revealed that the
degree of congtriction of the lobar bronchus will be de-
pendent upon the unevenness in the size of the lobules
and the average size of the lobular polyhedrons [11].
Magnetic resonance imaging (MRI) has developed as
a research and diagnostic tool. MRI of inhaled hyperpo-
larized noble gases, mainly hyperpolarized helium-3
(*He), typically accomplished using a spin-exchange
optical pumping method, provides nuclear polarization of
up to five orders of magnitude compared with that
achieved using thermal polarization [19]. This method
provides ventilation images of the airways and airspaces
of the entire lung, based on the lobular units with 1 mm
in plane and 5 - 10 mm out of plane resolution within a
breath-hold interval [20]. Diffusion-weighted MRI meth-
ods have been developed that are sensitive to *He gas
self-diffusion and provide a measure of the *He signal
that is dependent on the random Brownian motion of the
®He atoms. The MRI apparent diffusion coefficient (ADC)
for *He reflects the decreased diffusion of the *He gas
when inhaled and restricted by airways and airspaces in
the lobule. The average displacement of helium is of the
same order of magnitude as alveolar diameters (a few
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hundred micrometers) and, accordingly, the *He ADC
ranges from 0.8 cm® per second for unrestricted free
space to 0.66 cm? per second for an elderly patient with
COPD (FEV, 26% predicted) and 0.16 cm? per second
for a younger nonsmoker [21]. If *He-ADC reflects the
size of lobular polyhedron, it is possible to predict the
distribution of %, as well as its mean % in the lung by
use of histograms of *He MRI ADC in the lung.

In order to understand airway-parenchymal interde-
pendence at the level of the lobular bronchiole polyhe-
dron, it is necessary to determine what is operating as the
mechanosensors of the bronchopulmonary system. To
this end, studies on the neuroepithelial bodies, which are
known to relate to mechanosensation of ASM and are
widely distributed in the epithelium of the bronchial tree,
are warranted. Brouns et al. [22] revealed the full com-
plexity of NEB innervations, and at least some of the
vagal afferent fibers connected to NEB were considered
possible candidates as mechanosensors for integration
into the bronchopulmonary system. We hope future stud-
ieswill bring marked progressin this field.

We have shown, through the airway-parenchymal in-
terdependence at the level of the lobular bronchiole poly-
hedron, that the diameter of a lobar cartilaginous bron-
chus will be determined by the average size of the lobu-
lar polyhedrons as well as by the distribution in size of
the lobular polyhedrons. In conclusion, airway-paren-
chymal interdependence can be described by a combina-
tion of both lobular bronchiole/lobular polyhedron inter-
dependence and the corresponding adaptive changes in
the degree of contraction of airway smooth muscles in
the cartilaginous fractal bronchi.
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