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Abstract

This manuscript presents a theoretical study of fluid dynamics in diseased lungs. The objective
was to describe fluid behavior and assist in the development of new techniques for targeted
delivery of drugs. Numerical simulations were conducted using FIDAP on the Cray T90
supercomputer. Two lung bifurcations with tumors in tracheobronchial airways were
considered. Weibel [1] lung morphology and Hofmann et al. [2] breathing parameters were
employed. It has been observed that the effects of tumor size, rather than breathing conditions,
dominate localized flow patterns around a tumor.

1 Introduction

Carcinomas attributable to air pollutants are too commonly observed among the
global population [3-9]. Indeed, the increasing rate of lung cancers poses a
great threat to the human health and well-being. To treat the disease, many
medical techniques have been used; however, the problems persists. Therefore,
new methodologies are needed.

In medical practice, tumors can be treated using aerosolized drugs. The
particles are transported by inhaled air and deposited on airways walls. It is
well known [10-13] that flow patterns can have pronounced effects on particle
trajectories. Interactions between fluid dynamics and particle deposition in
lungs have been well documented in the literature [14-19]. Traditional aerosol
therapy protocol do not emphasize site-specific delivery. This naturally results
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136 Simulations in Biomedicine IV

in the inefficient delivery of drugs to required sites (tumors), the overdose of
drugs at non-diseased portions of airways, and the ineffectual use of drugs. An
improved aerosol therapy technique would account for the site-specific
pharmacokinetic action of medicinal agents.

To target the delivery of drugs onto diseased sites, localized flow patterns
around tumors must be known. This work studied fluid motion within human
lung bifurcations with tumors. The objective was to describe fluid behavior
and, thereby, assist in the development of new techniques for targeted drug
delivery. Numerical simulations were performed using FIDAP (computational
fluid dynamics software) on the Cray T90 supercomputer. We performed a
systematic investigation of the effects of tumor sizes and breathing conditions
on fluid dynamics within the lung.

2 Methods

The numerical simulations of lung bifurcations with tumors involved three
elements: fluid dynamics, airway morphology and ventilatory parameters.
These factors are described in detail below.

2.1 Fluid motion

The computations were performed using FIDAP, which employs finite element
methods to describe fluid motion. Flow in bifurcations is governed by the
Navier-Stokes equation (momentum conservation)

P(^ + u*Vu)= -Vp + jiV̂ u, (1)

and the mass conservation equation

V#u = 0 (2)

where p and |i are the density and absolute viscosity of air, u is the velocity
vector, t is time, and p is pressure. The mathematical symbols V, V*, and V%
are the gradient, divergence and Laplacian operators, respectively.

Steady state flows were considered in this work [20]. The governing
equations (1) and (2) were solved with appropriate boundary conditions.

2.2 Lung morphology

Weibel [1] and Horsfield et al. [21] data were used to describe airway
dimensions and spatial networks. The Model A of Weibel [1] is a symmetric,
dichotomous branching system. There are 24 generations (I) of airways in the
lung, where the trachea is denoted by 1 = 0. The whole lung is divided into
tracheobronchial (TB) (I = 0-16, inclusive) and pulmonary (P) compartments (I
= 17-23, inclusive).

In this work, we considered two bifurcations within the TB compartment,
locations where carcinomas are most frequently observed [4-9]. The first
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Simulations in Biomedicine IV 137

bifurcation is composed of upper bronchi (I = 3-4), and the second bifurcation
is composed of intermediate airways (I = 7-8). The diameters (D) and lengths
(L) of the airways are presented in Table 1. The bifurcation angles were 70°.

Table 1. Dimensions of airways within human lung bifurcations [1].
Dimension
(cm)

Diameter
Length

3
0.56
0.76

0
1

Generation,
4
.45
.27

I

0
0

7
.23
.76

0.
0

8
186
.64

In the cases addressed herein, tumors were simulated within bifurcations.
The tumors were idealized as spheres with centers on the carinal ridges.

2.3 Breathing conditions

The ventilatory parameters which characterize breathing are the tidal volume
(TV) and frequency (f). We simulated the five different activity levels
prescribed by Hofmann et al. [2]. However, for brevity, only sedentary (TV =
500 ml, f = 14 breaths/min) and heavy (TV = 2449 ml, f = 24.5 breaths/min)
breathing conditions will be presented. The corresponding average velocities
(U) and Reynolds numbers (Re = DU/v, where v = |X/p) for the two
aforementioned bifurcations are listed in Table 2.

Table 2. Average velocities (U) and Reynolds numbers (Re) within parent tubes
of bifurcations.

Bifurcation
1 = 3-4
1 = 7-8

Sedentary
U, cm/sec

118
44

Breathing
Re
442
67

Heavy
U, cm/sec

1015
376

Breathing
Re
3791
577

3 Results and discussion

We have conducted systematic simulations for a variety of tumor sizes and
ventilatory parameters for bifurcations I = 3-4 and I = 7-8. To be succinct, we
shall focus on two breathing conditions (resting and heavy activities) for tumor
radius-to-daughter radius ratios, r/R, of 0.4 and 0.8. The ratio, r/R, reflects the
relative size of the tumor to the cross-section of the daughter tube. A control
case r/R = 0 represents a smooth-walled bifurcation (without a tumor). When
r/R = 2.0, the cross-section of a daughter tube is blocked by a tumor. Since the
illustrations below are self-explanatory, only a brief discussion will be
necessary to orient the reader.

3.1 Upper airways (bifurcation 3-4)

3.1.1 Sedentary breathing
In Figure 1 the velocity vector fields are presented for a resting condition. The
ratio r/R changes from 0.4 in Panel (a) to 0.8 in Panel (b). Clearly, the localized
flow patterns near the carina are affected by the tumor. The fluid elements are
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138 Simulations in Biomedicine IV

forced to change direction around the tumor. The velocities in the reduced
cross-sectional area are accelerated to satisfy the principle of mass
conservation. Data from our systematic simulations established that effects
were initialized at a very small r/R ratio (i.e., 0.1). However, influences of a
tumor were not pronounced until a critical value of r/R = 0.8. In particular,
flow recirculation was not observed behind the tumor until r/R > 0.8.

3.1.2 Heavy breathing
When the physical activity increased, the flow patterns near a tumor changed,
however, the flow rate did not influence flow patterns as significantly as tumor
size. Figure 2 shows the velocity vector fields for exercise. Panels (a) and (b)
are for r/R = 0.4 and 0.8, respectively. For a fixed r/R ratio, although the
magnitudes of the velocities are different (see Table 2), the flow patterns are
similar (e.g., Figures l(a) and 2(a)). Again, effects were first noted at r/R = 0.1
and the critical value of the r/R ratio was 0.8.

3.2 Intermediate airways (bifurcation 7-8)

3.2.1 Sedentary breathing
These simulations were performed to study the effects of the tumor sizes and
breathing conditions in other airway generations. Figure 3 illustrates the
velocity vector fields for a resting condition. To be consistent with previous
computations, the ratio r/R was 0.4 and 0.8. As before, effects were observed at
r/R = 0.1. The influences of the tumor are stronger at r/R = 0.8 than 0.4.
Effects were most pronounced when r/R > 0.6, this critical value is smaller than
the 0.8 value for bifurcation 3-4.

3.2.2 Heavy breathing
Figure 4 shows the velocity vector fields for exercise. Similar to bifurcation 3-
4, effects related to tumor size dominate localized flow patterns, not the
magnitude of the flow rate. Again, effects were first noted at r/R = 0.1 and the
critical value of r/R was 0.6.

In conclusion, we have conducted systematic simulations of localized
flow patterns in lung bifurcations with tumors. The computational results can
be applied in medical practice to explore new techniques for targeted drug
delivery. In aerosol therapy, drug particles are entrained by inhaled air and
transported into the lung. Particles will be deposited onto airway walls by three
major deposition mechanisms of inertial impaction, sedimentation and diffusion
[15]. From our numerical data, several points can be made concerning the
delivery of drugs to specific sites of disease.

(1) Large drug particles will be deposited on the anterior (front) surface of
a tumor due to the mechanism of inertial impaction.

(2) For large tumors, small drug particles will be trapped in the
recirculation zones. This increases the opportunities for deposition due to the
processes of sedimentation and diffusion.
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Simulations in Biomedicine IV 139

4 Summary

Flow patterns in human lung bifurcations were simulated to investigate the
effects of tumor sizes and breathing conditions. The numerical simulations
were performed using FIDAP on the Cray T90 supercomputer. The Weibel [1]
lung morphology and Hofmann et al. [2] breathing parameters were employed
to describe the airway dimensions and respiratory conditions. The localized
flow patterns near tumors were observed to be significantly affected by tumor
sizes. The critical values of the ratio of tumor radius-to-daughter radius, r/R,
were 0.8 for bifurcation 3-4 and 0.6 for bifurcation 7-8. The breathing
conditions did not produce as significant influences on localized flow patterns.

DISCLAIMER: This manuscript has been reviewed in accordance with the policy of the
National Health and Environmental Effects Research Laboratory, U.S. Environmental
Protection Agency, and approved for publication. Approval does not signify that the contents
necessarily reflect the views and policies of the Agency, nor does mention of trade names or
commercial products constitute endorsement or recommendation for use.
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Reduced
cross-section

(b)

Figure 1: Velocity vector fields in bifurcation 3-4
for a resting condition: (a) r/R = 0.4, (b) r/R = 0.8.
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(b)

Figure 2: Velocity vector fields in bifurcation 3-4
for exercise: (a) r/R = 0.4, (b) r/R = 0.8.
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(a)

(b)

Figure 3: Velocity vector fields in bifurcation 7-8
for a resting condition: (a) r/R = 0.4, (b) r/R = 0.8.
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(a)

(b)

Figure 4: Velocity vector fields in bifurcation 7-8
for exercise: (a) r/R = 0.4, (b) r/R = 0.8.
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