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INTRODUCTION

The laboratory rat has frequently been used as a human surrogate to estimate potential health effects
following the inhalation of radioactive aerosol particles. Interspecies differences in biological response are
commonly related to interspecies differences in particle deposition efficiencies. In addition, the documented
site selectivity of bronchial carcinomas suggests that localized particle deposition patterns within bronchial
airway bifurcations may have important implications for inhalation risk assessments.

Interspecies differences in particle deposition patterns may be related primarily to differences in airway
morphometries. Thus the validity of extrapolating rat deposition data to human inhalation conditions
depends on their morphometric similarities and differences. It is well known that there are significant
structural differences between the human —rather symmetric— and the rat —monopodial— airway
systems.

In the present approach, we focus on localized deposition patterns and deposition efficiencies in selected
asymmetric bronchial airway bifurcations, whose diameters, lengths and branching angles were derived
from the stochastic airway models of human and rat lungs (Koblinger and Hofmann, 1985;1988), which
are based on the morphometric data of Raabe et al. (1976).

The effects of interspecies differences in particle deposition patterns are explored in this study for two
asymmetric bifurcation geometries in segmental bronchi and terminal bronchioles of both the human and
rat lungs at different particle sizes. In order to examine the effect of flow rate on particle deposition in the
human lung, we selected two different minute volumes, i.e., 10 and 60 1 min"1 , which are representative
of low and heavy physical activity breathing conditions. In the case of the rat we used a minute volume of
0.234 1 min'1 (Hofmann et al., 1993).

PARTICLE DEPOSITION PATTERNS

The present simulations of particle deposition patterns within airway bifurcations are based on our recently
developed numerical model for the calculation of air velocity fields and aerosol particle trajectories in a
three-dimensional bifurcation model (Balásházy and Hofmann, 1993a,b, 1995): First of all, airflow is
computed by solving the Navier-Stokes equations with a finite difference technique. In the next step,
trajectories of aerosol particles entrained in the airstream under the simultaneous effects of inertial
impaction, gravitational settling, Brownian motion, and interception are simulated by Monte Carlo methods.
Finally, the resulting particle deposition pattern is determined by the intersection of individual particle
trajectories with the walls of the bifurcation. .

The effects of particle deposition patterns ~ one thousand randomly selected particles at the inlet - on
interspecies inhalation risk extrapolation upon inspiration and expiration were examined for 0.01, 1.0 and
10 yum diameter, unit density, spherical particles. Here, only a few computed deposition patterns during
inhalation are presented.

The deposition sites of 10 /urn diameter particles in generation 4-5 and 15-16 human bronchial bifurcations
are plotted in Fig. 1 for both the 10 and 60 1 min"1 minute volumes, revealing distinct
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Fig. 1: Distribution of deposition sites of 10 /xm unit density particles in upper (generations 4-5) and lower
(generations 15-16) human bronchial airway bifurcations at low and high minute volumes (10 and 60
1 min"1) during inhalation. The axes of the parent and daughter branches lie in one horizontal plane.
Deposition efficiencies are: 8.5 and 21.1 % in generations 4-5 and 39.8 and 40.2 % in generations 15-
16, at low and high flow rates.

differences in deposition patterns between the upper and the lower generations. In the generation 4-5
bifurcation model, inspired particles create an intense "hot spot" at the carinal ridge for both flow rates.

The higher deposition efficiency at the higher flow rate is caused by the increased effectiveness of inertial
impaction. On the other hand, the effect of gravity is practically negligible for both inhalation conditions.
The situation is significantly different in generations 15-16. Here, at the low flow rate, there is practically
no hot spot, but the deposition efficiency is about five times higher than that in the upper airway for the
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same minute volume. The x-z projection of the bifurcation effectively illustrates that gravitational settling
is the dominant deposition mechanism at low flow rates in the peripheral bronchial airways. At the higher
flow rate, however, the additional effect of impaction produces again a hot spot in the vicinity of the carinal
ridge.

While the x-y projections of the deposition patterns of ultrafine and large particles in bifurcation 15-16
exhibit similar structures, the corresponding x-z projections of these figures are significantly different. In
contrast to the simulations for 10 /urn particles (Fig. 1), there is no perceptible role of the gravitational force
for 0.01 /urn because of the negligibly small terminal settling velocity relative to the average Brownian
velocity.

Corresponding simulations of deposition patterns of 10, 1, and 0.01 ptm diameter particles in large and
small bronchial airway bifurcations in the rat lung were also performed.

The most striking difference to the corresponding human case is that deposited particles are rather diffusely
distributed in generations 4-5 of the rat lung (Fig. 2), while distinct hot spots are formed at the carinal ridge
of the respective human bifurcation for both large and ultrafine particles. This difference in localized
distributions, i.e., hot spots vs. diffuse distribution, may be significant for extrapolation modeling.

In general, asymmetric deposition in the two daughters is reversed for exhalation: Upon expiration, the
majority of particle deposition sites can be found in the smaller daughter branch (note that deposition is
highest in the parent branch during exhalation), while most particles are being deposited in the major
branch upon inspiration.

RAT 4-5 (Q=0.234 t min"1)

1 mm
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Fig. 2: Deposition patterns of 10 ßm and 0.01 ßm unit density particles in upper bronchial airway bifurcations
of the rat lung during inhalation. The axes of the airways lie in one horizontal plane. Deposition
efficiencies are: 15.3 % for large and 3.7 % for ultrafine particle sizes.
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DISCUSSION

Commonly used morphometric models of the human lung assume symmetry with respect to branching
angles, diameters and lengths of major and minor daughter airways. Because of the relatively moderate
degree of asymmetry observed in morphometric measurements, symmetric branching may indeed represent
a viable compromise between accuracy and convenience of computation for particle deposition in the
human lung. However, such a compromise is not justified for the rat airway system because of the
pronounced asymmetry of its monopodial branching pattern. Thus any comparison of deposition patterns
and efficiencies between human and rat bronchial airways for extrapolation purposes requires the
simulation of particle deposition in asymmetric bifurcation models, characteristic for each species.

Comparing human 4-5 and 15-16 generations, inspiratory deposition of 10 /^m particles produces a more
intense hot spot in the upper airway juncture at both flow rates (Fig. 1). Corresponding simulations for 0.01
yum particles reveal that deposition in large bronchi of the human lung is again enhanced at the carinal
ridge, particularly at the higher flow rate. In contrast, deposition in rat bronchial bifurcations is less
enhanced at the airstream divider as compared to the corresponding human cases, for both small and large
particle sizes. This finding supports the earlier contention of Pritchard et al. (1988) that carinal deposition
may be higher in human than in rat bronchial bifurcations. If such localized doses within bronchial
bifurcations can be correlated with the occurrence of bronchial diseases, say bronchial tumors, then we may
expect a preferential occurrence of bronchial carcinomas in human upper bronchial airways. Indeed, such
a site-selectivity of bronchial carcinomas has been observed in cigarette smokers and in uranium miners
exposed to ambient radon progeny (NRC, 1988), while tumors in the rat lung are more uniformly
distributed throughout the bronchial tree (Cross, 1988). Thus differences between the localized distributions
of the deposition sites in human and rat airways may partly explain these pathological findings.
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