
• Microdosimetry of Internal Sources 

The purpose of this study is to develop practical methods for calculating microdosimetric distributions 
of plutonium or other alpha-emitting elements that are deposited, especially as particulates, in soft 
tissue and lung tissue. This study will aid the correlation and extrapolation of radiation effects mea
sured at different levels of exposure and in different species. Computational methods will be devel
oped and tested in the Radiological Physics Section. Concurrently, the Dosimetry Technology Section 
will develop cell and tissue models in which those methods will be applied. 

MICRODOSIMETRY OF PARTICULATES 

w. C. Roesch 

In their theory of Dual Radiation Action, 
Kellerer and Rossi (1972) made use of a 
quantity, ~, defined as the quotient of the 
mean square specific energy to the mean spe
cific energy, both for single events. I 
have found a similar, but more complicated 
quantity, ~', for use in the microdosimetry 
of particulates: 

(1) 

where 

a = average number of particles emitted by 
each particulate 

q = probability of finding a particulate 
in dV 

w = probability that a particle emitted in 
dV will deposit energy in the site 

zr = specific energy in the site from a 
particle emitted in dV 

<> = average over the spectrum of z of the 
quantity within the <> 

dV = volume element at a distance r from 
the site. The new quantity obeys the 
equation 

(2) 

where z is the specific energy in the site, 
i.e., due to all particulates depositing en
ergy in the site, and D is the absorbed dose. 
It was this relation, with ~ instead of ~', 
that Kellerer and Rossi found so useful. 

The Kellerer-Rossi ~ corresponds to my ~' 
in the limit of very small particulate size 
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(i.e., small a) and q uniform in the V1Cln
ity of the site. Thus ~ is the first term 
in Equation (1) (Kellerer and Rossi 1972). 
The first term represents the effects of in
dividual particles; the second, the effects 
of the multiple emissions from a particu
late. ~'is never smaller than ~ and it in
creases linearly with particulate size. 
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COMPUTER PROGRAMS 

w. C. Roesch 

The computer codes developed last year for. 
microdosimetry of particulates in the lung 
are distinct from the ones developed several 
years ago for homogeneous tissue. Switching 
from one set of codes to the other became a 
nuisance; an investigator almost always 
wants to compare lung microdosimetry with 
similar conditions in ordinary tissue. Con
sequently, we have begun adapting the homo
geneous-tissue codes to the method of calcu
lation used for lung microdosimetry and con
solidating all the codes into a single 
system. 

COMPUTER PROGRAM MODIFICATIONS FOR APPLIED 
INTERNAL MICRODOSIMETRY 

D. R. Fisher, W. C. Roesch and R. Harty 

- A Method for Computing the Micro
dosimetry of Energy-Absorbing 
Particulates. 

The energy of each alpha particle from a 
radionuclide is a well-defined quantity. 
Computer programs developed at this labora
tory for calculating the microdosimetry of 



internal alpha emitters were written for 
monoenergetic emissions. Often the nuclide 
of interest emits alpha particles with two 
or more distinct (but similar) energies. 
For such cases, the mean energy or abun
dance-weighted average may be used for the 
energy input variable in microdosimetry 
calculations. 

Self-absorption of alpha energy results in 
a spectrum of alpha exit energies from the 
source material. Self-absorption occurs 
when the size or density of the matter in 
which the radioactive atoms are located 
causes a significant portion of the energy 
to be deposited in the source material it
self. The effect of self-absorption is usu
ally neglected for very small particulates. 
Recently, however, use has been made of cer
amic microspheres containing plutonium to 
study the effects of "hot particles" in mam
malian lungs (Holland et al. 1976). The 
radioactive microspheres consist of high 
density (p = 4.2 - 5.6 g/cm3), 10 ~m diam
eter zirconium oxide labeled with different 
specific activities of plutonium alpha emit
ter (Anderson and Perrings 1978). The en
ergy spectrum of alpha particles emitted 
from the microspheres indicates a consider
able degree of self-absorption and energy 
degradation. This factor can produce errors 
in the microdosimetry calculation if a cor
rection for it is not made. 

Having previously measured or calculated 
the spectrum of exit energies from a micro
sphere, the spectrum is subdivided into n 
number of energy divisions (Figure 1). 
Higher numbers of n result in better overall 
definition of the spectrum and greater pre
cision, but also increased computing time 
and cost; 10 or 12 subdivisions may be a 
reasonably good choice. For each division, 
the frequency f(E) must be multiplied by the 
activity of the source to give the fraction 
of activity represented by that energy sub
division. The mean energy of each subdivi
sion and its activity are used to calculate 
a probability density in specific energy. 

This process results in n different proba
bility density distributions, which must 
then be combined. 

A method for combining probability densities 
using the convolution integral was described 
in detail in an earlier report (Roesch 
1979). If f1(Z) and f2(Z) are the specific 
energy densities of any two of the subdivi
sions, then the convolution of the two is 
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FIGURE 1. A Typical Alpha Exit Energy Spectrum of 
Microspheres Subdivided into 12 Steps 
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That result is then convoluted with the 
third probability density. The new result 
is then convoluted with the fourth, etc., 
until the probability densities of each sub
division have been combined. The densities 
must be combined in proportion to the activ
ity frequency represented by each energy 
subdivision. 

- A Method for Incorporating Consid
eration of Exponential Retention 
Functions for Internally Deposited 
Rad i onuc 1 ides. 

The convolution integral (Equation 1) can 
also be used to calculate the microdosimetry 
of a radionuclide deposited in an organ of 
the body, where the organ retention function 
of the radionuclide has the form: 

R = al exp(-b1t) + a2 exp (-b2 t) + 

••• an exp(-bn t) (2) 

where aI, a2, ••• an are retention 
y-coordinate intercepts, and bl, b2 
bn are the first-order rate constants. The 
values of b are obtained from the formula: 

b = 0.693/Tb 

where Tb is the biological half-time of 
the retention function component. 

(3) 

A typical retention curve is illustrated in 
Figure 2. The curve is subdivided into 10 
or 12 steps (equal time divisions), as with 
the previous example, and the mean value on 
the curve for each subdivision is determined. 
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FIGURE 2. A Typical Organ Retention Function for an 
Internally Deposited Radionuclide. The function has 
been subdivided into 12 steps. 

The microdosimetry calculation is executed 
separately for each individual time period. 
The activity of the initial deposition is 
multiplied by the mean value of the reten
tion function for each subdivision. This 
process results in n different probability 
densities in specific energy. The probabil
ity densities are then combined using the 
convolution integral (Equation 1). 
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STATISTICAL MODELING OF BEAGLE DOG LUNG FOR 
MICRODOSIMETRY 

D. R. Fisher, R. T. Hadley and W. C. Roesch 

The objective of internal microdosimetry is 
to develop a more precise understanding of 
the complex relationship between the initial 
deposition of radiation energy in micro
scopic volumes, and early or late biological 
effects. The present study is concerned 
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with constructing a reliable model of the 
intricate tissue structure of pulmonary lung 
to calculate energy depositions and proba
bilities of radiation interactions with 
microscopic targets--such as epithelial cell 
nuclei. This capability is important for 
determining the specific energy distribution 
in the lung from an internal deposition of 
radioactive materials. 

Last year we reported preliminary results 
from the construction of histograms which 
described the most probable chord lengths 
through air space and tissue segments of an 
alpha particle emitted from a radioactive 
particulate resting on the wall of an alveo
lus. We also described the distribution of 
distances taken by the alpha particle as it 
traversed from air/tissue interfaces to cell 
nuclei within tissue segments. This infor
mation permits the investigator to simulate 
alpha particle tracks in the lung, determine 
lengths of random alpha particle tracks, and 
calculate the alpha energy deposited in tis
sue or cell nuclei along the alpha particle 
paths. 

The microscopic chord length measurements 
on lung tissue samples were made using an 
image analyzer system described in earlier 
reports (Fisher et a1. 1980; 1981). The 
video display on the image analyzer con
sists of a rectangular matrix of 5 x 105 
individual picture elements (pixels). One 
pixel represents the limit of resolution of 
the system. At the magnification se
lected, the width of one pixel was deter
mined by calibration to be 1.016 ~m, or 
approximately one micron. As an image is 
displayed on the analyzer, each pixel is 
assigned a number corresponding to its gray 
level. Sixty-four shades of gray are rec
ognized by the analyzer in the black to 
white spectrum. The measurement of micro
scopic features, therefore, depends upon 
contrast and gray-level consistency. True 
color image analyzers are not yet avail
able. To compensate for loss of color con
trast in the video display, a color filter 
was used on the microscope, and great care 
was taken to optimize tissue staining and 
microscope light intenSity. A continuously 
variable gray-level discriminator was used 
to select the desired contrast level or 
range necessary to encompass and define the 
structures present in the displayed image. 

One of the difficulties encountered during 
the analysis of lung tissue samples was the 
preponderance of tissue segments of one and 
two pixels, possibly attributable to elec
tronic "noise." To identify and separate 
noise from measurements on actual tissue 



segments in the image, a simplex mlnlmlza
tion routine was used. A geometric distri
bution represented the true noise component, 
and a Johnson sb distribution provided a 
good fit to the tissue chord length data. 
We estimate that 10% to 30% of all one-pixel 
segments were caused by electronic noise. 
The analyzer line scan measurements were 
then adjusted to account for the noise com
ponent, and the distributions of air-space 
chord length, tissue-segment chord lengths, 
and distances from tissue wall to cell nu
cleus were reanalyzed. From the distribu
tion histograms, probability density func
tions (pdf's) were proposed. Parameters for 
the functions were then estimated by the 
method of maximum 1 ikelihood. The observed 
cumulative frequency distributions arising 
from the data were plotted against the pro
posed theoretical cumulative distribution 
functions using a QQ-plotting routine that 
demonstrated goodness of fit. 

The frequency distribution of observed air
chamber chord lengths is shown in Figure 1. 
This distribution closely resembles the 
gamma probability density function, g(x). 
The distribution of observed tissue wall 
thicknesses was best approximated by the 
Johnson sb probability density function, 
j(x), shown in Figure 2. The distribution 
of distances from tissue wall to cell nu
cleus was fit to the Weibull probability 
density function, w(x), shown in Figure 3. 
Revised estimates of the alpha and beta 
parameters for each of these distributions 
are given in Table 1. 

The pdf's were found to be consistent for 
each dog lung and for individual lobes 
within the lung--regardless of the rota
tional orientation of tissue specimens. 
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TABLE 1. Estimated Probability Density Function (pdf) 
Parameters for Lung Model Distributions 

Feature pdf a /3 

Air chords gamma 1.12 70.0 

Tissue chords Johnson sb 1.23 1.90 

Wall-nucleus distance Weibull 1.16 2.94 

In summary, the above three distributions 
(Figures 1-3) and their best-fit parameters 
constitute a pulmonary lung model that can 
be used in microdosimetry to describe the 
paths of random alpha-particle tracks and 
the probability that these tracks will 
traverse biologically sensitive sites. 



This lung model may be used in conjunction 
with established deposition and retention 
models for determining the microdosimetry 
of a variety of inhaled radioactive 
materials. 
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