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ABSTRACT
This paper examines the historical development and application of respiratory tract
dosimetry models by the International Commission for Radiological Protection, ICRP, for health

protection from inhaled radioactive aerosols. Three different models are discussed, those that

¢t -were included in ICRP recommendations published in 1960 and 1979, and the new ICRP
{'Pliblication 66. Basic features of these models are compared and contrasted. These features

" include model structure, sites and frequencies of particle deposition, processes and rates of

clearance of the deposited material from the respiratory tract, and consideration of the
parameters involved in these processes and how various factors can influence these parameters.
All three models lead to the calculation of absorbed radiation doses with differing degrees of
regional and local specificity. These calculations are achieved using different tools ranging from
quick hand calculations to sophisticated computerized modeling approaches. A side-by-side

review of these models indicates several important trends in respiratory tract dosimetry models,

_the most obvious of which is the increased complexity of each new model over the past 30+

years. These mcreases reflect both the increasing size of the knowledge base derived from

studies in laboratory animals and in human subjects and the need for models more broadly
applicable for both occupational and environmental exposures. It is likely that future research
will be directed to those key aspects of the new model having the largest uncertainties. The
detailed design of the new model and its associated software provide excellent means of
identifying useful research areas and using the resulting new information in organized and

productive ways.
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INTRODUCTION

During the past 4 decades, the International Commission on Radiological Protection, ICRP,
has published three different mathematical models to describe the deposition, clearance, and
dosimetry of inhaled radioactive materials in the respiratory tract'>3. Models of this type,
usually referred to as "lung"” models, are a critical part of a radiation protection system for
inhaled radioactive materials. The models make it possible to calculate the absorbed doses
expected to be received by different parts of the respiratory tract and describe mathematically
the expected absorption and translocation of portions of the deposited radionuclides to other

organs and tissues beyond the respiratory tract.

As shown below, the structure and complexity of thésé models have increased with each
version. These increases reflect bc;th the expanded knowledge of the behavior and dosimetry
of inhaled materials in the respiratory tract and an increased need for models having broader
applications. Earlier models were used primarily for general prospective health protection
planning purposes and routine workplace monitoring support. As these models have become
more detailed and flexible, they have been used for site- and process-specific applications as well
as for retrospective analyses “of individual exposures. The following comparisons show how

these models have been changed to accomplish these tasks.

Page 2




STRUCTURE

Before comparing the mathematical descriptions of particle deposition and clearance and
the associated dosimetry among these models, it is important to note that the models have
changed in structure, expanding from two airway regions in the 1959 model' to five airway
regions in the 1994 models®. As shown in Fig. 1(a), the 1959 model had a very simple structure
in which the respiratory tract was divided into an upper respiratory tract, URT, and a lower

respiratory tract, LRT!. No specific anatomical sites were assigned to the URT and LRT.

In 1966, the ICRP Task Group on Lung Dynamics, TGLD, published a comprehensive
report on models of the deposition and retention of inhaled particles in the human respirator);
tract®. This information was the basis of the dosimetric model for the respiratory tract included
in the recommendations of the ICRI; in its Publication 302. In the 1979 model, the respiratory
tract was divided into the three airway regions shown in Fig. 1(b), nasopharyngeal, N-P;
tracheobronchial, T-B; and pulmonary, P. The N-P region extended from the anterior nares to
the larynx, and the T-B region included the trachea and bronchial tree through the terminal
bronchioles. The P region was the remaining, nonciliated gas-exchange region. In the 1966
TGLD report, it was noted that the T-B and P regions constituted what was earlier termed the

LRT.

The newest model, the 1994 version shown in Fig. 2, is divided into five airway regions’.
The extrathoracic airways are divided into two compartments: ET, the anterior nose, and ET,,

the posterior nasal passages, larynx, pharynx, and mouth. The bronchial region, BB, consists
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of the trachea and bronchi, and the bronchiolar region, bb, consists of the bronchioles and
terminal bronchioles. The last region, the alveolar-interstitial region, AI, consists of the

respiratory bronchioles, the alveolar ducts, alveoli, and the interstitial connective tissue.
DEPOSITION

The deposition portions of these models describe the expected fractional depositions of
inhaled particles at different locations throughout the respiratory tract. In the definition of the
1959 model,! it was assumed that the percentage of inhaled particles depbsited in the URT,
represented by Dygrt, was 50%. Similarly for the LRT, it was assumed that Dy g was 25% and
the remaining 25% was exhaled. The magnitude or relative distribution of particle deposition

did not depend on particle size.

In the 1979 model, deposition probabilities from the TGLD report, Dy.p, Dr.g, and D,
were given for the N-P, T-B, and P regions, respectively, as functions of the activity median
aerodynamic diameter, AMAD, of the particle size distribution for the inhaled particles. These
relationships are shown in Fig. 3. The solid lines are the recommended values, and the dashed
lines indicate provisional extensions made to smaller and larger particle sizes. These
recommended relationships covered about two orders of magnitude between 0.2 and 10 um.
Incorporation of particle size considerations and the AMAD concept was a major improvement

in the health protection practices for inhaled radioactive particles.
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Our knowledge of the effects of particle size on the deposition of inhaled particles has
increased substantially during the almost 3 decades since the publication of the TGLD report*.
This is clearly reflected in the deposition curves in the 1994 model shown for polydisperse
aerosols in Fig. 43, Depositions in the five compartments (ET,, ET,, BB, bb, and Al) are given
as functions of median particle size covering five orders of magnitude. Two different types of
particle size distribution parameters are used (see footnote). The activity median thermodynamic
diameter, AMTD, is used to describe the deposition for particles ranging in size from 0.001 to
1.0 um. The AMAD is used to describe depositions for the size range of 0.1 to 100 um.
Similar deposition values are obtained for the decade of 0.1-1.0 um using both classes of
diameters. The 1994 model also considers age-related effects and particle inhalability, a measure
of the probability that an airborne particle, when presented for inspiration, will enter the
respiratory tract and be available for deposition. Particle§ larger than 10 um have relatively

lower inhalability.

For each of these three models, a set of default deposition values is assigned based on
default particle size parameters. The default values are to be used in the absence of site- or
incident-specific particle size data. Because these default values are frequently used for
calculating expected_r radionuc}ide intakes and the associated tissue doses, it is important to be
aware of any changes in them and understand how those changes can affect the resulting
calculations. As discussed earlier, the deposition values in the 1959 model were constants
because no particle size dependence was incorporated. Therefore, these values were also the
defauit values. In the 1979 model, a default value of 1 um AMAD was specified to determine

the deposition values used in the intake and dosimetry tables given in Publication 30°. A major
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change was made in the 1994 model by specifying a default value of 5 um AMAD for
occupational exposures3 . As shown in Table 1, this change increased the expected deposition
in ET; and ET, by a factor of 2.5 and decreased the corresponding depositions in the BB+bb
regions by a factor of 2.8 and the AI region by a factor of 4.7. Another important change in
the 1994 model was a separate specification for a default value for environmental exposures.

This value, 1 um, AMAD, recognizes the likelihood of encountering smaller particle éize

distributions in environmental exposures than encountered in occupational activities.

CLEARANCE

Once material has been deposited, clearance begins by several different processes. These
include the release of the mdionuclide by dissolution followed by absorption into the systemic
circulation and the movement of particles by mechanical processes such as mucociliary activity
and movement of macrophages following ingestion of intact particles. These processes and

others are described in differing levels of detail in the three models considered here.

Figure 1 illustrates the compartmental structure of the a) 1959 and b) 1979 models. In the
1959 model, the URT (labeled a) is essentially an air passage in which all deposited particles
are cleared quickly to the oral pharynx by mucociliary activity and subsequently swallowed to
the gastrointestinal, GI, tract; no dissolution or absorption to the systemic circulation is
considered. Particles deposited in the LRT are classified in only two ways: soluble or

insoluble. For soluble particles, all 25% of the inhaled particles that reach the LRT are assumed
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to be absorbed quickly from compartment b (no half-time specified) into the systemic circulation.
For insoluble particles, 12.5% are assumed to clear from compartment ¢ to compartment a by
mucociliary activity during the first 24 h followed by swallowing into the gastrointestinal tract.
The remaining 12.5% are retained in compartment b with a biological half-time of 120 d. In
this system, insoluble forms of Pu and Th were considered separately by assigning them
clearance half-times of 1 and 4 y, respectively. No clearance of particles to the regional lymph

nodes was included in the model.

The 1979 model shown in Figure 1(b) contained additional compartments to consider:
1) the ihree regions in the deposition model, N-P, T-B, and P; 2) absorption and transport of
radionuclides from each of these regions; and 3) an additional clearance pathway to the
tracheobronchial lymph nodes. Each compartment shown in the N-P, T-B and P regions
receives a specified fraction of the particles deposited in those regions, and each represents a
particular clearance process and its associated half-time. Particles deposited in the N-P and T-B
regions are cleared by absorption from compartments a and ¢ or by mucociliary transport from

compartments b and d with half-times shorter than 1 d.

In the 1979 model, most of the absorbed radiation dose to lung is received in the P region
because of the lor;ger retex;ﬁons that occur in this region. Except for clearance from
compartment f with a half-time of 1 d, clearance from compartments e, g, and h all occur with
the half-times associated with the classification of the inhaled material, i.e., 0.5, 50, or 500 d
for Classes D, W, or Y, respectively. In this model, the long-term clearance of radionuclides

from the P region by either mechanical transport or dissolution-absorption processes is described
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by the same half-time, a simplification that makes the model difficult to apply to particles in
which the dissolution-absorption and mechanical clearance processes lead to substantially
different half-times. A related aspect of this issue is the extent to which one or more of these
processes differs from the other in a time-dependent way. The 1979 model does not account for
such differences. Thus, the classification of inhaled particles as Class D, W, or Y involves a
number of assumptions and compromises that make the model difficult to use in many analyses

of site- or process-specific exposure scenarios.

Figure 2 illustrates the structure and processes associated with the regional deposition and
clearance of inhaled particles in the 1994 Model®>. Deposition in the four regions,
ET (ET, + ET,), BB, bb, and AlI, is shown by the large, shaded arrows. Once material fs
deposited in a given region, three different clearance pr,ocessés act competitively on the material.
These processes are shown as arrows that point a) upward representing mucociliary processes
which will be followed by swallowing to the GI tract, b) left representing clearance of particles
via the lymphatic system to regional lymph nodes, and c) right representing dissolution and
absorption into the systemic circulation. Because these processes act independently on the
regional deposit, each can be specified separately and allowed to compete against the other
processes when the model is used. This approach makes it possible to use time-dependent
functions to descr;be processes such as dissolution-absorption. Whereas D, W, and Y
classifications were used to describe overall clearance in the 1979 model, the 1994 model uses
F (fast), M (moderate), and S (slow) default values to classify only the dissolution-absorption

process. Greater attention to the transfer of particles to regional lymph nodes is given in this
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model than earlier ICRP versions by incorporating these processes at each level in the

respiratory tract, not just the Al region as was the case in the 1979 model.

Included in the clearance portion of the 1994 model are two new processes based on recent
experimental studies. The first process accounts for the possibility that a fraction of the inhaled
particles deposited on airway surfaces in the BB and bb regions may be cleared much more
slowly than the rapid clearance once assumed. A clearance half-time of 20 d is assigned to this
fraction. The second process modeled accounts for possible sequestration in the airway wall of
a fraction of the particles deposited in the BB and bb regions. This sequestered fraction is
considered to clear to the thoracic lymph nodes with a half-time of 70 d. Both of these
processes result in longer retention of some of the particles deposited in the BB and bb regions
than was modeled earlier. Thus, the calculated absorbed dose to this region will increase
accordingly, dependent upon the fraﬂctionS ascribed to these two processes. As noted above, the
incorporation of these two processes into the 1994 model is based on a limited amount of recent
experimental evidence. Determination of the overall importance of these two processes and their

dosimetric significance will require substantially more investigation.

The models of deposition and clearance described above provide the mathematical means
to compute activity-time integrals for various regions of the respiratory tract. These integrals
can then be used in other equations to calculate absorbed doses from alpha, beta, or photon

emissions from a deposited radionuclide. As was true for the deposition and clearance
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information, each succeeding version of the ICRP model has provided additional details and

expanded flexibility in approaches for dosimetry calculations.

In the 1959 model, absorbed dose can only be calculated to the LRT, defined as a 1000-g
lung without the associated lymph nodes. In the 1979 model, the absorbed dose is computed
for the sum of the T-B, P and lymph node regions. No provision is made for computing the
absorbed dose to each tissue. Also, no provision is made for calculating absorbed dose to the
N-P region. In the 1994 model, absorbed doses can be calculated individually for ET;, ET,,
BB, bb, and AI. Also, doses to the thoracic lymph nodes and extrathoracic lymph nodes can

be computed.

Through the use of radiation weighting factors, W,, equivalent doses can be computed.
Further, by incorporating the use o;' tissue risk weighting factors, Wy, effective doses can be
computed for summations across the respiratory tract and the other organs and tissues in the
body. The degree of specification of these Wy values has changed with other model changes as
shown in Table 2. Tissue risk weighting factors were not used prior to the publication of ICRP
Publication 26°. Thus, no applicable information is available for the 1959 model. ‘In the 1979
model, a value of ‘}’T=0. 12 is given for the computation of effective dose to the T-B, P and
lymph node regions combined. No value of Wy is given for the N-P region, thus precluding the
calculation of an effective dose to this region. An overall weighting factor of 0.12 is also used
for the thoracic region in the 1994 model, but this value is then profated equally (0.33 each)
among the BB, bb, and AI regions and the thoracic lymph nodes are assigned a risk weighting

of 0.001. These latter apportionment factors have been provided to improve the quality of
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dosimetric calculations where different portions of the thoracic respiratory tract are irradiated
to differing degrees as is the case with inhaled Rn progeny or inhaled actinide radionuclides.
Also, ETy, ET, and LNg are to be added to the remainder tissues with Wy values of 0.001,

1.0, and 0.001, respectively.

James® has compared the effective doses for several inhaled radionuclides as calculated
using the 1979 and 1994 models. These results, expressed in uSv per Bq inhaled in | um
AMAD nparticles, are given in Table 3. In spite of numerous differences in the deposition,
clearance, and dosimetry portions of these two models, the calculated effective doses are for the
most part, only slightly different (lower) in the 1994 model. For the radionuclides considered
here, the largest difference is for Class Y Pu vs. Class S Pu, where the effective dose is reduced

over threefold from 60 to 16 uSv/Bq.

F MODE

Earlier respiratory tract dosimetry models were primarily used for heaith protection
planning purposes and routine workplace monitoring activities and analyses. In these
applications, more g;neral mo;lels, based on a broader range of assumptions and approximations,
served the needs of health protection personnel quite well. As the field of health physics has
matured, attention to more definitive dose assessménts for site- and process-specific applications

has increased. Better evaluations of past or present accidental exposures of individuals are

required. Each need emphasizes the usefulness of a flexible model for evaluating radiation doses

Page 11



to the respiratory tract. 'The 1994 model provides a very valuable tool for this purpose.
Because of the flexibility and options built into this model, it should be useful for many years

in evaluating occupational and population doses using either default or situation specific factors.

As these models have become more detailed and complex, so have the computations
required to use them. In the earlier models, many needed results were tabulated for ready
reference. Thé 1994 model is available in computer software, LUDERP,? that simplifies the use
of the model and facilitates the use of "what-if ..." types of questions as well as various kinds

of sensitivity analyses.

NEED

The structure and implementation of the 1994 model will make it possible to examine a
number of issues in greater detail than previously possible. The model is well suited to consider
the possible impact of a broad range of process- and site-specific aerosols having different
characteristics, especially as related to dissolution-absorption. Although default values are
available at the present time, oit is likely that these process- and site-specific data will become
available at later times. The question of slow clearance from the airways is an area that needs
further investigation to determine its importance and the factors that may influence it. Concérn
over critical cells at risk can be addressed much more easily using the new model. Also, the

new model facilitates further consideration of the effects of other influencing factors such as
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ethnicity, age, and health status in greater detail. Additional applications of this model to

nonradioactive particles, gases, and vapors can also be addressed.

SUMMARY

In summary, this comparison of three different ICRP models for respiratory tract
dosimetry has illustrated several important trends. These models have increased in complexity,
reflecting the growth in our knowledge of the dosimetry of inhaled radioactive materials and the
various factors that can influence the doses received. More attention is being given to examining
and accounting for these influencing factors such as age, ethnic groups, diseases of thé
respiratory tract, and the impacts of exposure to cigarette smoke and/or other air pollutants. A
broader range of applicability of the%e models has been developed to address both occupational
and environmental exposures and to consider both prospective or typical values and retrospective
individual values. As these models become more detailed, greater demands are made for
appropriate input data, some of which are not currently available. In this regard, these models
provide useful indicators of the gaps in our knowledge and identify areas for future research.
In spite of the increased complexity of the 1994 model, it should be relatively easy to use
because of the availability of»the LUDEP PC software for the needed computations. Dr. Bair
and his committee who prepared the 1994 model and all of its supporting information are to be
congratulated for providing us with such a valuable tool that should serve us well in a number

of different ways for many years to come.
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Footnote Page 5

Activity Median Aerodynamic Diameter - The aerodynamic diameter of aerosol particles of

median radioactive content in a collection of particles that has been aerodynamically classified.>

Activity Median Thermodynamic Diameter - The thermodynamic diameter of aerosol particles
of median radioactive content in a collection of particles that has been thermodynamically

classified. A log-normal distribution is usually assumed for both of these definitions.>
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Table 1

Table 2

Table 3

Table Legends

Default values for regional deposition of inhaled particles used in different ICRP
respiratory tract dosimetry models. Values expressed as percentages of the amount

inhaled.!:23

Tissue weighting factors used in different ICRP models to calculate effective doses

to different regions of the respiratory tract.

Comparison of effective doses to the respiratory tract calculated with the 1979 and

1994 ICRP respiratory tract dosimetry models.S
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1994

1959 1979
(No size specified) (1.0 pm)? (5.0 pm)* (1.0 pm)®
URT 50 N-P 30 ET, 34 14
ET, 40 18
T-B 8 BB 1.8 1.1
P 25 Al 5.3 12
TOTAL 75 63 82 47

*AMAD, Occupational Exposure
bAMAD, Environmental Exposure




Model
Reference

Wy

(ICRP, 1959)! —

(ICRP, 1979) 0.12
(ICRP, 1994)
0.12x
0.001
1.0-
0.001

Not applicable

For lung (T-B, P, and LN),
N-P Not specified

(0.33) for BB
(0.33) for bb
(0.33) for Al
(0.001) for LNy*

for ET,

Add to
for ET, remainder
for LNg7® tissues

*L. Ny = Thoracic lymph nodes
5L Ng7 = Extrathoracic lymph nodes



uSv/Bq for 1 um AMAD

1979 1994
Radionuclide Model? Model®
239py w: 70 M: 53
Y: & S: 16
41Am w: 70 M: 55
242Cm w: 4 M: 5.1
0Co w:  0.009 M:  0.0084
Y: 0.06 S: 0.027
144Ce-Pr ) wW: 005 M:  0.032
Y: 0.1 S: 0.045

2Ref. 2 as adjusted in Ref. 7




Figure 1

Figure 2

Figure 3

Figure 4

Figure Legends

Schematic representation of the compartmental structures and the pathways for
deposition and clearance used in the a) 1959! and b) 1979° versions of the ICRP
respiratory tract dosimetry models. The large, shaded arrows represent the

fractional deposition of inhaled particles in various airway regions.

Schematic representation of the compartmental structures and the pathways for
deposition and clearance used in the 1994 version® of the ICRP respiratory tract

dosimetry model.

Probability of particulate deposition in different regions of the respiratory tract as
functions of the activity ;nedian aerodynamic diametér, AMAD, of the particle size

distribution. (Modified from Reference 2)

Regional deposition of inhaled particles as functions of the activity median
thermodynamic diameter, AMTD, or the activity median aerodynamic diameter,

AMAD for a reference worker (normal nose breather).
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