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ABSTRACT

The ICRP Task Group on RespiratoryTract Models for RadiologicalProtection is
proposing a model to describe the deposition,clearance, retentionand dosim-
etry of inhaledradionuclidesfor dose-intakecalculationsand interpretation
of bioassay data. The depositionmodel takes into accountne_'data on the
regionaldepositionof aerosol particlesin human lung and the inhalabilityof
large particles. The clearancemodel treats clearance as competitionbetween
mechanical transport,which moves particlesto the gastro-intestinaltract and
lymph nodes, and the translocationof material to blood. This provides a
realisticestimateof the amount of a given material (such as mineral sand)
that is absorbed systemically,and its variationwith aerosol size. The
proposed dosimetrymodel takes into accountthe relative sensitivitiesof the
various tissue components of th,arespiratorytract. A new treatmentof dose
received by epithelia in the t_acheo-bronchiolarand extrathoracicregions is
proposed. This paper outlines the novel featuresof the task group model, and
then examinesthe impact that adoptionof the model may have on the assessment
of doses from occupationalexposuresto mineral sands and thoron progeny.

INTRODUCTION

The ICRP is currentlyengaged in revising its basic recommendationson
radiationprotectiondescribed in Publication26 (ICRP 1977). This process
includes review and reassessmentof the system of dose limitationas well as
values of primary limits. ICRP Committee2 is preparing for a possible
revision of secondarylimits,which will includethe annual-limitson intake
(ALI). To supportthis effort, a task group£a) on human respiratorydosim-
etric models was appointedto review the curren_ lung dosimetrymodel and,
if needed, propose a new model. The task group is proposing a model that

(a) The members of the ICRP task group on human respiratorytract models for
radiologicalprotection are: Bill Bait (chairman),Michael Bailey,
FredrickCross, Richard Cuddihy,Peter Gehr, Anthony James, John
Johnson, Roland Masse, and Willi Stalhofen.
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differs significantly in several aspects from that of ICRP Publication 30
, (ICRP 1979a). The purpose of this paper is to outline these aspects of the

proposed model, and to examine their implicatiors for internal dosimetry in
the processing and handling of mineral sands, lt is stressed that the task
group's proposals are still in draft form, and have not yet been submitted
formally to the ICRP, Therefore, the model eventually adopted by tile ICRP
could be substantially different.

OUTLINEOF THE PROPOSEDLUNGMODEL

Since the various cells and tissues of the respiratory tract are not equally
sensitive to radiation exposure, and there is also a great variability in
radiation doses received by the different tissues from inhaled radionuclides,
the current practice of averaging dose over the lungs as a whole (ICRP Ig79a)
is difficult to justify. Therefore, a primary objective of the task group
was a model that reflected differences in radiation sensitivities as well
as the variability in dose distribution. This led to the identification of
anatomical regions within the respiratory tract for which radiation sensi-
tivities could be distinguished and for which the deposition and residence
time of deposited materials could be specified (Bair 1991). The model pro-
vides for calculation of doses to these several regions.

Tissues at Risk

The target regions of the respiratorytract selectedfor dose calculationare
those identified as the most sensitiveto radiation-inducedcancer and/or
those that may receivethe highest doses. The target tissues in these regions
are:

° basal cells in keratinized epithelium of the skin in the anterior
part of the nose

° basal cells in stratified squamous epithelium of the naso-
oropharynx and larynx

° secretory and basal cells in ciliated epithelium of the bronchi
° secretory cells in the ciliated epithelium of the bronchioles
° epithelial cells in the alveolar-interstitium
° lymphoid cells in the thoracic and extrathoracic lymph nodes.

To estimate the relative susceptibilities of these different tissues to
radiation-induced cancer, the task group assumed that induction of cancer by
radiation is proportional to the spontaneous incidence in each tissue. After
reviewing data from the general population on the distribution of cancers
within the respiratory tract, the task group concluded that about 809 of lung
coercers originate in the bronchi, 159 originate in the bronchioles, and only
54 originate from alveolar tissue. The proportion of spontaneous lung cancer
that originates from nodular lymphatic tissue 'is considered to be extremely
small (less than 0.14). By contrast, the task group concluded that extra-
thoracic tissues of the respiratory tract are relatively sensitive to
radiation-induced cancer. The combined incidence of cancers of the nose and
nasopharynx, mouth and oropharynx, and the larynx is approximately 25_ of
that in lungs. The corresponding apportionment of cancer risk between1these
various tissues is given in Table I. The table also gives weighting factors
for dose equivalents received by each component tissue of the respiratory
tract that follow from the overall value of 0.12 recommended by the ICRP for
uniform irradiation of the lungs as a whole (ICRP 1977).
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TABLE I. Partition of Risk and the Proposed Weighting Factors for Dose
Equivalents Received by Tissues of the Respiratory Tract

Proposed Apportionment
Tissue Relative Risk of Weighting Factor

Extrathoracic 0.20 0.025

Bronchi 0.64 1 0.096
Bronchiole'._

0.12 _ 0.8 0.018 ], 0.12Alveolar Interstitium 0.04 j 0.006
Lymph Nodes 0.001 0.001

In orde'" to examine the full implications of the task group's proposed lung
model for dose assessments, which must include the effects of doses received
by other organs of the body, we have assumed below the revised values of
tissue weighting factors that are likely to be recommended by ICRP (ICRP
1990). These are given in Table 2.

TABLE 2. New Tissue Weighting Factors WT Recommendedin Draft by ICRP

0.01 0.05 0.12 0.20

Skin Thyroid Lung Gonads
Bone Surfaces Liver Red Bone Marrow

Esophagus Stomach
Breast Colon
Bladder
Remainder(a)

(a) The weighting factor 0.05 is to be divided between the two
most highly irradiated remainder tissues.

ParticleClearance and SystemicUptake

To model particle clearanceand the associateduptake of radionuclidesby the
blood, the task group dividedthe respiratorytract into four main regions:
extrathoracic(ET), bronchial (BB), bronchiolar(bb) and alveolar-interstitial
(AI). Clearance from each regionis treated as competitionbetween mechanical
processesand translocation(Cuddihyand Yeh 1988; Bailey et al, 1991). As
shown in Figure i, mechanical clearancetransportsmaterial (mainlyas par-
ticles) to the GI tract or lymph nodes (LN). Translocationrefers to clear-
ance to the blood, t,:ainlythe dissociationof particlesand subsequent
absorptionof the dissociatedmaterial, lt is assumedthat mechanical
clearancerates are the same for all materials,but that these are char-
acteristicallydifferent in each region of the respiratorytract (FigureI).
Conversely,to model the systemic uptake of radionuclidesfrom each region, it
is assumedthat the rate of translocationto blood of a material is the same
in all regions,but that this varies characteristicallywith the material.
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FIGURE I. Mechanical Clearance Model Proposed by the ICRP Task Group.

The detailed structure of the mechanical clearance model (Figure I) is
determined by the need to represent all clearance pathways that may lead to
significant retention of :- and rJ-particle-emitting radionuclides within range
of the especially sensitive target tissues in the bronchi, bronchioles and
naso-oropharynx/larynx. The extrathoracic region is sub-divided into the
anterior nasal passages (ETl) which are lined by an impervious layer of skin,
and the main airways (ET2)." The surface of the main airways is covered by a
layer of fluid in which most particles are cleared rapidly to the GI tract.
However, for dosimetry, it is assumed that a small fraction (0.05>o) of
material entering the naso-oropharynx and larynx by deposition from inhaled
air, or by clearance from the bronchi, is sequestered by tissue in the airway
wall (Snipes et al. 1983). These sequestered particles are cleared slowly to
the extrathoracic lymph nodes. In both the bronchi and the bronchioles, a
larger fraction (0.74) of particles is assumed to be sequestered in the airway
walls (Churg and Wright 1988; Patric I 1989). However, of greater importance
for dosimetry, recent studies of human subjects have shown that mucous
clearance may be delayed for a substantial fraction of particles deposited in
the bronchi or bronchioles (Stahlhofen 1989). The additional retention of
particles on bronchial and bronchiolar surfaces that results" from this delayed
mucous clearance is represented by allocating a 20-day clearance half-time for
20>0 of the material deposited or cleared into these regions.

The sub-division of material deposited in the alveolar-interstitial region of
the lung into the three clearance compartments shown in Figure i (with equal
deposition in each) is introduced to represent the typical pattern of long-
term retention of particles in the thorax that is measured in human s_.:bjects
(Bailey 1989). The rate at which particles are cleared from alveolar-
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interstiti_ltissue to the lymph nodes is estimatedfrom analysesof human
tissues taken at autopsyfollowingexposuresmany years prior to death (Bailey
et al. 1991). These autopsy data show radioactiveparticle concentrationsin
the thoracic lymph nodes that are typicallyten-fold higher than in the lungs
(Kathrenet al. 1990).

Translocationto blood is representedby applyingthe same dissolutionand
absorptionprocessto each compartmentof the clearancemodel, as illustrated
in Figure 2. Translocationrates for differentmaterials exhibit a very wide
ranae. A readily absor_ped material may have a rate as great as the fastest
meci_anical rate -(I00 d'1), whereas material such as mineral sa,nd that remains
in the lung for many years must have a rate less than 0.001 d'i The
translocation rate of a given material may vary with time. However, since the
use of time-dependent clearance functions leads to difficulties in
calculations for protracted intakes and radioactive progeny, the task group
proposes to represent time-dependent rates by combinations of compartments in
each translocation pathway that clear at constant rates (Bailey et al. 1991).
Translocation to blood is essentially a two-stage process (Figure 3). This
involves the initial release of a radionuclide from a deposited particle in a
form which can be absorbed into the blood, and secondly, the absorption of
radionuclides once they are released, or alternatively the direct absorption
of radionuclides deposited in a soluble form. For most radionuclides,
absorption to blood can be regarded as effectively instantaneous, although for
some important elements a significant fraction of the dissolved material is
absorbed slowly as a result of binding to respiratory tract components
(Cuddii_y 1984). The task group will recon_end translocation rates (and bound
fractions when necessary) for materials that have been well studied in man or
in experimental animals. In other cases, the following default values will be
proposed for materials classified as D, W, and Y, respectively, in the ICRP 30
system (ICRP 1979a):

• "F" - fast transloca_i0n,with t_ _ I0 minutes. This is represented
by sn = 100 d-i (Figure3)_. Almost all material depositedin BB,
bb ahd AI, and 509 of the material deposited in.ET2 is rapidly
translocated(the skin of ETI is assumed to be impervlous).

• "M" - moderate translocation,509 with t_ _ 3 days and 509 with

t_ _ 100 days . This is represente_by sD = sat = 0.1 d-_, ands_ = 0.005 d-I Small fractionsof mateDial _eposited in ET2 BB
and bb are absorbed. Fractionalabsorption is substantialoniy in
AI.

• "S" - slow translocation, 0.14 with t_ _ 10 minutes and 99.94 with

t_ 7000 days. T_.is is represented by sD = 0.i, SP_ow,=99.9 d'Zand:st = 0.0001 d Fractional absorptibn is very and _ t _

occurs predominantly from material deposited in AI.



FIGURE2. The Task Group's Combined Model of Particle Clearance and
Absorption of Radionuclides into the Blood. The same "absorption
function" is applied to all compartments of the clearance model,
except to the compartment representing material on the surface of
skin in the anterior nasal passages.
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Initial state

Sp t
Dissolution

Particles In

Sp transformed state ]

Bound Absorption

material

1 .
1

Blood
• t I'

FIGURE3. The Task Group's Model of Translocation to Blood. A single rate
constant, or combinations of :ompartments clearing at constant
rates (as appropriate), are used to represent the "absorption
function" referred to in Figure 2.
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Mir eral sand particles deposited in the respiratory tract are expected to
release all of the long-lived radionuclides present in the natural thorium
decay series into the blood at rates similar to the default type "S" material.
Since the translocation rat_s from mineral sand aerosols that arise under
working conditions have not been measured (in man or experimental animals), to
evaluate doses below we consider an order of magnitude range of u_certainty in
the value of the dissolution rate st (from 0.0001 d"_ to 0.001 d'i). To
assess doses from exposure to airborne thoron progeny, the translocation rate
of

P: [,212 and Bi-212 deposited in the respiratory tract is represented bybu.00116 d" . This corresponds to the half-time of about I0 hourssn
m_asured for uptake of Pb-212 from the respiratory tract of man (Booker et al.
1969, Hursh and Mercer 1970).

i

l_lhalabilityof Large Pa_'=icles

The task group model incorporatesrecent data on the inhalabilityof large
particles (such as those present in airbornemonazite dust). For particles
with aerodynamicdiameter larger than about 5 _m, the efficiencyof the nose
cr mouth as particle samplersmay be significantlyless than unity (Figure4),
although this reduced inhalabilitydoes not apply for subjects exposed to very
large particlesin fast-movingair (Vincentet al. 1990). The task group has
adopted the algebraicexpressionshown in Figure 4 to evaluate the intake
efficiencyof the nose or mouth as a function of particle aerodynamic
diameter,and to correct this in situationsthat involveexposure to large
particlesat high wind speeds.

2.0

Windspeed U (m/s)
1] I = 1 - 0,5 (1 -[7.6x10-4 (d ao )2.a + 1]._ ) +,n 9

• 6 1.0x10"5 (U 2'75 )exp(O.055 dae )

1.5 ........... z_ 4
''' .... ' ..... ' • 2 /"....... o 1

_ _>:,
tj

NI . NI

:_ I.o "'"eo , J I•

.0.-'"

0,5 •, o "-
o AA A•

mm

O0 .............• i u • i • u •

0 20 40 60 80 1O0

Panicle Aerodynamic Diameter. d ae (}_zm)

FIGURE4 Aspiration Efficiency of the Human Head at RandomOrientation to
Moving Air. The data were obtained by Vincent et al. (1990) using
a mannequin placed at various angles in a large wind tunnel. The
curves show the representative empirical function adopted by the
task group (for various windspeeds).
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Regional Deposition

The task group's model of aerosoldepositionin each anatomicalregion of the
respiratorytract is based on a review of experimentaldata from human
subjects. The model extrapolatesthe data to encompassthe broader range of
aerosol conditionsand physiologicalfactorsinvolved in assessingdoses for
workers an'._, for members of the public (of all ages). The task group has
developed algebraic formulae to evaluate regional deposition in different
subjects in terms of aerosol size, breathing rates, standard lung volumes, and
scaling factors for airway dimensions (James et al. 1991a). Deposition in the
extrathoracic regions (ETI and ET2) is modeled empirical l,/ from the human data
(Stahlhofen et al. 1989). To evaTuate regional deposition in the thorax, the
task group has applied a detailed theoretical model of gas transport and
aerosol deposition in relation to airway anatomy (Egan et al. 1989). The
model predicts accurately the experimental data on total deposition of aerosol
particles in relation to particle size and breathing rate in human subjects.
The model also predicts satisfactorily the variation of regional deposition
with particle size and breathing rate measured in eight subjects who were
intensively studied by Stahlhofen et al. (1980 and 1983) and by Stahlhofen
(1984). However, in commonwith earlier theoretical models, for particles
larger than about i /_m (in the aerodynamic size-range), the task group's model
predicts significantly less deposition in the tracheobronchial and alveolar-
interstitial regions of th_, lung than the median experimental values published
by Lippmann (i_77), and Chan and Lippmann (1980), from their studies of a
large group of subjects.

In view of these current inconsistencies between the principal experimental
data, the task group has taken the conservative approach for dosimetry of
adjusting the model to yield deposition values that fit the higher
tracheobronchial and alveolar-interstitial deposition efficiencies measured by
Lippmann and his co-workers. The effects of this adjustment are shown in

Figures 5 and 6, where the theoretical values (denoted by _ae 7 i) andadjusted values (denoted by _ae = 3) are compared with the pub ished data.

These data representthe depositionefficie_iciesin terms of the respective
fractionsof particlesof uniform size that deposit in each region after
entering the trachea. Figure 7 shows the overall deposition in each region of
the respiratorytract (ETI, ET2, BB, bb and AI) that is given by the task
group'smodel (with_ae = 3), when the effects of nasal deposition,lognormal
dispersion in the aerosolparticle size, and inhalabilityof particlesare
included. These curves express regionaldeposition as a fractionof the
amount of activitypresent in th_ volumeof ambient air that is inhaled. The
average inhalationrate of 1.5 m_/h appliesto a male manual worker who is
laboring at 324 of the maximal work load for the average adult male (Roy and
Courtay 1991). The correspondingvalues of regionaldeposition as a function
of aerosol size, that are recommendedto assess doses for a male manual worker
who breathes normally through the nose, are given in Table 3o The values that
apply for a worker who is a habitualmouth breather are given in Table 4
(Milleret al. 1988; James et al. 1991a).
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FIGURE7. Task Group Model of_Reaional Deposition for a Male Manual Worker
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TABLE 3. Comparison of the Task Group's _odel of Regional Deposition for
a Male Manual Worker (B = 1.5 m_/h) with the ICRP 30 Model.

Regional Deposition (4)
AMD(a) Task Group ICRP 30

ET(b) BB bb Al N-P T-.___B__B P_IL
0.001 61.0 16.0 20.0 0.5 - - -
0.01 Ii.0 5.0 25.0 50.0 - - -
0.I 2.1 1.0 4.5 23.0 I0.0 16.0 60.0
0 2 3.9 0,87 2.9 16.0 5.0 8.0 50.0
0.5 14.0 1.7 2.3 13.0 16.0 8.0 35.0
1.0 29.0 3.0 2.7 13.0 30.0 8.0 25.0
2.0 48.0 4.3 2.3 11.0 50.0 8.0 17.0
5.0 67.0 4.4 2.1 6.1 75.0 8.0 £.0
10.0 70.0 3.2 1.1 2.5 88.0 80 5.0
15.0 67.0 2.2 0.62 1.3 92.0 4.5 2.5
SO.O 64.0 1.6 0.38 0.71 95.0 3.0 2.0
30.0 60.0 0.97 0.17 0.28 100.0 , 0.0 0.0
50.0 55.0 0,44 0.050 0.069 100.0 0.0 0.0

(a) For AMD< 0.5 /_m, deposition values in the task group model relate to
activity median thermodynamic diameter (AMTD). Ali other values relate
to activity median aerodynamic diameter (AMAD).

(b) Total deposition in ET includes equal amounts in ETl and ET2 for a normal
nose-breathing subject.

I0

I_ , b,p



TABLE 4. Regional Deposition1 Given by the Task Group's Model for a
Male Manual Worker Who is a Habitual Mouth Breather

Reqional Deposition I_ )AMD (#m_ E____TI ET2 BB AI

0.001 13.0 37.0 21.0 26.0 0.61
0.01 2.3 5.8 5.1 26.0 51.0
0.I 0.40 0.91 0.97 4.5 23.0
0.2 0.47 0.7_I 0.96 2.8 16.0
0.5 1.5 1.9 2.7 3.0 16.G
1.0 3.5 5.0 6.3 4.4 18.0
2.0 6.8 12.0 12.0 6.1 19.0
5.0 11.0 26.0 16.0 5.9 13.0

I0.0 12.0 37.0 14.0 3.7 6.7
15.0 12.0 41.0 i0.0 2.3 3.7
20.0 12.0 42.0 7.7 1.5 2.2
30.0 12.0 43.0 4.6 0.72 0.94
50.0 Ii.0 42.0 2.0 0.23 0.26

The task group recommends simple algebraic formulae (james et al. 1991a)
to generate values of regional deposition, both for workers and for the
population at large (men, v_omen, children and infants), in terms of breathing
rates and lung volumes, and the activity median aerodynamic or thermodynamic
diameter of the aerosols to which they are exposed. For equivalent levels
of physical exertion, i.e., for sleep, rest, and light and heavy exercise,
respectively (where appropriate), it is found that regional deposition
predicted for these other subjects is similar to that for the reference
adult male.

Dosimetry

The calculation of doses follows the method of ICRP 30 (ICRP 1979a), in which

the committed dose equivalent,rH50 _ in a target tissue is determined by theenergy absorbed per unit mass Trom' e radiation emitted by each source within
the respiratory tract, and in other organs of the body (James et al. 1991b).
The total value of H_n T in any target tissue from the intake of a radio-
nuclide is obtained _'adding all contributions to H50,T from the radioactive
transformations in all sources:

H50 T = Z US SEE(T+S)Sv (i)' S

In Equation (I):
US is the total number of radioactive decays of the radionuclide
over 50 yr in each source SEE(T+S) (in J kg"I) is the specific effective
energy absorbed in T per transformation in S.

SEE(T+S) is obtained by adding the contributions from all types of radiation,
i, emitted by the radionuclide:

YiEiQiAF(T+S)i J kg-I transformation ISEE(T+S) = 1.6 x 10-13 Zi - (2)
MT

ii



In Equation (2):
Y is the yield of radiation i per transformation of the radionuclide
E is the energy (in MeV) of the radiation
Q is the ,quality factor"
A (T_S). is the average fraction of energy absorbed in T per emission
of radiation i in source S

MT (in kg I is the mass of target tissue in T6 x I0" 3 is the number of joules in I MeV.

For intake of mineral sand (which contains a series of radionuclides) and the
short-lived radon or thoron progeny, Equation (I) for the committed dose
equivalent is modified to include contributions from all radionuclides j:

: Z Z [US Z SEE(T*S)i]j Sv (3)H50,T j s i

The task group has calculated the absorbed fractions, AF(T.S)i , as continuous
functions of radiation energy, Ei, for : and 13par'Licles, taklng into account
each combination of radioactive source and target tissue in the respiratory
tract. For example, the functions calculated to represent AF(T+S)_ for :-
emitting sources in the bronchial (BB) region are shown in Figure 8. As for
regional deposition, the task group gives simple algebraic formulae to
evaluate all absorbed fractions for short-range radiations.

O.-
Mucous Gel

......... Mucous Sol
06 ........

..... ,. ".......... Epithelium
v'" ,i,

'"., Lamina ProDria'b,,,

0.5

,,_ _'_,.. •

0.4 t ,,.../,..-p-

LL.. ,.Y -_

< 0.2 "" /,_
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e g'

,t,, '/ ,_ ,s _.Y

0.!",

0.0- '* ,
3 ,4 5 6 7 8 9 ,0

A!pna-=nerc7 (MEV)

FIGURE 8. Absorbed Fractions for :-Emissions in the Bronchial Region (BB).
Curve _ are shown for emissions in the "Mucous Gel" (representing
"Fast" mucus in Figure 2), the "Mucous Sol" (representing "Slow"
mucus), "Epithelium" (radionuclides chemically bound in the
"Airway Wall"), and "Lamina Propria" (particles sequestered by
macrophages in _he "Airway Wall").
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To obtain tile dosimetric results given below, the task group's deposition,
clearance and dosimetry models were solved for the natural thorium decay
series using the integrated computer program described by Birchall et al.
(1991). Weighted committed dose equivalents are obtained by applyiFJg the
tissue weighting factors given earlier (in Tables I and [) to HSO,T calculated
for tissues in the respiratory tract and other organs of the body. The,actor ,o
( ICRP 1977).

IMPLICATIONSFOR DOSIMETRYOF INHALEDMINERAL SAND

In this sectionwe use the proposed task group model to evaluate the weighted
dose equivalentintegratedover a period of 50 years after a nominal intake by
inhalationof I Bq =-activity in the form of mineralsand (naturalthorium
ore). We assume that all of the progeny of Th-232 are in radioactiveequi-
libriumwith the parent, and effectivelyremain in equilibriumwithin the
particlesthat are deposited in the respiratorytract (Johnson1985). Trans-
locationand uptake of the relativelysmall fractionof Th-232 and Th-228 that
is dissolvedfrom ore particleswhile they are retained in the lung gives rise
to most of the dose receivedby body organs, lt is assumed that the shorter-
lived progeny grow into radioactive equilibrium once the _horium isotopes are
deposited in the skeleton and other body organs. We assume that Th-232 and
Th-228 are bone surface seekers, and use the model for thorium uptake and
retention in the skeleton and the rest of the body given in ICRP 30 (ICRP
1979a).

Weighted Committed Dose Equivalent

Figure 9 compares weighted committed dose equivalents from exposure by
inhalation to monazite sand that are given by the proposed task group model
with those given by ICRP 30 Class "Y" (as respective functions of aerosol
size), lt is seen that the new model gives dose conversions that are broadly
similar to those derived using the ICRP 30 model (Johnson 1985). They

' coincide at l-#m AMAD, and for aerosols between 15-/_m and 20-j_m AMAD.
However, for smaller and larger aerosol sizes, the proposed model gives lower
dose conversion coefficients. The marked reduction for very large aerosols
arises from the combined effects of decreasea particle inhalability and
increased fractional deposition in the extrathoracic airways. In the new
model, there is very little translocation of radionuclides from slowly
dissolving particles while they are being cleared rapidly through the
extrathoracic airways, whereas for Class "Y" ICRP 30 takes a fixed frac_.ion
(i_) of material deposited in the nasopharynx to be absorbed into the blood.

z

lt is also seen from Figure 9 that the proposed model gives somewhat higher
= values of weighted dose equivalent per unit intake than the ICRP 30 model for

aerosol sizes over the respirable range from l-j_m to lO-/_m AMAD. The new

values are largely independent of the actual solubility rated°-fi the monazite
sand particles, at least over the _ssumed range from 0.0001 (applicablepe "S"for ty material) to 0.001 d" (applicable for material" with solubility
intermediate between types "S" and "M").
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FIGURE 9. Weighted Dose EquivalentCommittedOver 50 Years Following
Exposureby Inhalationto I Bq :-Activity in Monazite Sand.
Values calculatedusing the proposed lung model (for two different
assumed solubilityrates) are comparedwith ICRP 30 Class "Y."

DerivedAir Concentration

The annual limit on intake (ALI) for inhalationof thorium ore (the Th-232
series)that is currentlyrecommendedby ICRP is 380 Bq of total :-activity.
This "imit is based upon the limitationof non-stochasticeffects on bone
surfaces,i.e., the non-stochasticlimit for dose equivalentof 500 mSv/y that

is committedto be received,by bon_ surfaces..Thelc°rresp°ndingderived airconcentration(DAC) is 0 16 :-Bq/m_ (ICRP 1986) n their draft recommen-
dations, ICRP propose to use limitationof stochasticrisk (and thus the total
weighted committeddose equivalent)as the principalbasis for protection
standards(ICRP 1990). Table 5 gives values of the DAC that are calculated
using the task group's lung model on the basis of the current stochasticdose
limit of 50 mSv/y. These are general!vhigher than the DAC for a 1-/_mAMAD
naturalthorium aerosol given by ICRP (1986), but not significantlyso if the
proposedmodel is appliedto assessdose for a habitualmouth-breather.
Values of the DAC would, of course,become proportionallymore restrictive
with any recommendedreduction in the annual dose limit (ICRP 1990).
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TABLE 5. Derived Air Concentrations for Monazite Sand, Based on
the Stochastic Dose Limit of 50 mSv/y

Normal Nose-Breather Habitual Mouth-Breather

AMAD (#m) Type "S" Type "S-M" Type "S" Type "S-M"

I 0.23 0.24 0.15 0,16
5 0.34 0.37 0.13 0.14

I0 0.62 0.69 0.18 0.20
15 1,0 i.i 0.28 0.3!
20 1.4 1.7 0,39 0.44

Tissues at Risk

Figure 10 shows the proportions of the weighted dose equivalent that are
contributed by tissues in the respiratory tract and other organs of the body
(for the latter, only the bone surface and red bone marrow). In the proposed
model, the weighted dose equivalent (i.e., risk) is calculated to arise pre-
dominantly from irradiation of the respiratory tract, even if the solubility
rate of monazite sand is assumed to be as high as 0.001 d"1 (intermediate
between types "S" and "M" material). For aerosol sizes larger than 5-/_mAMAD,
about 85_ of the risk of respiratory tract cancer is associated with the
bronchi. The risks of bone cancer and leukemia are predicted to be relatively
low, and about equal. In contrast, the ICRP 30 Cla. s "Y" model (with ICRP 26
risk factors) predicts a risk of bone cancer almost as high as that for lung
cancer. This arises partly as a result of the relatively high fraction of
material transferred to blood in the Class "Y" model, and partly because of
the weighting factor of 0.03 applied in ICRP 30 for bone surface dose (c.f.
the proposed new value of 0.01 given in Table 2).

10_.
Type "S" 1.-

Type "S-M" ..------_'_-
o

------.. • Respiratory Tracta
------- D Bone Surface

Type "S-M" __ ...... • Bone Marrow

"_ 10 _

"o Type "S" _,.,..,..,_ .._,.:,,.=_.,,._
..,.-;
(..)

• {::} • ICRP30 Class"Y" J
p

100 .. . ....... , ............ , ..... ...,.., .........
.1 1 10 100 1000

Aerosol Size (AMAD), _m

FIGURE 10. Tissue Contributions to Weighted Dose Equivalent Committed as a
Result of Exposure by Inhalation of Monazite Sand. The symbols
relate to a I #_n AMAD aerosol and the ICRP 30 Class "Y" model
(Johnson 1985). The curves show values given by the task group
model for two different solubility rates.
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Chronic Versus Acute Intake

Figure 11 compares the committedweighted dose equivalentthat is calculated
using the task group model for chronic exposureto monazite sand over a
50-yearperiod with the weighted dose equivalentactually r_ceived, lt is
seen that for aerosolswith AMAD of about i #m, the actual _O-yeardose is
approximately704 of the committedvalue. However, for aerosols with AMAD of
around 15 /_m,the committedand actual weighteddose equivalentsare similar.
This is because the weighteddose is contributedmainly by material deposited
in the bronchial and bronchiolarregions, and this is not subject to very long
retention. Therefore,the dose is not protractedsignificantlybeyond the
year of exposure.

10 0

09
Committed '

_ 0._r_ 1 ......
,&r.ttJnl ""

{3"
UJ

O

D

_: 10 .2.
.__

1 0 .3 "' _............ , .,! . . .,,...

.1 1 10 100

Aerosol Size (AMAD), gm

FIGURE 11. Comparisonof Lifetime and CommittedWeighted Dose Equivalents
f_om 50-YearChronicOccupationalExposureto Monazite Sand. The
averagerate of intake is taken to be 0.1 _-Bq/d (approximately
1/10 the ALI given iriICRP Publication47).

UrinaryExcretion

The amount of Th-232 excreteddaily in urine as a functionof time from the
start of a continuousintake of mineral sand at the average rate of 1-Bq
Th-232 _-activityper day is shown in Figure 12. Values calculated using the
task group lung model with the excretionfunctionfor thorium given in ICRP
Publication54 (ICRP 1988) are compared here with daily excretioncalculated
using the ICRP 30 model. Accordingto both models, urinary excretionof
Th-232 at this relativelyhigh rate of intakewill not be detectableuntil
many years of exposurehave elapsed,where the minimumdetectable activity
(MDA) is assumed to be 0.014 Bq/d (Hewson and Hartley 1990). Furthermore, the
task group model predicts more than an order of magnitude less activity
excreted in urine during the early stages of chronic exposure than the ICRP 30
model.
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FIGURE12. Daily Urinary Excretion of Th-232 from Chronic Intake of 1 Bq/d
Th-232 Activity in Mineral Sand. This rate of intake corresponds
to about 6 times the ALI given in ICRP Publication 47). In this
example, the aerosol AMADis assumed to be 10 #m. The minimum
detectable activity (MDA) is indicated for comparison as
0.014 Bq/d.

Thoron in Breath

Figure 13 compares the accumulation of Th-232 activity in the lungs of a
worker who is subject to chronic intake of I :-Bq/d of mineral sand, that is
predicted by the task group model, with the minimum detectable activity based
on measurement of thoron in breath (Johnson and Peterman 1984). This rate of
intake corresponds to the current ALI for natural thorium given in ICRP
Publication 47 (ICRP 1986). lt is seen that exposure at this rate is expected
to be detected after about I month in the case of a I /_mAMADaerosol, and
after 6 months if the aerosol AMADis I0 /_m. In the longer term, the rate at
which thorium is released from sand particles retained in the lung is expected
to affect the sensitivity of this detection t_chnique. The figure shows two
curves for each aerosol size: s =.O.O00I d"_ represents material of trans-
location type "S" and s = 0 o01Pd z material of translocation type inter-
mediate between "S" andP"M."
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FIGURE13, Accumulation of Th-232 Activity in the Lungs from Chronic intake
of 1 :-Bq/d Mineral Sand. The minimum detectable activity (NDA)
based on measurement of thoron exhaled in the breath is shown for
comparison as O,4-Bq Th-232 activity.

IMPLICATIONSFOR DOSIMETRYOF THORON (AND RADON) PROGENY

In this final sectionwe use the proposed lung model to calculatethe weighted
dose equivalentfrom unit exposure to the short-livedthoron or radon progeny.
We consider exposure in terms of potential:-energy (ICRP 1981),which is
defined as the :-energy released by total decay of the radon progeny through
Po-214, or the thoron progeny throughPo-212. We express exposure to poten-
tial :-energy in the familiar unit Working Level Month (WLM),where one Work-
ing Level (WL) is any combinationof short-livedradon (or _horon) progeny in
I liter of air that will result in the emission of 1.3 x 10_ MeV of potential
:-energy,and i WLM correspondsto exposureat an airborneconcentrationof
I WL for a workingmonth of 170 hours. ICRP did not use the dosimetricmodel
of ICRP 30 to calculatedose-exposurerelationshipsfor radon and thoron
progeny. Instead,ICRP 32 (ICRP 1981) adoptedthe dosimetricmodel developed
for the NuclearEnergy Agency by a group of experts (NEA 1983). The currently
recommendeddose-exposureconversioncoefficientsfor occupationalexposures
are based largelyon the NEA dosimetrymodel. These are I0 mSv/WLM for radon
progeny and 3.5 mSv/WLM for thoron progeny (ICRP 1986).

Weighted Dose Equivalentper WLM Exposure

Figure 14 shows the weighted dose equivalentcalculated as a function of
aerosolsize for I-WLM exposure of a male manual worker to radon or thoron
progeny. Values are shown with and without adjustmentof the task group's
depositionmodel by the factor_ae = 3 (see the earlier Figure 5 and accom-
p'_ying text). The symbols shown in the figure for radon and thoron progeny

18



103 ,

4&e
1

© L
E 2.10 •
c" # '
(1)

O

(..)

.,_

> 10
r-

O l
o ICRP 32
U3
o • Radon Progeny mm

c3
mm Thoron Progeny

, , ,,_no ....... , .... . . . .... , ....... , • . .. ..... , • ..., .....
/v

.0001 .001 .01 .1 1 0

Aerosol Size (AMTD), _tm

FIGURE 14. Comparisonof Weighted Dose Equivalentper WLM Exposure to Radon
or Thoron ProgenyCalculatedUsing the Task Group Model with
Values Assumed in ICRP 32.

at an aerosol size of 0.25 /_mindicatethe conversioncoefficientsrecommended
in ICRP 32 for the so-called"attached"fractionsof potential_-energy. The
symbol shown only for radon progeny at an aerosolsize of 0.001 /_mindicates
the conversion coefficientrecommendedin ICRP 32 for the "unattached"frac-
tion of potential:-energy. lt is seen from Figure 14 that the proposedtask
group model gives dose conversion coefficientsfor radon progeny at equivalent
aerosolsizes that are three to five-foldhigher than ICRP 32, but values for
thoron progeny that are only 304 to 804 higher.

The marked increasein the dose conversioncoefficientgiven by the task group
model over ICRP 32 arises from several factors:

• the weightingfactor assigned to bronchialdose is 0.096, with an
additionalweight of 0.018 appliedto bronchiolardose, rather
than 0.06 applied to the averagedose calculated for the
bronchial-bronchiolarregion as a whole in ICRP 32

• the calculateddose is weighted to that received by secretory
cells rather than only the deep-lyingbasal cells considered in
ICRP 32

• higher doses are calculatedfor the bronchias a separate region
rather than the composite bronchialand bronchiolarregion
considered in ICRP Publication32

o the depositionmodel takes into accountrecent experimentaldata
that indicate enhanced depositionof sub-micron-sizedparticles
(Cohenet al. 1990).
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However, since the adjustment factor _ae was introduced in the deposition
model as a moderately conservative measure, the task group will recommend that
this is not applied in the calculation of doses from exposure to radon and
thoron progeny, lt can be shown that the correspondingly "Conservative" value
of the dose conversion coefficient given for radon progeny if _a_ is increased
to 3 implies a higher risk of bronchial cancer than that curren_Ty indicated
by epidemiological studies of underground miners (Jacobi 1989). The task
group will recommend the dose conversion coefficients for exposure of manual
workers to radon and thoron progeny in dusty environments given in Table 6.
"Thetable also shows the assumed values of unattached fraction of potential
:-energy and activity median thermodynamic diameter (AMTD)of the attached
radon and thoron progeny aerosols on which they are based (NRC 1990).

In this table, the values of AMTDrepresent the median size attained by
progeny aerosols within the respiratory tract, lt is assumed that these
aerosols are partly hygroscopic and grow rapidly to double their size in

ambient air. Du and D refer to the partial dose conversion coefficients forunattached and attache_ progeny, respectively..t is seen from Table 6 that
the weighted net dose equivalent per unit exposure to thoron progeny potential
:-energy (and thus the risk per unit exposure) is predicted by the task group
model to be only about one-sixth of that for exposure to radon progeny.

TABLE 6. Assumed Aerosol Characteristics for Radon and Thoron Progeny
in Dusty Occupational Environments and the Corresponding Dose
Conversion Coefficients Given by the Task Group Model for
Exposure to Potential :-Energy

Radon ProQeny Thoron Pr_

UnattachedFraction: fp 29 0.5_

AMTD 0.0011 /_m 0.0011 _m

Du 370 mSv/WLM 57 mSv/WLM

Attached Fraction: AMTD 0.5 /_m 0.5 /_m

Da 21 mSv/WLM 4.2 mSv/WLM

Net Conversion Coefficient: 30 mSv/WLM 4.5 mSv/WLM

Tissuesat Risk

Figure 15 shows the fractionsof the weighted dose equivalentcontributedby
the different regionsof the respiratorytract and other body organs that
receivethe highest doses from exposure to thoron progeny, lt is seen that
bronchialdose predominatesover the entire range of aeroso_ size (frcm
unattachedprogeny through to a large attached aerosolof 1-/,mAMTD), followed
by the weighted dose receivedby the bronchioles. The kidneys receive the
next highest weighted dose. Kidney dose arises principallyfrom uptake of the
Bi-212 produced by decay of Pb-212 while this is temporarilyretained in
circulatingblood. The half-timeof 10 hours that is assumed to represent
absorptionof lead and bismuth from the lung effectivelyprevents the absorp-
tion of Bi-212 directly from the lung. In combinationwith the metabolic
models for Pb-212 and bismuth given in ICRP 30 (ICRP 1979b), the task group
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FIGURE15. Tissue Contributions tc Weighted Dose Equivalent from Exposure
to Thoron Progeny

model predictsthat weighted doses receivedby red bone marrow, bone surfaces
and the liver make insignificantcontributionsto the overall risk.

CONCLUSIONS

In summary, we conclude from this study that:

• The proposed model gives marginally higher values of weighted dose
equivalent per unit intake of monazite sand for aerosol sizes in
the respirable range between l-_m and lO-l_m AMADthan does ICRP 30.

• For larger-sized aerosols, the new model is less restrictive than
ICRP 30.

• The DAC is about four-fold higher for a 15-#m AMADaerosol than it
is for l-l_m AMAD.

• The relaxation of the DACwith increasing aerosol size is substan-
tially less for habitual mouth-breathers.

° The tissues at risk are predominantly the bronchial and bronchiolar
epithelium, with relatively small risk of bone cancer and leukemia.

• The lifetime dose received from chronic exposure is not substan-
tially overestimated by the 50-year committed dose.
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. • Urinaryexcretionof radiothoriumcannot be used to monitor
I ,

exposuresto monazite sand.

• Measurementof thoron in breath is expected to detect chronic
exposuresat the rate of the currentannual limit within a few
months of starting the exposure.

• For exposure to radon progeny,the weighted dose equivalentgiven
by the proposedmodel is about three-foldhigher than that in
ICRP 32, at about 30 mSv/WLM.

• The weighted dose equivale_itgiven for exposure to thoron progeny
is six-fold lower than that for radon progeny, but this is
marginallyhigher than in ICRP 32.

• The risk to the kidneys and Other organs of the body is
insignificantcomparedwith that for bronchialand bronchiolar
epithelium.

• If the proposedmodel is adoptedby the ICRP in conjunctionwith a
lower primary limit on dose, it is likely to require more restric-
tive radiologicalprotectionpracticesin the mineral sands
industry.
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