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DOSE COEFFICIENTS FOR INTAKES OF RADIONUCLIDES
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Approved by the Commission in MMMMM 202X

Abstracti This report is the third in a series of documents giving-degmendent dose
coefficients for members of the public for environmental intakes of radionuclides by inhalation
and ingestion. This series replaces Fheblication 56series(ICRP, 1989, 1993, 1995b,c,
19964, 2001, 2004f documents. The revised dose coefficients have been calculated using the
Publication 100(ICRP, 2006 human alimentary tract model (HATM) aiblication 130
(ICRP,2016)revision of the human respiratory tract model (HRTM). Revisions have also been
made to many of the models that describe the systemic biokinetics of radionuclides absorbed
to blood, making them more physiologically realistic representations of uptake and retention
in organs and tissues and of excretion. Changes have been implemented that were introduced
in Publication103 (ICRP, 2007Y}o: the radiation weighting factors used in the calculation of
equivalent doses to tissues; the tissue weighting factors used in the calculation of effective
dose; and the separate calculation of equivalent doses to males and femalesaviénaggrg

in the calculation of effective dose. Reference voxel anatomical computational phantoms (i.e.
models of the human body based on medical imaging data), have replaced the composite
mathematical models used for previous calculations of organ dosss.calculations were

also improved by usin@ublication 107(ICRP, 2008)updated radionuclide decay data and
implementing thePublication 116(ICRP, 2010)treatment of radiation transport, using the
Publication 11QICRP, 2006 adult reference computational phantoms of the human body and
thePublication 143 1CRP, 2020)paediatric reference computational phantoms.

© 20YY ICRP. Published by SAGE.

Keywords: Environmental exposure; Internal dose assessment; Biokinetic and dosimetric
models
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173 MAIN POINTS

174 1 This report is the third in a series of documents giving agdependent dose
175 coefficients for members of the public for environmental intakes of radionuclides
176 by inhalation and ingestion. This series replaces theublication 56series(ICRP,
177 1989, 1993, 1995b,c, 1996a, 2001, 2064)locuments.

178

179 1 The data provided are agedependent dose coefficients for members of the public
180 for environmental intakes of radionuclides by inhalation and ingestion. As in the
181 Publication 56 series (ICRP, 1989, 1993, 1995b,c, 1996a, 2001, 2Q0Odpse
182 coefficients are presented in this series of reports for intakes byro-old infants,
183 1-, 5, 10, and 15y-old children, and adults.

184

185 1 The data provided in the printed reports are restricted to tables of committed
186 effective dose per intake (Sv Bd) for inhalation and ingestion. Data are provided
187 for all absorption types and for the most common isotope(s) of each element. The
188 electronic annex that accompanies this series of reports contains a comprehensive
189 set of committed effective and equivalent dose coefficients per intake.

190

191 9 This current report provides the above data for the following elementsberyllium
192 (Be), fluorine (F), sodium (Na), magnesium (Mg), aluminium (Al), silicon (Si),
193 chlorine (CI), potassium (K), scandium (Sc), titanium (Ti), vanadium (V),
194 chromium (Cr), manganese (Mn), copper (Cu), gallium (Ga), germanium (Ge),
195 arsenic (As), bromine (Br), rubidium (RDb), rhodium (Rh), palladium (Pd),
196 cadmium (Cd), indium (In), tin (Sn), hafnium (Hf), tantalum (Ta), tungsten (W),
197 rhenium (Re), osmium (Os), platinum (Pt), gold (Au), mercury (Hg), thallium (TI),
198 astatine (At) and francium (Fr).

199
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1. I NTRODUCTI ON

(1) The present report is Part 3 of a report series aimed at providing revised dose
coefficients for members of the public, for intakes of radionuclides by inhalation and ingestion.
This report series replac&iblications 5667, 69, 71, 72, 88 and 95 (ICRP, 1989, 1993Db,
199%,c, 19964, 2001, 2004). The revised dose coefficients provided in this new series have
been calculated using the Human Alimentary Tract Model (HATM) (ICRP, 2006) and a
revision of the Human Respiratory Tract Model (HRTM) (ICRP, 2015), which takes account
of more recent data. Revisions have also been made to many models for the systemic
biokinetics of radionuclides, making them more physiologically realistic representations of
uptake and retention in organs and tissues and of excretion.

(2) Dose coefficients have been calculated for radioisotopes of the elements which are
expected to be released into the environment as a result of human activities, such as uranium
mining and milling, conversion, enrichment and fabrication, power station operations, fuel
reprocessing, waste storage and disposal, and considered to be of significapgblifor
radiation protection purposes. In addition, naturally occurring radionuclides are present in the
environmentand their concentrations may be modified by human activities. Consequently, the
range of radionuclides to be addressed includes those of natural origin, fission products,
actinides, and activation products.

1.1. Methodology used in thispublication series

(3) The general methodology for producing the biokinetic and dosimetric models is
described in Part 1 of this report series (ICRR420-or each element, detailed reviews of the
literature were carried out to identify experimental studies and human contamination cases that
provide information to quantify absorption to blood from the respiratory and alimentary tracts,
and the biokinetics following systemic uptake. These reviews, and the analyses of the data
obtained from them, are summarised in each element section.

(4) The chemical forms considered in this report series are those found in workplaces and
already described in the Occupational Intakes of Radionuclides (OIR) series (ICRP, 2015, 2016,
2017, 2019, 2022). Since most of the radionuclides released in the environment may be
gradually internalised in the food chain, an additional organic chemical form is taken into
consideration for ingestion by humans.

(5) To provide dose coefficients for members of the public, it is necessary to consider the
effect of age on the biokinetics of radionuclides and on anatomical and physiological
parameters. The biokinetic parameter values used for the adults in this series of report are taken
from the OIR series (ICRP 2015, 2016, 2017, 2019, 2022)-spgeific biokinetic parameter
values are given in this series of reports for intakes-imo®ld infants, %, 5, 10, and 15y-
old children, in addition to the adults. Contamination of embryo eetli$ from intakes of
radionuclides by mothers and from ingestion of radionuclidesliawill be treated in further
reports.

(6) Dose coefficients are presented in this series of reports for intakesibyRl infants
and I, 5, 10, and 15y-old children, in addition to adultsl most cases the adult is taken to
be age 20 y and highefrhis means that computational phantoms for adults and biokinetic
parameter values for adults including transfer coefficients, deposition fractions for inhaled
activity, andfa values for activity entering the alimentary tract are applied to age 20 y and
higher. The only exception is for transfer coefficients for biokinetic models describing the
systemicbehaviouro f absor-dpedkiiibgppcher adi onucl i des such
elements and actinide elements (See Part 2 of this Series,2@RH); for these models the
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transfer coefficients for the adult apply to age 25 y and higher, the rationale being that the
skeleton is not fully mature until about age 25 y. In the calculations of the activity in source
regions of the body following intakes at preadult ages, continuous changes with age in the
transfer coefficients and other aggecific biokinetic parameter values governing the
distribution and retention of the radionuclide are obtained by interpolation according to age.

(7) For application to other ages dfiod protracted intakes, it is considered here, as in the
Publication 56series €.g, ICRP, 1989) that tissue doses can be estimated by applying the age
specific dose coefficients to the age ranges given below:

3 mo:from 0 to 12 mo of age
ly:fromlyto2y
5y:morethan2yto7y
10y:morethan 7yto 12y
15y:morethan 12yto 17y
adult:more than 17 y.

= =4 =4 -8 98 -9

(8) inthePublication 56seriesa single Reference Person is used to represent each age
group. Generally, biokinetic parameter values for males have been adopted because of the
availability of biokinetic data. Where there are known differences between sexes in the
biokinetics of an element, this is noted in the relevant section of the biokinetic data in OIR:
Par t CRP, 2Gl6a, 2017, 2019, 2028)in this volume. Energy absorption is considered
in models representing the Reference Male and Reference Female at each age

1.2. Data presented in thisreport series

(9) Each element section of this report series includes reviews of data on, ingestion and
systemic biokinetics and the structure and parameter values of the reference systemic biokinetic
model. For inhalation, reviews of data in OIR Partsi 25 are adopted and are simply
summarised in this series of repoiore specifically, the data used in this third report in the
series come mainly frofublication151(OIR Part 5 ICRP, 2022)

(10) The data provided are agependent dose coefficients for members of the public for
environmental intakes of radionuclides by inhalation and ingestion. As iAulbkication 56
series, dose coefficients are presented in this series of reports for intakesokidBinfants,

1-, 5, 10, and 15y-old children, and adults.

(11) The data provided in the printed reports are restricted to tables of committed effective
dose per intake (Sv BY for inhalation and ingestion. Data are provided for all absorption
types and for the most common isotope(s) of each element. In cases for which sufficient
information is availablgdprincipally for actinide elementsee Part 2 (ICRR20XX)], lung
absorption is specified for certain chemical forms, and dose coefficients are calculated
accordingly. The sizes of particles inhaled by the Reference Individuals are assumed-o be log
normally distributed with amctivity median aerodynamic diamet@&MAD) of 1e m an d
geometric standard deviatidigof approximately 2.5 (ICRR2024. They are assumed to have
a density of 3.0@ cm'3, and a shape factor of 1.5. An exception is made for the-lshenit
progeny of radon, described in the previous report of this series (RDRB),

(12) The electronic annex that accompanies this series of reports contains a comprehensive
set of committed effective and equivalent dose coefficients. Data are presented for almost all
radionuclides includenh Publication107 (ICRP, 2008Yhat have halfives equal to or greater
than 10 min, and for other selected radionuclides. Data are provided for a range of-physico
chemical forms and for aerosols with median sizes ranging fromacéimity median
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thernodynamic diametefAMTD) of 0.001 pm to an AMAD of 20 um. Data for intake by
ingestion (for specified values ) are also provided.

(13) This current report provides the above dataatbthe elementincluded in OIR Part
5, except Ni, Se and Ag, whidtave already been reportedPart 1of this seriesberyllium
(Be), fluorine (F), sodium (Na), magnesium (Mg), aluminium (Al), silicon (Si), chlorine (Cl),
potassium (K), scandium (Sc), titanium (Ti), vanadium (V), chromium (Cr), manganese (Mn),
copper (Cu), gallium (Ga), germanium (Ge), arsenic (As), bromine (Br), rubidium (Rb),
rhodium (Rh), palladium (Pd), cadmium (Cd), indium (In), tin (Sn), hafnium (Hf), tantalum
(Ta), tungsten (W), rhenium (Re), osmium (Os), platinum (Pt), gold (Au), mercury (Hg),
thallium (TI), astatine (At)and francium (Fr)

10
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2. BERYLL I (UM4=

2.1. Routes of Intake
2.1.1. Inhalation

(14) For beryllium, default parameter values were adopted on absorption to blood from the
respiratory tracflCRP, 2015) Absorption parameter values and types, and assotiatallies
for particulate forms of beryllium are givenTable 21 [taken from Section 2 d?ublication
151(ICRP, 2022].

Table 21. Absorption parameter values for inhaled and ingested beryllium.
Absorption parameter valdes

Inhaled particulate materials fr s (d'Y) s (d'Y)
Default parameter valugs

Absorption type

F 1 30 i
MO 0.2 3 0.005
S 0.01 3 1x104

Ingested materials

Age-dependenébsorptiorfrom the alimentary tracta

Assigned forms 3 months 1 year 5 years 10 years 15 years adult
All compounds 8x103 5x10'3 5x10°3 5x10'3 5x10'3 5x10'3

"It is assumed that the bound state can be neglected for bergiléufa= 0). The values o$ for TypeF, M and

S forms of beryllium (30, 3 and 3'despectively) are the general default values.

For inhaled material deposited in the respiratory tract and subsequently cleared by particle transport to the
alimentary tract, the defauk values for inhaled materials are appliee. the product of for theabsorption type

and thefa value for ingested soluble forms of beryllivapplicable to the aggroup of interestd.g, 0.005for

adults.

Pefault Type M is recommended for use in the absence of specific information on which the exposure material
can be assigned to absorption typde.g.if the form is unknown, or if the form is known but there is no
information available on the absorption of that form from the respiratory.tract

SActivity transferred from systemic compartments into segments of the alimentary tract is assumed to be subject
to reabsorption to blood. The default absorption fracfiofor the secreted activity is the highest vafoe
ingestion of the radionuclide applicable to the-ggeup of interestd.g.0.005for adults.

2.1.2. Ingestion
2.1.2.1. Adults

(15) On the basis of the available data, a fractional absorption of 0.005 was adoptéd
beryllium compounds Publicatiors 30, 72and151(ICRP, 1981, 199§ 2022; for details see
Section 2 ofPublication151). The same value @&k = 0.005 is used in this publication for all
forms of beryllium ingested by adult members of the public.

2.1.2.2. Children

(16) Moskalev et al. (1988) reported that beryllium absorption from the fluoride in the
gastreintestinal tracts ofl-, 2- and 4weekold rats was 1.5 times greater than in aduks.

11
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value offa = 0.0@ is therefore adopted here fom3onthold infants. The adult value & =
0.005 is used for-§-old and older children.

2.1.3. Systemic distribution, retention and excretion ofberyllium
2.1.3.1. Biokinetic data

(17) Zhu et al. (2010) determined concentrations of beryllium in 17 tissues obtained from
autopsies of up to 68 Chinese men from four areas of China. The subjects were considered
healthy until the time of sudden accidental deathrelated to ionizing radiations’he
beryllium concentration was also measured in blood of living subjects from the same areas.
Based on median beryllium concentrations in tissues together with reference tissue masses,
about 36% of systemic beryllium (defined here as-otaly beryllium minus beryllium in the
lungs) was contained in bone, 30% in skeletal muscle, 17% in fat, 8% in blood, 3% in skin,
1.5% in liver, and 0.05% in kidneys. As a central estimate, the mass of beryllium in the total
body was ~20 ug, including ~1 pg in the lungs.

(18) Studies on rodents indicate that the systemic distribution of beryllium depends on the
dosage, chemical form, and route of entry (Vacher and Stoner, 1968). The fractions of systemic
beryllium retained in bone and excreted in urine tended to increase with decreasing mass of
administeredberyllium. Beryllium accumulated to a large extent in the liver when administered
intravenously as sulfate or chloride but not when administered intravenously as citrate (Van
Cleave and Kaylor, 1953). Following intratracheal administration, the skeleton was the main
repository for all forms of administered beryllium (Cleave and Kaylor, 1955). Following oral
intake of beryllium sulphate by rats, the skeleton contained >75% of the systemic content
(Reeves, 1965).

(19) Scott et al. (1950) examined the effect of added carrier (beryllium sulphate) on the
distribution and excretion of intravenously administefd in rabbits and rats. In all cases,
the preponderance of excretion @e over the & observation period was in urine and
occurred during the first 24 h. The cumulative urinary to faecal excretion ratio over 7 d was 2.1
and 6.8 in rats injected witlBe with and without carrier, respectively, and 11 and 14 in rabbits
injected with’Be with and without carrier, respectively. Activity was removed from blood
more rapidly in the animals injected witRe without carrier than in animals injected wiBe
with carrier. At 7 d, the animals injected wiBe without carrier showed higher uptake by the
skeleton and greater loss in urine than animals injected Bithwith carrier. The most
pronounced effect of the added carrier was increased accumulation of activity in the liver.

(20) Vacher and Stoner (1968) studied the disappearance of beryllium from blood in rats
following its injection as carriefree ‘Be or BeSQ labelledwith 'Be. Carriesfree 'Be cleared
rapidly from blood, with only a few percent retained after 2 h. Beryllium cleared much more
slowly from blood when injected as Befé&cause only a small portion of the injected material
remained in diffusible form. The residence time in blood increased with the mass of injected
BeSQ.

(21) Furchner et al. (1973) compared the biokineticdBaf (Ti2 = 53.2 d) in mice, rats,
monkeys, and dogs after oral or parenteral administration, over observation periods up to 380
d. Cumulative urinary plus faecal excretion’'Be measured over the first week (6 days for
dogs and monkeys) was about 51% of the administered amount for mice, 45% for rats, 55%
for dogs, and 29% for monkeys. Urinary to faecal excretion ratios were 2.9 for mice, 9.7 for
rats, 1.7 for monkeys, and 10.2 for dogs. For each of the four animal typebptbtaktention
following intravenous injection could be described as a sum of three exponential terms. The
long-term component of retention represented about 40% of the injected amount for dogs, 46%
for mice, 50% for rats, and 59% for monkeys. Assuming a physicalifeatff 52 d for'Be,
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the investigators derived biological hdilihnes of 1210 d for mice, 890 d for rats, 1270 d for
dogs, and 1770 d for monkeys. The more recently estimated radiologichlehaff53.22 d
for ‘Be (ICRP, 2008) would yield higher estimated biological -tiaies, up to ~3900 d for
monkeys, due to the small difference between the effectivetiynghalftime in the animals
and the physical halffe of ‘Be. The systemic distribution éBe was determined for rats at
0.2571 d post intraperitoneal injection. Bone was the dominant repository at all measurement
times, containing about 64% of the retained activity at 1 d, 81% at 10 d, and 93% at 71 d. The
liver contained about 8% of retainéBe at 1 d, 3% at 10 d, and 0.7% at 71 d. The kidneys
contained about 6% at 1 d, 1% at 10 d, and 0.6% at 71 d.

(22) Finch et al. (1990) investigated thehaviourof inhaled’Be in dogs after inhalation
of ‘BeO particles calcined at either 3@ 1000 C. Faecal excretion was the dominant mode
of excretion at early times after exposure, but urinary excretion dominated at later times. The
distribution of activity in the body was determined at 8, 32, 64, and 180 d post exposure. Lung
retention at 180 d was much higher for BeO calcined at°1@2% of ILB) than for BeO
calcined at 500(14% of ILB). Most of the activity cleared from the lungs but not excreted was
contained in the lymph nodes, skeleton, liver, and blood. On average, the skeleton contained
about 8 times as much activity as the liver.

2.1.3.2. Biokinetic model for systemic beryllium

(23) The biokinetic model for systemic beryllium appliedPablication151(ICRP,2022)
to workers is applied in this report to all age groups. The model structure is shown2riFig
Transfer coefficients are listed in Tal2&

(24) The transfer coefficients describing the shanhd intermediatéerm kinetics of
beryllium were selected to yield reasonable reproductions of the distribution, retention, and
excretion of beryllium observed over the first ~1 y in laboratory animals administered low
masses of soluble forms of Be. The transfer coefficients describing théelomgehaviour
were selected to approximate the ldagn distribution of beryllium indicated by autopsy data
for adult humans. The return of beryllium from compartments with extended retention to a
second blood compartment with relatively slow loss was a convenient way to model both the
rapid blood clearance at early times after administration of beryllium to animals and the
relatively large portion of totabody beryllium in blood (an estimated 8%) in environmentally
exposed persons.
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413 Fig. 2.1. Structure of the biokinetic model for systemic beryllium.

414 Table 2.2. Agespecific transfer coefficients for beryllium
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Transfer coefficients (8

Pathway 100d ly 5y 10y 15y Adult
Blood 1 UB content 2.00E+01 2.00E+01 2.00E+01 2.00E+01 2.00E+01 2.00E+01
Blood 1 RC content 5.00E+00 5.00E+00 5.00E+00 5.00E+00 5.00E+00 5.00E+00
Blood 1 Trab surface 1.50E+01 1.50E+01 1.50E+01 1.50E+01 1.50E+01 1.50E+01
Blood 1 Cort surface 1.50E+01 1.50E+01 1.50E+01 1.50E+01 1.50E+01 1.50E+01
Blood 1 Liver 1 5.00E+00 5.00E+00 5.00E+00 5.00E+00 5.00E+00 5.00E+00
Blood 1 Kidneys 3.00E+00 3.00E+00 3.00E+00 3.00E+00 3.00E+00 3.00E+00
Blood 1 Other 1 3.00E+01 3.00E+01 3.00E+01 3.00E+01 3.00E+01 3.00E+01
Blood 1 Other 2 5.00E+00 5.00E+00 5.00E+00 5.00E+00 5.00E+00 5.00E+00
Blood 1 Blood 2 2.00E+00 2.00E+00 2.00E+00 2.00E+00 2.00E+00 2.00E+00
Blood 2 Blood 1 1.40E02 1.40E02 1.40E02 1.40E02 1.40E02 1.40E02
Trab surface Blood 2 2.50E03 2.50E03 2.50E03 2.50E03 2.50E03 2.50E03
Cort surface  Blood 2 2.50E03 2.50E03 2.50E03 2.50E03 2.50E03 2.50E03
Liver 1 Blood 1 2.00E01 2.00E01 2.00E01 2.00E01 2.00E01 2.00E01
Liver 1 Liver 2 5.00E02 5.00E02 5.00E02 5.00E02 5.00E02 5.00E02
Liver 2 Blood 2 1.90E03 1.90E03 1.90E03 1.90E03 1.90E03 1.90E03
Kidneys Blood 1 1.50E01 1.50E01 1.50E01 1.50E01 1.50E01 1.50E01
Other 1 Blood 1 7.00E02 7.00E02 7.00E02 7.00E02 7.00E02 7.00E02
Other 2 Blood 2 2.50E04 2.50E04 2.50E04 2.50E04 250E04 2.50E04

415 UB, urinary bladdeyRC, right colon Cort, cortical; Trab, trabecular

416
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417 2.2. Dosimetric data for beryllium

418 Table 2.3. Committed effective dose coefficients (SV)Bfgr the inhalation or ingestion of
419 'Be compounds.

Effective dose coefficients (Sv B

3m ly 5y 10y 15y Adult

Inhaled particulate materials (1 um AMAD aerosols)

Type F 2.2E10 1.8E10 9.8E11 6.4E11 4.8E11 4.9E11
Type M, default 2.4E10 2.0E10 1.2E10 8.1E11 6.0E11 7.0E11
Type S 3.1E10 2.6E10 1.5E10 1.1E10 7.8E11 9.2E11
Ingested materials

All compounds 8.2E11 7.4E11 4.2E11 3.0E11 2.1E11 2.1E11

420 AMAD, activity median aerodynamic diameter

421
422 Table 2.4. Committed effective dose coefficients (S¥)Bigr the inhalation or ingestion of
423  '%Be compounds.

Effective dose coefficients (Sv By

3m ly By 10y 15y Adult
Inhaled particulate materials (1 um AMAD aerosols)
Type F 8.1E08 7.0E08 3.4E08 2.2E08 1.8E08 1.5E08
Type M, default 4.5E08 4.2E08 2.3E08 1.5E08 1.3E08 1.1E08
Type S 1.5607 1.5E07 1.2E07 9.4E08 9.4E08 9.6E08

Ingested materials
All compounds 3.6E09 2.0E09 1.1E09 7.2E10 5.6E10 4.4E10

424  AMAD, activity median aerodynamic diameter
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3. FLUORI(NZE9=

3.1. Routes of Intake
3.1.1. Inhalation

(25) For fluorine, default parameter values were adopted for the absorption to blood from
the respiratory tradiCRP, 2015) Absorption parameter values and types, and assodiated
values for gas and vapour forms of fluorine are givehable 31 and for particulate forms in
Table 32 [both taken from Section 3 #fublication151 (ICRP, 2022]. By analogy with the
halogen iodine, considered in detaiFnblication137(OIR Part3) (ICRP, 2017)defaultType
F is recommended for particulate forms in the absence of specific information on which the
exposure material can be assigned talasorption type

(26) For fluorine, and the other halogens, intakes could be in both particulate and gas and
vapour forms, and it is therefore assumed that inhaled fluorine is 50% particulate and 50%
gas/vapour in the absence of information (ICRP, 2002b).

Table 31. Deposition and absorption for gas and vapour compounds of fluorine.

Percentage deposited (%) Absorptiorf
Chemical Absorption from the
form/origin  Total ET: ET> BB bb Al Type alimentary tractfa™
Unspecified 100 0 20 10 20 50 F 1.0

ETi, anterior nasal passage; Zposterior nasal passage, pharynx and larynx; BB, bronchial; bb, bronchiolar; Al,
alveolarinterstitial.

"Percentage deposited refers to how much of the material in the inhaled air remains in the body after exhalation.
Almost all inhaled gas molecules contact airway surfaces, but usually return to the air unless they dissolve in, or
react with, the surface lining. The default distribution between regions is assumed: 20490% BB, 20% bb,

and 50% Al.

At is assumed that the bound state can be neglected for flfoeirfe = 0).

For inhaled material deposited in the respiratory tract and subsequently cleared by particle transport to the
alimentary tract, the default values for inhaled materials are appljed. the product of; for theabsorption type

(or specific value where given) and thaevalue for ingested soluble forms of fluorine@.

The value ofa = 1.0is applicable to all aggroups.

3.1.2. Ingestion

(27) Absorption of fluoride present in food or as added fluoride in drinking water is rapid
and almost complete. This seems also to be true for most inorganic compounds of fluorine in
solution(see Section 8f Publication151). In Publicatiors 3Q 72and151(ICRP,1980,19%c,

2022, the fractional absorption waaken to be 1 for all compounds of fluorite the present
publication thesamevaluefa = 1 is used for all chemical forms of fluorinadfor all ages

16
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Table 32. Absorption parameter values for inhaled and ingested fluorine.
Absorption parameter valudes

Inhaled particulate materials fr s (dY s (d'Y)
Default parameter valugs

Absorption type

Fo 1 30 T
M 0.2 3 0.005
S 0.01 3 1x104

Ingested materials

Age-dependent absorption from the alimentary triact,

Assigned forms 3 months 1 year 5 years 10 years 15 years adult
All forms 1 1 1 1 1 1

"It is assumed that the bound state can be neglected for fljoeirfe= 0). The values o§ for Type F, M and S

forms of fluorine (30, 3 and 3 trespectively) are the general default values.

For inhaled material deposited in the respiratory tract and subsequently cleared by particle transport to the
alimentary tract, the defaudlt values for inhaled materials are applied. the product of for the absorption type

and thefa value for ingested soluble forms of fluoriapplicable to the aggroup of interes(1).

Pefault Type F is recommended for use in the absence of specific information on which the exposure material
can be assigned to an absorption typg. if the form is unknown, or if the form is known but there is no
information available on the absorption of that form from the respiratory.tract

SActivity transferred from systemic compartments into segments of the alimentary tract is assumed to be subject
to reabsorption to blood. The default absorption fracfiofor the secreted activity is the highest vafoe
ingestion of the radionuclide applicable to the-ggaup of interesffa = 1).

3.1.3. Systemic distribution, retention and excretion offluorine
3.1.3.1. Biokinetic data

(28) Fluorine18 is widely used in skeletal imaging. Its systerb@haviourhas been
studied in human subjects and laboratory animals, usually as the fluoride ion (Suttie and
Phillips, 1959; Costeas et al., 1970; Wootton, 1974; Hall et al., 1977; Charkes et al., 1978;
Hawkins et al., 1992; Whitford, 1994; Schiepers et al., 1997).

(29) Fluoride entering blood deposits primarily in bone. Uptake by bone is rapid and
thought to occur mainly by adsorption onto hydroxyapatite crystals, followed by exchange with
hydroxyl groups in the hydroxyapatite. Uptake by bone is correlated with calcium influx and
hence varies with age, with higher deposition in immature than mature bone. The highest
concentrations of fluoride in bone occur at sites of bone growténoodelling(Neuman and
Neuman, 1958; Whitford, 1994; Schiepers et al., 1997).

(30) Charkes et al. (1978) developed a biokinetic model for systemic fludtige3(1)
based on collected results of published studies of the kinett€s af human subjects. Two
compartments were used to describeltbleaviourof fluoride in bone: a buffer compartment
between blood and mineral bone, assumed to represent an extracellular fluid space of bone, and
a compartment representing mineral bone. A portion of fluoride entering the buffer pool was
assumed to return rapidly to blood. The remainder was assumed to enter a mineral bone
compartment that returns fluoride to the buffer pool.

3.1.3.2. Biokinetics of systemic fluorine

(31) The biokinetic model for fluorine applied to workerdAablication151 (ICRP,2022)
is a modified version of the model of Charkes et al. (1978) for shotig.iB.1 The modebf
Publication151 incorporates flow rates derived by Charkes and coworkers but applies these
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rates within a modified model framework. Specifically, the compartment called Bone ECF in
Fig. 3.1was divided into compartments called Trabecular Surfa@d) and Cortical Surface
1 (C1), and the compartment called Bone was divided into compartments called Trabecular
Surface 2 (T2) and Cortical Surfage ( C2) . The compart mehig. call e
3lwas replaced by a compartment named AKidne
T1 and C1 was assumed to be the same as the trabecular to cortical deposition ratio applied in
the model for calcium iRublication134 (ICRP,2016). The sum of flow rates from Blood to
T1 and C1 was required to be the same as the flow rate from Blood to Bone EGRid.

(32) The fluorine model applied to workers Publication151is applied in this report to
adult members of the public. For application to-adellt ages, the rates of transfer from Blood
to T1 and C1 are assumed to be proportional to rates of transfer of calcium from blood to
trabecular and cortical bone surfaces, respectively, indicated in thepagéc model for
calcium applied in Part 1 of the present series of reports.

(33) The structure of the fluorine model applied in the present report is shdvig. Bi2.
Transfer coefficients are listed in Tabl@.3.

Non-bone
ECF
1.191 0.567
0.246 0.602
Blood Bone ECF Bone
0.908 0.02
0.388 0.024
Tubular
urine

lo.mz

Loss in urine

Fig. 3.1. Biokinetic model of Charkes et al. (1978) for systemic fluoride. Numbers next to
arrows are transfer coefficients (mjn ECF, extracellular fluids.

Other
L T T T T |
T \L | Bone i
! 1
: Trabecular Trabecular :
: surface 1 surface 2 |,
Blood i !
1 Cortical Cortical !
. surface 1 surface 2 | |
I

T l = e

Kidneys

!

Urinary
bladder

Fig. 3.2. Structure of the biokinetic model for systemic fluoride used in this report. Transfer
coefficients are listed in TabB2
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Table 3.2. Agespecific transfer coefficients for fluorine

Transfer coefficients (8

Pathway 100d ly 5y 10y 15y

Adult

Blood Trab surface 1 2.13E+02 1.28E+02 1.26E+02 2.01E+02 2.93E+02
Blood Cort surface 1 8.52E+02 5.11E+02 4.42E+02 5.94E+02 7.57E+02
Blood Other 1.02E+03 1.44E+03 1.51E+03 1.29E+03 1.04E+03
Blood Kidneys 2.06E+01 2.90E+01 3.04E+01 2.59E+01 2.09E+01
Trab surface 1 Blood 1.31E+03 1.31E+03 1.31E+03 1.31E+03 1.31E+03
Cort surface 1 Blood 1.31E+03 1.31E+03 1.31E+03 1.31E+03 1.31E+03
Trab surface 1 Trab surface 2 8.67E+02 8.67E+02 8.67E+02 8.67E+02 8.67E+02
Cort surface 1 Cort surface 2 8.67E+02 8.67E+02 8.67E+02 8.67E+02 8.67E+02
Trab surface 2 Trab surface 1 2.88E+01 2.88E+01 2.88E+01 2.88E+01 2.88E+01
Cort surface 2 Cort surface 1 2.88e+01 2.88E+01 2.88E+01 2.88E+01 2.88E+01
Other Blood 8.17E+02 8.17E+02 8.17E+02 8.17E+02 8.17E+02
Kidneys Blood 5.59E+02 5.59E+02 5.59E+02 5.59E+02 5.59E+02
Kidneys UB content 8.81E+02 8.81E+02 8.81E+02 8.81E+02 8.81E+02

1.97E+02
1.58E+02
1.72E+03
3.46E+01
1.31E+03
1.31E+03
8.67E+02
8.67E+02
2.88E+01
2.88E+01
8.17E+02
5.59E+02
8.81E+02

UB, urinary bladderCort, cortical;, Trab, trabecular
3.2. Dosimetric data for fluorine

Table3.3. Committed effective dose coefficients (Sv-Bdor the inhalation or
18F compounds.

ingestion of

Effective dose coefficients (Sv By

Inhaled gases or vapours 3m ly 5y 10y 15y

Adult

Unspecified 3.4E10 2.6E10 1.6E10 1.1E10 8.2E11

7.8E11

Inhaled particulate materials (1 pm AMAD aerosols

Type F, default 1.4E10 1.0E10 4.7E11 3.4E11 2.3E11
Type M 2.0E10 1.5E10 7.6E11 5.6E11 4.3E11
Type S 2.0E10 1.5E10 7.7E11 5711 44E11

Ingested materials

2.0E11
3.6E11
3.7E11

All compounds 2.6E10 2.0E10 1.3E10 8.9E11 6.1E11

4.8E11

AMAD, activity median aerodynamic diameter

19



I‘Ri DRAFT REPORT FOR CONSULTATION: DO NOT REFERENCE

523 4. SODI UM 1%

524 4.1. Routes of Intake
525 4.1.1. Inhalation

526 (34) Forsodium default parameter values were adopted on absorption to blood from the
527 respiratory tracfiCRP, 2015) Absorption parameter values and types, and assotiatallies
528 for particulate forms adodiumare given inTable 41 [taken from Section df Publication151
529 (ICRP, 2022].
530
531 Table 41. Absorption parameter values for inhaled and ingested sodium.
Absorption parameter valudes

Inhaled particulate materials fr s (d'Y) s (d'h)

Default parameter values

Absorption type

F 1 30 i
MO 0.2 3 0.005
S 0.01 3 1x104

Ingested materials

Age-dependent absorption from the alimentary tract,

Assigned forms 3 months 1 year 5 years 10 years 15 years adult
All compounds 1 1 1 1 1 1

532 “ltis assumed that the bound state can be neglectsddam(i.e. f, = 0). The values o for Type F, M and S

533 forms ofsodium(30, 3 and 3 '@ respectively) are the general default values.

534  “For inhaled material deposited in the respiratory tract and subsequently cleared by particle transport to the
535 alimentary tract, the defaufl values for inhaled materials are applied. the product of for theabsorption type

536  and thefa value for ingested soluble forms sddiumapplicable to the aggroup of interes(1).

537 DefaultType M is recommended for use in the absence of specific information on which the exposure material
538 can be assigned to absorption typde.g. if the form is unknown, or if the form is known but there is no

539 information available on the absorption of that form from the respiratory tract.

540  SActivity transferred from systemic compartments into segments of the alimentary tract is assumed to be subject
541 to reabsorption to blood. The default absorption fracfiofor the secreted activity is the highest vafoe

542 ingestion of the radionuclide applicable to the-ggaup of interesffa = 1).

543 4.1.2. Ingestion

544 (35) Virtually all sodium is absorbed from the gastrointestinal tract of[isea ublication
545 151(ICRP, 2022]. The fractional absorptiowasthereforetaken to be 1 ifPublicatiors 3Q
546 72and151(ICRP,1980,19%c, 2022. The same value df = 1 is adopted here for sodium
547 intakefrom diet at all ages

548 4.1.3. Systemic distribution, retention and excretion ofsodium

549 4.1.3.1. Biokinetic data

550 (36) The human bodyds sodium is freely exchan
551 for a portion of sodium in bone representing roughly 10% of-tmidly sodium in an adult
552 ( Mol e, 1984). The turnover rate of the body?o
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level of sodium in diet. The concentration of sodium in the adult body typically is about 1 g Na
per kg (Mole, 1984)

(37) Richmond (1980) studied the biokinetics?dfla over time periods up to ~9 months
after its oral administration to mice, rats, and human subjects; intraperitoneal (IP)
administration to mice and rats; and intravenous (IV) administration to monkeys and dogs.
Average biological retention of Na (%) in three human subjects was described as a sum of three
exponential terms:

Yo tT@Q’® L BQ ° ® e} ° P

wheret is in days.

(38) Totalbody retention in dogs and monkeys resembled that in human subjects. Activity
was removed from the body at a moderately higher rate in rats and a much higher rate in mice
than in human subjects. Distribution studies on rats indicated that muscle, bone, skin,
gastrointestinal tract, and blood plasma contained the preponderance of the retained-activity 1
20 d after intraperitoneal administration. Blood plasma contained ~10% and bone contained
17-31% of totalbody activity during this period.

(39) Richmond et al. (1962) examined the effect of age on-teng retention of
intravenously injectedNa in rats. Animals of age 30 d (immature rats) and 86 d (adult rats)
at injection were used. Animals were divided into groups with normal or low levels of sodium
in diet. Totatbody retention was measured for 173 days. Biological retention of activity in all
groups was expressed as a sum of three exponential terms. In animals with normal levels of
sodium in diet, biological retention of the tracer was higher in the adults than in the younger
animals for ~35 d post injection but lower thereafter. The coefficient (size) of thediong
component of retention was about 50% greater for the younger animals than for the adults.
Similar longterm effects of age were seen in animals with low sodium intake; i.e., the size of
the longterm component was about 50% greater in the younger animals than in the older
animals. In all groups, the loftgrm biological haltime was about 9 months.

(40) Vennart (1963) reported a lotgrm component of sodium retention in the human
body of about 1100 d, representing about 0.3% of the administered amousit1 A6 after
oral administration of?Na to 12 patients, median totabdy retention represented ~0.35% of
the administered amount (Smilay et al., 1961). In other human studies, Veall et al. (1955)
estimatec®Na retention of 1% after 75 d, and Miller et al. (1957) estim&itdd retention of
0.1% at1ly.

(41) Bergstrom (1955) studied the sodium loss from bone in rats due to various procedures
resulting in acute acidosis or sodium depletion. Only about 29% of bone sodium could be
mobilized.

(42) Forbes and McCoord (1969) studied trehaviourof sodium in bone for periods up
to 650 d post intraperitoneal injection®@Na into rats. Most of the activity taken up by bone
was removed with a hatime of a few days, but about 5% of the deposited activity exhibited
slow removal with an estimated hdifihe of ~700 d. The investigators concluded that the
tenaciously retained activity had become an integral part of the bone crystal structure.

4.2.3.2. Biokinetic model for systemic sodium

(43) A biokinetic model proposed by Samuels and Leggett (2021) for systemic sodium in
adults was adopted Publication151 (ICRP,2022) for application to workers. That model is
applied in this report to adult members of the public. The model struétigred(1) divides
systemic sodium into blood, an exchangeable sodium pool consisting of sodium in all soft
tissues, an exchangeable pool in bone represented by cortical and trabecular bone surfaces, and
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a relatively norexchangeable pool in bone represented by cortical and trabecular bone volume.
Transfer coefficients for adults were set for consistency of model predictions with the following
observations or assumptions: observed Jtmig totalbody retention of radisodium in
healthy human subjects; central rates of sodium excretion via urine, sweageedlased on
literature review; equilibrium between blood and soft tissues by 1 h after IV injection of a
sodium tracer; equilibrium between blood and bone surfaces by 1.5 h after 1V injection of a
sodium tracer; a steagyate distribution of sodium of about 13% in blood, 40% in bone, and
the remainder in soft tissues; reasonably accurate reproduction diadiakodium in adults

using model input of typical daily intake of sodium by an adult.

Other Sweat
e o o R S T e e e e |
1 Bone [ |
! I
I Cortical Cortical [«
I volume [~ | f
! surface _:9 Blood
! I
! |
! Trabecular Trabecular <
! volume < surface |1 Colon
: | | content
(B s e \[/
_ Urinary
Urine bladder <« Faeces
content

Fig. 4.1. Structure of the biokinetic model for systemic sodium.

(44) Extension of the model for sodium appliedPublication151to preadult ages was
based on the following general assumptions, or guiding principles, regarding sodium kinetics
at any given age: daily excretion of sodium is equal to daily intad@eostatic equilibrium)
the totatbody concentration of sodium is about 1 ¢k all ages; the distribution of sodium
among blood and exchangeable pools of the body is nearly the same at all ages; the rate of
transfer of sodium into the virtually nonexchangeable portion of bone is greater for immature
bone than for mature bone; and removal of sodium from a nonexchangeable compartment of
bone is a sum of the bone turnover rate, T, and a slownageant rate of transfer, R, from
bone to blood due to other causes. The following specific assumptions were used to develop
transfer coefficients for preadult ages consistent with these guiding principlesbddyal
masses at the ages addressed in the model (100d, 1y, 5y, 10y, 15y, and adult) were taken
from Publication89 (ICRP,2002). Dietary intake of sodium was based on results of extensive
surveys of agspecific dietary sodium in the US since the 1990s (National Health and Nutrition
Examination Survey, or NHANES) (Alaimo et al., 1994; Tian et al., 2013; Wallace et al., 2019),
and a review by Powles et al. (2013) of reported worldwide data for adults from 142 surveys
of urinary sodium and 103 surveys of dietary sodium between 1980 and 2010 in 66 countries.
The central values determined by Powles et al. for male and female adults are reasonably
consistent with those determined for the US in NHANES studies. The following estimated
sodium intakes in males of different ages were used to estimate sodium excretion rates: 0.6,
2.0,2.7,3.1,4.0,and 4.1 ¢ tbr ages 100d, 1y, 5y, 10y, 15y, and adult, respectively. For
pre-adult age P, the transfer coefficient from blood to each excretion pathway was scaled from
the rate for adults using the scaling factor B4{F/)/(1a/Ma), where M» and b are totalbody
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mass and daily sodium intake, respectively, at theagwdt age; and M and h are
corresponding values for an adult male. The derived scaling factors are 1.8, 3.6, 2.5, 1.7, and
1.3forages 100d, 1y, 5y, 10y, and 15y, respectively. The transfer coefficients between blood
and exchangeable soft tissue or bone pools were not changed from the values applied to adults
in Publication 151 (ICRP, 2022) The rate of transfer from bone surface compartments
(representing the sodiuexchangeable portion of bone) to bone volume compartments
(representing the nonexchangeable portion of bone) was set at 1.5 times the value for adults for
ages 515 y and 2.0 times the value for adults for ages 100 d and 1 y. In the model for adults
usedin Publication151, the transfer rate from a bone volume compartment to blood was set at
0.002 d', based on a curve fit to losigrm ?2Na retention data for healthy adult males. This
rate is greater than the bone turnover rates in adult bones and for a given bone type presumably
represents the sum of the bone turnover rate T and return of sodium to blood at a rate R due to
other causes. For development of transfer rates from nonexchangeable bone to blood in
preadults, the value R was assumed to be invariant with age as its nature is unknown, but
reference agepecific turnover rates T for cortical and trabecular bone (ICRP, 2002) were
applied. The result is that the assigned transfer coefficients from nonexchangeable bone pools
to blood increase with decreasing age.

(45) The agespecific transfer coefficients for systemic sodium are listed in ZaBle

Table 4.2. Agespecific transfer coefficients for sodium
Transfer coefficients (8

Pathway 100 d ly 5y 10y 15y Adult
Blood UB-cont 7.95601 1.59E+00 1.10E+00 7.51E01 5.74E01 4.42E01
Blood RC-cont 8.46E03 1.69E02 1.18602 7.99E03 6.11E03 4.70E03
Blood Excretd 4.23E02 8.46E02 5.88E02 4.00E02 3.06E02 2.35E02
Blood Other 9.50E+01 9.50E+01 9.50E+01 9.50E+01 9.50E+01 9.50E+01
Blood Trab surface 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00
Blood Cort surface 4.00E+00 4.00E+00 4.00E+00 4.00E+00 4.00E+00 4.00E+00
Other Blood 2.50E+01 2.50E+01 2.50E+01 2.50E+01 2.50E+01 2.50E+01
Trab surface Blood 2.00E+00 2.00E+00 2.00E+00 2.00E+00 2.00E+00 2.00E+00
Trab surface Trab volume 1.10603 1.10E03 8.25£04 8.25£04 8.25E04 5.50E04
Cort surface  Blood 2.00E+00 2.00E+00 2.00E+00 2.00E+00 2.00E+00 2.00E+00
Cort surface Cortvolume 1.10E03 1.10E03 8.25£04 8.25E04 8.25E04 5.50E04
Trab volume Blood 9.73E03 4.39E03 3.32E03 2.83E03 2.47E03 2.00E03
Cort volume Blood 1.01E02 4.80E03 3.45E03 2.82E03 2.44E03 2.00E03

UB, urinary bladderRC, right colon Cort, cortical, Trab, trabecular

*Sweat
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659 4.2. Dosimetric data for sodium

660 Table 4.3. Committed effective dose coefficients (SV)Bfgr the inhalation or ingestion of
661 22Na compounds.

Effective dose coefficients (Sv By

3m ly 5y 10y 15y Adult

Inhaled particulate materials (1 pm AMAD aerosols

Type F 6.5E09 2.5E09 1.7609 1.5E09 1.3E09 1.5E09
Type M, default 3.1E08 2.7E08 1.6E08 1.1E08 8.4E09 9.3E09
Type S 1.1E07 1.0E07 6.7E08 4.6E08 4.0E08 4.4E08
Ingested materials

All compounds 1.2E08 4.6E09 3.6E09 3.3E09 3.0E09 3.5E09

662 AMAD, activity median aerodynamic diameter

663
664 Table 4.4. Committed effective dose coefficients (SV¥)Bigr the inhalation or ingestion of
665 2*Na compounds.

Effective dose coefficients (Sv By

3m ly 5y 10y 15y Adult
Inhaled particulate materials (1 um AMAD aerosols)
Type F 1.6E09 1.0E09 4.8E10 3.4E10 2.1E10 1.8£10
Type M, default 2.2E09 1.6E09 8.1E10 5.8E10 3.9E10 3.7E10
Type S 2.3E09 1.7&09 8.7E10 6.3E10 4.2E10 4.0E10

Ingested materials
All compounds 2.9E09 1.9E09 1.2E09 8.0E10 5.6E10 4.8E10

666  AMAD, activity median aerodynamic diameter
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5. MAGNE S| (U1 2

5.1. Routes of Intake
51.1. Inhalation

(46) Formagnesiumdefault parameter values were adopted on absorption to blood from
the respiratory tradiCRP, 2015) Absorption parameter values and types, and assodiated
values for particulate forms a@hagnesiumare given inTable 51 [taken from Section bf
Publication151 (ICRP, 2022)].

Table 51. Absorption parameter values for inhaled and ingested magnesium.
Absorption parameter valdes

Inhaled particulate materials  fr s (d'Y) s (d'h)
Default parameter valugs

Absorption type

F 1 30 i
MO 0.2 3 0.005
S 0.01 3 1x104

Ingested materials

Age-dependent absorption from the alimentary trict,

Assigned forms 3 months 1 year 5 years 10 years 15 years adult
Magnesium oxide 0.4 0.2 0.2 0.2 0.2 0.2
All other forms 1 0.5 0.5 0.5 0.5 0.5

"It is assumed that the bound state can be neglectedafgmesiundi.e. f, = 0). The values o for Type F, M

and S forms ofnagnesiun(30, 3 and 3 'd respectively) are the general default values.

For inhaled material deposited in the respiratory tract and subsequently cleared by particle transport to the
alimentary tract, the defauk values for inhaled materials are appliee. the product of for theabsorption type

and thefa value for ingested soluble forms ofagnesiumapplicable to the aggroup of interestg.g.0.5 for

adults).

Pefault Type M is recommended for use in the absence of specific information on which the exposure material
can be assigned to absorption typde.g.if the form is unknown, or if the form is known but there is no
information available on the absorption of that form from the respiratory.tract

SActivity transferred from systemic compartments into segments of the alimentary tract is assumed to be subject
to reabsorption to blood. The default absorption fracfiofor the secreted activity is the highest value for
ingestion of the radionuclide applicable to the-ggeup of interestd.g.0.5 for adults).

5.1.2. Ingestion
5.1.2.1. Adults

(47) Estimates oftte fractional intestinal absorption of magnesiwarereported from 10
to 70% This absorptiorseems to be lower for the oxide than for soluble forms and to be
influenced by the total amount of magnesium in.dtetr details, see Section Siblication
151(ICRP, 2022).

(48) In Publicatiors 30 and 72 (ICRP, 1981, 19%c), f; was taken to be 0.5 for all
compounds of magnesiunm Publication151 (ICRP, 2022)a lowerfa = 0.2was applied to
magnesium oxidén this publication, the sanig = 0.2 is used for intakes of magnesium oxide
by adults, whiléa = 0.5 is applied to all other chemicals forms, including magnesium in diet.
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5.1.2.2. Children

(49) The United States Institute of Medicine (IOM, 1997) noted that there are no data
indicating that serum magnesium concentrationis increased during pregnancyhe
bioavailability of magnesium was observed to be negatively correlated with age in adult men
(Verhas et al., 2002) and rats (Coudray et al., 20@@8)ever,magnesium balance does not
seem to be affected by age in adults (Hunt and Johnson, 2006).

(50) Consistently with the approact Publication56 (ICRP, 1990)anfa = 0.4 is adopted
here for intakes of magnesium oxide by 3 month old infants and the vdhre 012 is applied
to intakes of magnesium oxide by older children. For all other forrhs=ah is used for intakes
by 3-monthold infants and the value & = 0.5 is applied to older children.

5.1.3. Systemic distribution, retention and excretion oimagnesium
5.1.3.1. Biokinetic data

(51) The adult human body typically contains ~24 g of the essential element magnesium.
The normal concentration in plasma is 6176 mmol Mg 2. The concentration in red blood
cells (RBC) is about three times that in plasma. Bone contains about 60% of tHmdytal
content. Part of bone magnesium exchanges extremely slowly with plasma magnesium.
Magnesium residing on bone surfaces is readily released to blood when plasma concentrations
decline but remains bound to bone surface at adequate plasma concentrations (Elin, 1987;
Vormann, 2003).

(52) In healthy adult human subjects injected intravenously #fitty, mean urinary and
faecal excretion accounted for about 17% and 2.6%, respectively, of the administered amount
(corrected for radioactive decay) after 6 (Mlviola and Berman, 1966). Exchangeable
magnesium presumably consisting mainly of extracellular fluid was estimated to represent
about 15% of totabody magnesium. A larger pool tie tracer exchanged with stable
magnesium with a biological hdife of ~42 d.

(53) In healthy adult human subjects ~20% of intravenously administévgl (Tby2 =
20.9 h) was removed in urine over 24 h (Aikawa et al., 1960). Faecal excretion was negligible.
Exchangeable magnesium was estimated to represent less than 16%bafdptalagnesium.
Activity exchanged slowly with stable magnesium in bone, muscle, and RBC.

(54) Watson et al. (1979) studied magnesium kinetics in the whole body, plasma, and RBC
in five healthy adult male humans following intravenous administratiéiMaf. Exchangeable
magnesium was estimated to represent less thafoarté of totatbody magnesium after 5 d.
Totalbody retention over the relatively short observation period was described as a sum of two
exponential terms, with ~4.5% removed with a biological-halé of a few hours and the
remainder with a haffime of ~30 d.

(55) Sabatier et al. (2003) developed a compartmental model of magnesium metabolism
based on results of a stable isotope study involving oral administrafiwmgénd intravenous
administration of®Mg to six healthy adult men in the age range426y. Isotopic
concentrations were determined in blood, urine, and faeces collected over 12 d. The use of
stable Iisotopes enabled | onger observation
magnesium stores and identification of a larger exchangeable pool than estimated in an earlier
study by Aviola and Berman (1966) involving the relatively stiged radionuclidé®Mg. The
exchangeable pool was interpreted as representing 25% ofbdalal magnesium and
consisting of two extrplasma pools that exchange magnesium with plasma and contain 80%
and 20% of exchangeable magnesium. The model also described exchange of systemic
magnesium with the gastrointestinal (Gl) tract resulting from secretion of magnesium into the
GI content and reabsorption to blood. Excretion of magnesium was depicted as transfer from
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plasma to urine and faecal loss of unabsorbed magnesium. The model did not address non
exchangeable magnesium.

(56) At 1 d after intravenous administration®8fg to dogs, the heart showed the highest
activity, followed by kidney, liver, and pancreas, among eight examined soft tissues (Brandt et
al., 1958). The activity concentration in bone varied greatly from one bone to another and
generally was lower than that in heart, kidneys, liver, and pancreas.

(57) Lazzara et al. (1963) performed a detailed examination of thed@&pendent
behaviourof Mg in dogs over the first 68 h after intravenous administration. There were
considerable differences in the rate of exchang@\f) with stable magnesium in different
tissues. The activity concentration in the kidneys rose rapidly, peaked at about 4 h, and then
gradually declined. The left ventricle, liver, and pancreas initially showed sfiMgruptake
curves, but peak concentrations occurred at different times for the three organs. There was a
continual rise in activity in the cerebellum throughout the observation period. Bone and teeth
showed highly variable activity concentrations from one location to another, and neither
reached a peak average concentration over tkHe @&ervation period. The biological half
time for the total body was about 11 d.

5.1.3.2. Biokinetic model for systemic magnesium

(58) The biokinetic model for systemic magnesium applied to workdpsiiblication151
(2022) is applied in this report to intakes at any age. The model is an extension of the model of
Sabatier et al. (2003) summarized above. The median transfer coefficients derived by Sabatier
and coworkers were used as a starting point. Their-pldsana compartment with relatively
slow return to blood was assumed to represent exchangeable magnesium in bone.
Compartments representing longer retention in bone were added.-tfssoé compartment
was added to represent slowly exchangeable magnesium and to approximate -tiayotal
stable magnesium content of adult humans. Model predictions are reasonably consistent with
the bone and soft tissue magnesium contents in adult humans (afl$#586 bone), central
urinary andaecalexcretion rates reported for magnesium reported in the literature, and buildup
of the magnesium ratio RBC:Plasma as observed by Watson et al (1979) in normal male
subjects.

(59) The structure of the biokinetic model for systemic magnesium used in this report is
shown inFig. 5.1. Transfer coefficients are listed in Table 5.2.
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778 Fig.5.1. Structure of the biokinetic model for systemic magnesium., R&{blood cellsS],
779 small intestine
780
781 Table 5.2. Agespecific transfer coefficients for magnesium
Transfer coefficients (8
Pathway 100d ly 5y 10y 15y Adult
Plasma RBC 5.00E02 5.00E02 5.00E02 5.00E02 5.00E02 5.00E02
Plasma UB content  1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00
Plasma Sl content 2.00E01 2.00E01 2.00601 2.00e01 2.00E01 2.00e01
Plasma Trab surface 4.00E+00 4.00E+00 4.00E+00 4.00E+00 4.00E+00 4.00E+00
Plasma Cort surface 4.00E+00 4.00E+00 4.00E+00 4.00E+00 4.00E+00 4.00E+00
Plasma Other 1 7.00E+01 7.00E+01 7.00E+01 7.00E+01 7.00E+01 7.00E+01
Plasma Other 2 1.98E+01 1.98E+01 1.98E+01 1.98E+01 1.98E+01 1.98E+01
Plasma Other 3 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00
RBC Plasma 3.00E02 3.00E02 3.00E02 3.00E02 3.00E02 3.00EO02
Trab surface Plasma 1.80E01 1.80EO1 1.80EO01 1.80E01 1.80E01 1.80E01
Trab surface Trab volume 2.00E02 2.00E02 2.00602 2.00602 2.00E02 2.00E02
Cort surface Plasma 1.80E01 1.80EO01 1.80EO01 1.80E01 1.80E01 1.80E01
Cort surface Cortvolume 2.00602 2.00e02 2.00e02 2.00E02 2.00E02 2.00E02
Other 1 Plasma 6.00E+01 6.00E+01 6.00E+01 6.00E+01 6.00E+01 6.00E+01
Other 2 Plasma 3.00E+00 3.00E+00 3.00E+00 3.00E+00 3.00E+00 3.00E+00
Other 3 Plasma 2.30E02 2.30E02 2.30E02 2.30E02 2.30E02 2.30E02
Trab volume Plasma 2.30E02 2.30E02 2.30E02 2.30E02 2.30E02 2.30E02
Cort volume Plasma 2.30E02 2.30E02 2.30E02 2.30E02 2.30E02 2.30E02
782  RBC, red blood cellsSl, small intestine Trab, trabeculay Cort, cortical.
783 5.1.3.3. Treatment of radioactive progeny
784 (60) The treatment of radioactive progeny produced in systemic compartments after intake
785 of a radioisotope of magnesium is described in Section 5.28Bublication 151 (ICRP,
786 2020)

28



I‘Ri DRAFT REPORT FOR CONSULTATION: DO NOT REFERENCE

787 5.2. Dosimetric data for magnesium

788 Table 5.3. Committed effective dose coefficients (SW)Bigr the inhalation or ingestion of
789  28Mig compounds.

Effective dose coefficients (Sv By

3m ly Sy 10y 15y Adult

Inhaled particulate materials (1 um AMAD aerosols

Type F 3.8E09 2.6E09 1.1E09 7.2E10 4.7E10 3.5E10
Type M, default 4.8E09 3.5E09 1.8E09 1.2E09 8.5E10 7.7E£10
Type S 4.9E09 3.7E09 1.9E09 1.3609 9.1E10 8.4E10
Ingested materials

Magnesium oxide 6.1E09 4.6E09 2.7E09 1.8E09 1.3E09 1.1E09
All other forms, 7.0E09 4.8E09 2. 7609 1.8E09 1.2E09 1.0E09

unspecified forms
790 AMAD, activity median aerodynamic diameter
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6. ALUMI NI(WZM 3

6.1. Routes of Intake
6.1.1. Inhalation

(61) There is extensive information available on the behaviour of aluminium after
deposition in the respiratory tract from animal experiments (mainly in ratgjrandissolution
studies, and some accidental human intakes. For details see Seétiurblication 151(ICRP,
2022). Absorption parameter values and Types, and assoiat@tlies for particulate forms
of aluminium are given inFel! Hittar inte referenskélla.6.1 [taken from Section 6of
Publication151 (ICRP, 2022)].

Table 61. Absorption parameter values for inhaled and ingested aluminium.
Absorption parameter valudes

Inhaled particulate materials fr s (d'Y) s (d'h)
Default parameter valug'$

Absorption Type Assigned forms

F - 1 30 -
M aluminium metal 0.2 3 0.005
S aluminium oxide, fluoride, 0.01 3 0.0001

bauxite ore, chlorhydrate,
sulphate, all unspecified forms

Ingested materials

Age-dependent absorption from the alimentary trict,

Assigned forms 3 months 1 year 5 years 10 years 15 years adult
Soluble formsand 0.03 0.003 0.003 0.003 0.003 0.003
aluminium in diet

Insoluble forms 0.001 0.0001 0.0001 0.0001 0.0001 0.0001

"It is assumed that the bound state can be neglected for alunfiréufin= 0.0. The values of for Type F, M

and S forms of aluminium (30, 3 and 3 tespectively) are the general default values.

Materials €.g. oxide) are generally listed here where there is sufficient information to assign to a default
absorption type, but not to give specific parameter vdkmsSection 62.10of Publication151(ICRP, 2022)].

For inhaled material deposited in the respiratory tract and subsequent cleared by particle transport to the
alimentary tract, the defaul values for inhaled materials are applied. the product of for the absorption type

and thefa value foringested soluble forms of aluminiuapplicable to the aggroup of interestg.g.0.003 for

adults.

SDefault Type S is recommended for use in the absence of specific inforrfiaiahthe form is unknown, or if

the form is known but there is no information available on the absorption of that form from the respirafory tract
TActivity transferred from systemic compartments into segments of the alimentary tract is assumed to be subject
to reabsorption to blood. The default absorption fracfiofor the secreted activity is the highest value for
ingestion of the radionuclide applicable to the-ggaup of intereste.g.0.003 for adults).

6.1.2. Ingestion
6.1.2.1. Adults

(62) A fractional absorption value of 0.01 was recommenidedublicatiors 30and 72
(ICRP, 1981, 1995c) for all compounds of aluminium. Based on more recent tata|ae
of 0.003 was adopted for soluble foratghe workplacén Publication 151while a value of 1
x 10%was adopted for insoluble forniCRP, 2022)
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821 (63) Aluminium absorption from the diet was estimated to be 0.1 to 0.3% based on normal
822 urinary al umi ni um déandadaily alumimiunoifitakod20 mg (Gandt, £ g
823 1986). From updated estimates of typical daily intake and daily urinary excretion, Priest (1993)
824 and Nieboer et al. (1995) evaluated fractional absorption in the order of 0.1%. Based on a daily
825 intake of 10 mg and aluminium body burdens of 5 and 60 mg, Priest (2004) estimated fractional
826 absorptions of 0.14 and 1.6%. Greger and Baier (1983) conducteday #@lance study on 8

827 adult males: measurement of urinary &etalexcretion indicated gastiatestinal absorption

828 of 0.78% of aluminium intake over 20 days. This was reduced to 0.09% when excess
829 aluminium lactate was added to the diet for 20 days. The urinary aluminium excretion after
830 consumption of two litres of tea by one subject suggested fractional absorption of 0.3% (Powell
831 et al., 1993)Stauber et al. (1999) investigated the relative absorption of aluminium naturally
832 present in food and drinking water: 0.3 to 0.4% of aluminium was absorbed from both water
833 and food by 29 healthy volunteers. Stauber et al. corrected the estimate of absorption for non
834 measured aluminium excretion and body retention, thus likely providing a more realistic
835 estimate than other studies.

836 (64) The simultaneous ingestion of citric acid or orange juice increased the gastrointestinal
837 absorption of aluminium by a factor of up to 50 (Weberg and Berstad, 1986). Day et al. (1991)
838 measured the plasma concentration of aluminiund&@ after ingestion of the citrate and

839 estimated a fractional absorption of at least 1%. By measuring plasma levels of aluminium in
840 5 volunteers after ingestion of aluminium in citrateh orange juice, Edwardson et al. (1993)

841 estimated a gastrointestinal absorption of about 0.015% of ingested aluminium. This was
842 reduced by a factor of about 7 in the presence of dissolved silicon. Priest et al. (1996) assessed
843 50-time higher aluminium absorption from the citrate than from the hydroxide. The co
844 administration of citrate increased aluminium absorption from aluminium hydroxide by a factor
845 of about 13. Moore et al. (1997) reported an increased absorption of 8A#%nd 2’Al

846 i ngested in the presence of <citrate by 15 pes
847 1 0.03% in 15 control subjects.

848 (65) Anfavalue of 0.003 is adopted in this publication for soluble forms and for aluminium
849 in diet ingestedby adult members of the puhlithe value of 1 x Ifis used for insoluble

850 forms.

851 6.1.2.2. Children

852 (66) Yokel and McNamara (1985) did not find any ag&ated differences in the systemic
853 clearance or halfime of aluminum lactate in rabbits following intravenous, oral, or
854 subcutaneous exposure. Oral exposure to alumimitrate resulted in higher brain alurmim

855 levels in young rats as compared to older rats, but there was no difference in toxicity between
856 young and adult rats (Gomez et al. 1997a). In other tissues examined, theurtutaurels in

857 the young rats tended to be lower than in the adult or older animals (Gomez et al. 1997b).
858 (67) Consistently with the approachPublication56 (ICRP, 1990)anfa = 0,03 is adopted

859 here foringestion of soluble forms and of aluminium in dietdynonth old infants anfa =

860 0,001is used for ingestion of insoluble forms by 3 month old infant. For children of older ages,
861 the same values as for adulis£ 0,003 for soluble forms arfdr aluminium in dietfa =1 x

862 10*for insoluble formshre used

863 6.1.3. Systemic distribution, retention and excretion ofaluminium
864 6.1.3.1. Biokinetic data
865 (68) Following absorption into blood, most of the circulatalgminiumbinds to the iron

866 transport protein transferrin, but an estimatee@% forms smalmolecule complexes that
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may be readily excreted (Devoto and Yokel, 1994). Over 90% of endogenous excretion of
aluminium is in urine. Pogshortem measurements of aluminium in tissues of adult males
indicate a totabody content of ~0.2 g, with bone accounting for about 30% as a central
estimate (Zhu et al., 2010). These values are reasonably consistent with conclusions of Skalsky
et al. (1983), who estimated a total body content of ~0.3 g with about 40% in bone based on a
review of the literature.

(69) Priest et al. (1995) studied the biokinetics’%®l (T12 = 7.2 x 10 y) administered
intravenously as citrate to a healthy adult male. Less than 1% of the administered amount
remained in blood after 2 d. Cumulative urinary and faecal excretion accounted for 83% and
1.8%, respectively, of the injected amount after 13 d. Tmidly retention declined to ~4% by
1178 d. The investigators estimated a kb&gn biological haHtime of 7 y.

(70) Talbot et al. (1995) investigated the kineticg%fl in six healthy adult males over 5
6 d after intravenous administration as citrate. The concentration in blood was in the range 3.3
13% of injected®Al L1 blood at 1 h and 0.093.73% L* at 1 d. Mean cumulative urinafSAl
represented 59% (4B4%) of injected activity at 1 d and 72% {82%) at 5 d. Faecal excretion
accounted for about 1% of injecté®l over the first 5 d. Mean totddody retention at 5 d
represented 27% (186%) of administered activity.

(71) Important systemic repositories of aluminium identified in animal studies include
bone, liver, and kidneys (Berlyne et al., 1972; Zafar et al., 1997; Wu et al., 2012). The brain
shows a low rate of uptake of aluminium but a relatively long retention time (Yokel, 2002).

6.1.3.2. Biokinetic model for systemic aluminium

(72) The biokinetic model for aluminium applied Publication 151 (ICRP, 2022) to
workers is applied here to adult members of the public. The transfer coefficients were set
primarily for consistency of model predictions with two data sets: blood clearance, urinary and
faecal excretion rates, and tetaldy retention of intravenously administe@dl in human
subjects (Priest et al., 1995; Talbot et al., 1995), and the distribution of aluminium in adult
males as indicated by autopsy data (Skalsky et al., 1983; Zhu et al., 2010). Transfer coefficients
forthe adult are assignedtofmed ul t ages except tspeafictrandiee | CRP
coefficients are applied to activity transferring from bone surface to bone volume or blood and
from bone volume to blood.

(73) The structure of the biokinetic model for systemic aluminium applied in this report is
shown inFig. 6.1 Transfer coefficients are listed in TaBl2.

:‘ REmO i | Other tissue :
|
| ] |
. | _ : PRk | Other 2 :
I Cortical Cor;tlcal T i ' |
I volume surface L I
: | Bl Other 1 !
: : Blood 2 | :
I Trabecular Trabecular [ - - -
: volume surface :
I [ I
=& am——m=————— |
\i/ Colon content
Urine bladder Faeces
content

Fig. 6.1. Structure of the biokinetic model for systemic aluminium.
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Table 62. Age-specific transfer coefficients for aluminium
Transfer coefficients (8

Pathway 100d ly S5y 10y 15y Adult
Blood 1 UB content 9.98E+00 9.98E+00 9.98E+00 9.98E+00 9.98E+00 9.98E+00
Blood 1 RC content 1.66E01 1.66E01 1.66E01 1.66E01 1.66E01 1.66E01
Blood 1 Trab surface 8.32E02 8.32E02 8.32E02 8.32E02 8.32E02 8.32E02
Blood 1 Cort surface  8.32E02 8.32E02 8.32E02 8.32E02 8.32E02 8.32E02
Blood 1 Other 1 5.74E+00 5.74E+00 5.74E+00 5.74E+00 5.74E+00 5.74E+00
Blood 1 Other 2 5.82E01 5.82E01 5.82E01 5.82E01 5.82E01 5.82E01
Blood 2 Blood 1 3.50E02 3.50E02 3.50E02 3.50E02 3.50E02 3.50E02
Other 1 Blood 1 5.00E01 5.00E01 5.00E01 5.00E01 5.00E01 5.00EO01
Other 2 Blood 2 5.00E04 5.00E04 5.00E04 5.00E04 5.00E04 5.00E04
Trab surface  Blood 2 8.22E03 2.88E03 1.81E03 1.32E03 9.59E04 4.93E04
Trab surface  Trab volume 8.22E03 2.88E03 1.81E03 1.32E03 9.59E04 2.47E04
Trab volume  Blood 2 8.22E03 2.88E03 1.81E03 1.32E03 9.59E04 4.93E04
Cort surface  Blood 2 8.22E03 2.88E03 1.53E03 9.04E04 5.21E04 8.21E05
Cort surface  Cortvolume  8.22E03 2.88E03 1.53E03 9.04E04 5.21E04 4.11E05
Cort volume  Blood 2 8.22E03 2.88E03 1.53E03 9.04E04 5.21E04 8.21E05

902 UB, urinary bladderRC, right colon Cort, cortical; Trab, trabecular
903 6.2. Dosimetric data for aluminium

904 Table6.3. Committed effective dose coefficients (Sv-Bdor the inhalation or ingestion of
905 25Al compounds

Effective dose coefficients (Sv By

3m ly 5y 10y 15y Adult
Inhaled particulate materials (1 um AMAD aerosols)
Type F 2.3E08 2.1E08 1.3E08 9.9E09 9.3E09 1.1E08
Type M, aluminium metal 5.9E08 5.4E08 3.3E08 2.3E08 1.9E08 2.1E08
Type S (default), 5.4E07 5.6E07 4.6E07 3.9E07 4.0E07 4.2E07
aluminium oxide, fluoride,
bauxite ore, chlorhydrate,
sulphate, all unspecified
forms
Ingested materials
Soluble forms and 7.7&09 4.6E09 2.8E09 2.0E09 1.4E09 1.3E09
aluminium in diet
Insoluble forms, all 5.0e09 4.4E09 2.6E09 1.9E09 1.3E09 1.2E09

unspecified forms
906 AMAD, activity median aerodynamic diameter

33



907

908

909

910
911
912
913
914
915

916
917
918
919
920
921
922
923
924
925
926

927
928

929
930
931
932
933
934
935
936

I‘Ri DRAFT REPORT FOR CONSULTATION: DO NOT REFERENCE

7. SI L1 qQmep

7.1. Routes of Intake
7.1.1. Inhalation

(74) Forsilicon, default parameter values were adopted on absorption to blood from the
respiratory tracflCRP, 2015) Absorption parameter values and types, and assotiatallies
for particulate forms afilicon are given inTable 71 [taken from Section @f Publication151
(ICRP, 2022].

Table 71. Absorption parameter values for inhaled and ingested silicon.
Absorption parameter valdes

Inhaled particulate materials fr s (d'Y) s (d'h)
Default parameter valug$

Absorption Type Assigned forms

F - 1 30 -

M 0.2 3 0.005

S 0.01 3 0.0001

Ingested materidls

Age-dependent absorption from the alimentary trict,

Assigned forms 3 months 1 year S5years 10years 15years adult
Silicon dioxide and silicates, 0.02 0.01 0.01 0.01 0.01 0.01
silicon in food

Orthosilicic acid, silicon in 1 0.5 0.5 0.5 0.5 0.5

drinking water

*It is assumed that the bound state can be neglectadifon (i.e. f, = 0). The values o$ for TypeF, M and S

forms ofsilicon (30, 3 and 3 'd respectively) are the general default values.

AFor inhaled material deposited in the respiratory tract and subsequently cleared by particle transport to the
alimentary tract, the default values for inhaled materials are applied. the product of for the absorption type

and thefa value foringested soluble forms of silicon applicable to the-ggrup of intereste.g.0.5 for adults)

Pefault Type M is recommended for use in the absence of specific information on which the exposure material
can be assigned to an absorption typg. if the form is unknown, or if the form is known but there is no
information available on the absorption of that form from the respiratory.tract

SActivity transferred from systemic compartments into segments of the alimentary tract is assumed to be subject
to reabsorption to blood. The default absorption fracfiofor the secreted activity ithe highest value for
ingestion of the radionuclide applicable to the-ggeup of interestd.g.0.5 for adults)

7.1.2. Ingestion
7.1.2.1. Adults

(75) Silicon occurs naturally in food as silicon dioxide and silicates. Orthosilicic acid,
formed by hydration of the oxide, is the major silicon species present in drinking water and
other liquids All forms of silica are considered to be poorly soluble particles which absorption
is not well documentedexceptorthosilicic acidthat is readily absorbed from the gastro
intestinal tract in humangor details, sePublication151(ICRP, 2022)

(76) In Publications 30and 72 (ICRP, 1981, 19%c), f1 was taken to be 0.01 for all
compounds of silicon. IRublication 15)(ICRP, 2022p value ofa = 0.01wasused for silicon
dioxide and silicates, and a larder 0.5wasadopted for orthosilicic acidn this publication,
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the same values &f = 0.01 anda = 0.5, respectively, are adopted for ingestion of silicon in
food and in drinking water, respectively, by adult members of the public.

7.1.2.2. Children

(77) Consistently with the approadtiPublicatiorb6 (ICRP, 1990)anfa = 0.02 is adopted
here for ingestion of silicon dioxide and silicates and of silicon in diet by 3 month old infants ;
anfa = 1 is used for ingestion of orthosilicic acid and of silicon in drinking water by 3 month
old infant. For children of older ages, the same values as for aguit6.01 for silicon dioxide
and silicates and for silicon in didk, = 0.5 for orthosilicic acid anébr silicon in drinking
water) are used.

7.1.3. Systemic distribution, retention and excretion ofsilicon
7.1.3.1. Biokinetic data

(78) Popplewell et al. (1998) measured urinary excretiof?®if (T2 =132 y) following
ingestion by a healthy adult male human. About 34% of ingested activity was excreted over O
12 h, 1% over 124 h, and 0.5% over 248 h.

(79) Sauer et al. (1959) measured the concentratiétBoin tissue of guinea pigs over the
first 8 h after oral administration 8tSi0.. The highest concentration was found in kidney at
all measurement times, but the liver contained roughly twice as much and the skeletal muscle
20-50 times as much total activity as the kidneys.

(80) Adler et al. (1986) studied tHeehaviourof 31Si in rats after injection of!Si(OH.

Activity in blood was nearly equally distributed between plasma and erythrocytes. The highest
tissue concentration at2Lh was found in kidney. At 3 h nearly equal concentrations were seen
in kidney and liver. Initially, ~85% of totddody activity was found in skin, muscle, and bone.

An increasing concentration ratio of bone to plasma was observed over the first few hours.

(81) Berlyne et al. (1986) studied the distribution®t8i in rats 30 min after its injection
as®!S-labeled silicic acid. The highest concentration was found in kidney, followed by skin
and testis (each 0.35, normalized to 1.0 for kidney), bone (0.30), and liver (0.25). The skeletal
muscle, skin, bone, liver, and kidneys contained about 15%, 11%, 3.4%, 1.6%, and 1.5%,
respectively, of the administered amount.

(82) Silicon and germanium are chemical analogues and show similar biokinetics. Mehard
and Volcani (1975) compared the kinetic$'&i (T2 = 157 min) and®Ge (271 d) in rats after
intravenous (IV) or intraperitoneal (IP) injection #Si(OH) and ®8Ge(OH). The peak
concentration of!Si in kidney was about 3 times that in liver following IV injection and about
5 times that in liver following IP injection. An apparent difference in kineti®$®@é and®'Si
was more rapid depletion &iGe. The concentration &fSi in the liver was moderately higher
than that of%Ge over the first two hours after intravenous injection.

7.1.3.2. Biokinetic model for systemic silicon

(83) The biokinetic model for systemic silicon applied to workerdPublication 151
(ICRP, 2022) is applied in this report to adult members of the public. The basis for the model
is described in that report. The same model is applied to preadults except that increased rates
of loss from bone compartments are assigned to preadults, as the rate of removal from bone is
based on the bone turnover rate. The bone turnover rates applied in the model are reference
values given irPublication89 (ICRP,2002).

(84) The structure of the biokinetic model for systemic silicon used in this report is shown
in Fig. 7.1. Transfer coefficients are listed in Table 7.2.
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Fig. 7.1. Structure of the biokinetic model for systemic silicon.

Table7.2. Age-specific transfer coefficients for silicon

Transfer coefficients (8

Pathway 100d ly 5y 10y 15y Adult
Blood Other 1.20E+00 1.20E+00 1.20E+00 1.20E+00 1.20E+00 1.20E+00
Blood Kidneys 27101 2.71E01 2.71E01 2.71E01 2.71E01 2.71EO01
Blood Liver 541E01 5.41E01 541E01 541E01 5.41E01 5.41E01
Blood UB content 7.70E+00 7.70E+00 7.70E+00 7.70E+00 7.70E+00 7.70E+00
Blood RC content 1.35602 1.35602 1.35E02 1.35E02 1.35E02 1.35E02
Blood Trab surface 1.35201 1.35601 1.35801 1.35601 1.3501 1.35E01
Blood Cortsurface 1.35601 1.35601 1.35601 1.35801 1.35601 1.35E01
Other Blood 3.00E01 3.00E01 3.00E01 3.00E01 3.00E01 3.00EO01
Kidneys UB content 1.20E+00 1.20E+00 1.20E+00 1.20E+00 1.20E+00 1.20E+00
Liver Blood 9.00E01 9.00E01 9.00E01 9.00E01 9.00E01 9.00EO01
Trab surface  Blood 3.00E01 3.00E01 3.00E01 3.00E01 3.00E01 3.00E01
Cort surface  Blood 3.00E01 3.00E01 3.00E01 3.00E01 3.00E01 3.00E01
Trab surface  Trab volume 1.50E03 1.50E03 1.50E03 1.50E03 1.50E03 1.50E03
Cort surface  Cortvolume 1.50E03 1.50E03 1.50E03 1.50E03 1.50E03 1.50E03
Trab volume Blood 8.22E03 2.88603 1.81E03 1.32E03 9.59E04 4.93E04
Cortvolume  Blood 8.22E03 2.88E03 1.53E03 9.04E04 5.21E04 8.21E05

UB, urinary bladderRC, right colon Cort, cortical, Trab, trabecular

7.1.3.3. Treatment of radioactive progeny

(85) The treatment of radioactive progeny produced in systemic compartments after intake
of a radioisotope of silicon is described in Section 7.2@.Bublication151 (ICRP, 2022.
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989 7.2. Dosimetric data for silicon

990 Table7.3. Committed effective dose coefficients (Sv-Bdor the inhalation or ingestion of
991 32Sj compounds.

Effective dose coefficients (Sv By

3m ly 5y 10y 15y Adult
Inhaled particulate materials (1 um AMAD aerosols)
Type F 8.3E10 4.4E10 1.9E10 1.2E10 9.3E11 7.5E11
Type M, default 4.6E08 4.2E08 2.5E08 1.7E-08 1.3E08 1.3E08
Type S 4.8E07 5.0E07 4.0E07 3.3E07 3.4E07 3.5E07

Ingested materials
Silicon dioxide and 3.5E10 2.1E10 1.1E10 6.9E11 5.0E11 3.8E11
silicates, silicon in food
Orthosilicic acid, silicon  1.3E09 5.2E10 2.6E10 1.6E10 1.4E10 1.1E10
in drinking water

992 AMAD, activity median aerodynamic diameter
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8. CHLORI NE=17)

8.1. Routes of Intake
8.1.1. Inhalation

(86) Forchloring default parameter values were adopted for the absorption to blood from
the respiratory tradiCRP, 2015) Absorption parameter values and types, and assodiated
values for gas and vapour formsabdorineare given inTable 81 and for particulate forms in
Table 82 [both taken from Section & Publication151 (ICRP, 2022]. By analogy with the
halogen iodine, considered in detail Publication 137 (ICRP, 2017) default Type F is
recommended for particulate forms in the absence of specific information on which the
exposure material can be assigned to an absorption type.

(87) For chlorine, and the other halogens, intakes could be in both particulate and gas and
vapour forms, and it is therefore assumed that inhaled chlorine is 50% particulate and 50%
gas/vapour in the absence of information (ICRP, 2002b).

Table 81. Deposition and absorption for gas and vapour compounds of chlorine.

Percentage deposited (%) Absorptiort
Chemical Absorption from the alimentary
form/origin Total ET: ET, BB bb Al Type tract,ia™
Unspecified 100 O 20 10 20 50 F 1.0

ET,, anterior nasal passage;Zposterior nasal passage, pharynx and larynx; BB, bronchial; bb, bronchiolar; Al,
alveolarinterstitial.

"Percentage deposited refers to how much of the material in the inhaled air remains in the body after exhalation.
Almost all inhaled gas molecules contact airway surfaces but usually return to the air unless they dissolve in, or
react with, the surface lining. The default distribution between regions is assumed: 2040% BB, 20% bb,

and 50% Al.

At is assumed that the bound state can be neglectetiltoine(i.e. f, = 0).

For inhaled material deposited in the respiratory tract and subsequently cleared by particle transport to the
alimentary tract, the default values for inhaled materials are appljed. the product of for the absorptiotype

(or specific value where given) and thevalue for ingested soluble forms dilorine(1.0)].

The value ofa = 1.0is applicable to all aggroups.

Table 82. Absorption parameter values for inhaled and ingested chlorine.
Absorption parameter values

Inhaled particulate materials fr s (dh s (d'Y)
Default parameter values

Absorption type

Fo 1 30 T
M 0.2 3 0.005
S 0.01 3 1x104

Ingested materials

Age-dependent absorption from the alimentary tract,

Assigned forms 3 months 1 year 5 years 10 years 15 years adult
All compounds 1 1 1 1 1 1

"It is assumed that the bound state can be neglectetilsine(i.e. f, = 0). The values of for Type F, M and S
forms ofchlorine(30, 3 and 3 '@ respectively) are the general default values.
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Aror inhaled material deposited in the respiratory tract and subsequently cleared by particle transport to the
alimentary tract, the defaudl values for inhaled materials are applied. the product of for the absorption type

and thefa value for ingested soluble forms dlorine(1).

Pefault Type F is recommended for use in the absence of specific information on which the exposure material
can be assigned to absorptiontype (e.g. if the form is unknown, or if the form is known but there is no
information available on the absorption of that form from the respiratory.tract

SActivity transferred from systemic compartments into segments of the alimentary tract is assumed to be subject
to reabsorption to blood. The default absorption fracticior the secreted activity is the highest value for any

form of the radionuclidef{ = 1).

8.1.2. Ingestion

(88) Ingested hlorine islargely absorbed from the guFor details, se@ublication 151
(ICRP, 2022) In Publicatiors 30, 72 (ICRP,1980,19%c) andPublication 151 the fractional
absorptiorwas taken to be 1 for all compounds of chlorine. Inghislication anfa = 1 isalso
used for all chemical forms of chlorimegested at all ages

8.1.3. Systemic distribution, retention and excretion ofchlorine
8.1.3.1. Biokinetic data

(89) The dominant form of chlorine in the human body is inorganic chloride. Ingested
chloride is rapidly and nearly completely absorbed to blood and largely cleared from blood
within a few minutes (Ray et al., 1952). It is distributed mainly in extracellular fluids. The
biological halttime for the total body is typically on the order e18 d (Ray et al., 1952) but
may be reduced by elevated intake of chloride or increased bydefaient diet.

(90) The systemic kinetics of chloride closely resembles that of bromide (Reid et al., 1956;
Pavelka, 2004). Absorbed bromide clears rapidly from blood and replaces part of the
extracellular chloride, with the molar sum of chloride and bromide remaining constant at about
110 mmol/L (Pavelka, 2004). The biological hithe of bromide in the human body typically
is on the order of 12 d (Soéremark, 1960).

8.1.3.2. Biokinetic model for systemic chlorine

(91) The biokinetic model for systemic chlorine in workers (ICRP, 2002) is applied in this
report to all age groups. The system@haviourof chlorine is assumed to be the same as that
of bromine. The relevant physiological forms of chlorine and bromine are assumed to be
chloride and bromide, respectively. The common biokinetic model for chloride and bromide is
based on the assumptions of rapid removal from bloggd<B min), a uniform distribution in
tissues, removal of 50% of absorbed chloride or bromide from the body in 12 d, and a urinary
to faecal excretion ratio of 100:1. These conditions are approximated, using -@rtiest
recycling model, with the transfer coefficients listed in Table 8.3.

Table 8.3. Agespecific transfer coefficients for chlorine
Transfer coefficients (8

Pathway 100d ly 5y 10y 15y Adult
Blood Other 2.00E+02 2.00E+02 2.00E+02 2.00E+02 2.00E+02 2.00E+02
Blood UB content 8.30E01 8.30E01 8.30E01 8.30E01 8.30E01 8.30E01
Blood RC content 8.30E03 8.30E03 8.30E03 8.30E03 8.30E03 8.30E03
Other Blood 1.50E+01 1.50E+01 1.50E+01 1.50E+01 1.50E+01 1.50E+01

UB, urinary bladderRC, right colon
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1061 8.1.3.3. Treatment of radioactive progeny

1062 (92) The treatment of radioactive progeny produced in systemic compartments after intake
1063 of a radioisotope of chlorine is described in Section 8.2.3 Bublication 151(ICRP, 2022)

1064 8.2. Dosimetric data for chlorine

1065 Table8.4. Committed effective dose coefficients (Sv-Bdor the inhalation or ingestion of
1066 3°Cl compounds.

Effective dose coefficients (Sv B

Inhaled gases or vapours  3m ly 5y 10y 15y Adult
Unspecified 9.3E09 6.3E09 3.3E09 1.9E09 1.2E09 1.0E09
Inhaled particulate materials (1 um AMAD aerosols)

Type F, default 4.9E09 3.3E09 1.5E09 8.9E10 4.9E10 4.3E10
Type M 2.0E08 1.8E08 1.0E08 6.6E09 5.1E09 4.9E09
Type S 1.6E07 1.7&07 1.3E07 1.0E07 1.0e07 1.1E07

Ingested materials
All compounds 9.1E09 6.2E09 3.2E09 1.9E09 1.2E09 9.9E10

1067 AMAD, activity median aerodynamic diameter
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9. POTASSIUZN}®

9.1. Routes of Intake
9.1.1. Inhalation

(93) Forpotassiumdefault parameter values were adopted on absorption to blood from the
respiratory tracflCRP, 2015) Absorption parameter values and types, and assotiatallies
for particulate forms opotassiumare given inTable 91 [taken from Section 8f Publication
151(ICRP, 2022)].

Table 91. Absorption parameter values for inhaled and ingested potassium.
Absorption parameter valudes

Inhaled particulate materials fr s (d'Y) s (d'h)
Default parameter valugs

Absorption type

F 1 30 i
MO 0.2 3 0.005
S 0.01 3 1x104

Ingested materials

Age-dependent absorption from the alimentary trict,

Assigned forms 3 months 1 year 5 years 10 years 15 years adult
All compounds 1 1 1 1 1 1

"It is assumed that the bound state can be neglectedtssiungi.e.f, = 0). The values of for TypeF, M, and

S forms ofpotassiun(30, 3 and 3 d* respectively) are the general default values.

For inhaled material deposited in the respiratory tract and subsequently cleared by particle transport to the
alimentary tract, the defaudlt values for inhaled materials are applied. the product of for the absorption type

and thefa value for ingested soluble forms pdtassiun(1).

Pefault Type M is recommended for use in the absence of specific information on which the exposure material
can be assigned to an absorption typg. if the form is unknown, or if the form is known but there is no
information available on the absorption of that form from the respiratory.tract

SActivity transferred from systemic compartments into segments of the alimentary tract is assumed to be subject
to reabsorption to blood. The default absorption fracticior the secreted activity is the highest value for any

form of the radionuclidef{ = 1).

9.1.2. Ingestion

(94) Absorption of potassium from the gastrointestinal tract being nearly complies,
been taken to be0D% in Publicatiors 3Q 72 and 151 (ICRP, 1980,19%c, 2023. In this
publication fa = 1 is also used for all forms of potassiingested at all ages

9.1.3. Systemic distribution, retention and excretion ofpotassium
9.1.3.1. Biokinetic data

(95) The alkali metal potassium is an essential element with multiple functions in the
human body including regulation of fluid balance and control of electrical activity of the heart,
skeletal muscle, and nerves. The concentration of K in the human body is about Baglkg
mass but varies with a variety of factors, particularly the mass of muscle as a fraction of body
mass. Measurements of K concentrations in postmortem tissues and in plasma and red blood
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cells of living subjects indicate the following approximate distribution of K in an adult male
human: skeletal muscle, 65% of the tdiaty content, skeleton 9%, red blood cells 8%, liver
3%, brain 3%, kidneys 0.6%, blood plasma 0.4%, and remainder 11% (based on a review by
Leggett and Williams, 1986, and a detailed autopsy study by Zhu et al., 2010). About 85% of
losses from the body are in urine, with the remainder removed mainly in faeces and sweat.

(96) About 98% of the bodybés K resides in cel
fluids (ECF). The ECF concentration is maintained in a range of abot2187hg L. The
kidneys are primarily responsible for homeo
adjustment of urinary losses to accommodate variation in K intake. Adjustments in renal K
excretion occur over several hours, and changes in extracellular K are buffered during that time
by movement of K between skeletal muscle and blood plasma (LarAgbanand Lambert,

2012; Palmer, 2015; Hinderling, 2016; Udensi and Tchounwou, 2017).

(97) Intravenously injected radipotassium is rapidly removed from blood plasma and
distributed almost entirely to tissues, but a small percentage enters excretion pathways (Corsa
et al., 1950; Black et al., 1955; Burch et al., 1955). About 2% remains in plasma at 20 min and
1% or less remains at 2 h (Corsa et al., 1950; Black et al., 1955). The rate of transfer of K from
plasma to a tissue depends on the percentage of cardiac output received by the tissue and the
ti ssuebdbs K extraction fraction, i.e., the fr
a single passage from the tissueds arteri al
fraction of ~0.9 has been estimated for kidneys, heart tissue, and lung tissue; ~0.8 for intestines,
~0.6 for liver, and ~0.00.02 for brain (review by Leggett and Williams, 1986). The kidneys,
which have a high K extraction fraction and receive roughly a fifth of cardiac output,
accumulate as much as 20% of an intravenously injected K tracer within a few minutes (Emery
et al, 1955; Black et al., 1955). Tissues with a low blood perfusion rate such as fat or resting
skeletal muscle, or a low extraction fraction such as brain, accumulate the tracer relatively
slowly. Tissues such as kidneys with a high rate of uptake but a relatively low content of K
return much of the accumulated tracer to blood over a short period (Black, 1955). After several
hours, skeletal muscle typically contains most of the retained amount. The red blood cells
gradually accumulate several percent of the injected amount «dr(Zorsa et al., 1950).

(98) Various aspects of the biokinetics of K have been studied in human subjects and
laboratory animals (Love and Burch, 1953; Ginsburg and Wilde, 1954; Black et al., 1955;
Ginsburg, 1962; Johnson et al., 1969; Jasani and Edmonds, 1971; Downey and Bashour, 1975;
Sterns et al., 1979; ICRP, 1980; Leggett and Williams, 1986; Hinderling, 28d®tailed,
physiologically based biokinetic model for systemic K in adult humans was proposed by
Leggett and Williams (1986). The model was built around a blood flow model depicting the
distribution of cardiac output to 12 tissue compartments. Additional compartments were added
to address transfer of K between plasma and red blood cells and between systemic pools and
gastrointestinal content. Removal from the body was assumed to be primarily in urine with
relatively small losses in faeces and sweaivéient of K was depicted as a system of-first
order processes. The transfer rate from plasma into a tissue T was estimated as the product of
the plasma flow rate to that tissue and a tisspexific extraction fraction,fEThe transfer rate
from tissue T to plasma was estimated from the inflow rate and the relative contents of K in
plasma and tissue T at equilibrium based mainly on autopsy data for K and typical
concentrations of K in plasma and red blood cells. Transfer rates between plasma and red blood
cells and between systemic compartments and gastrointestinal contents were based on
empirical data. Model predictions of the blood clearance, uptake and loss by systemic tissues,
totalbody retention, and paspecific excretion rates of K were consistent with observations
for human subjects. The model predicts that the biologicattinadf of an intravenously
injected tracer in an adult is ~31 d, derived as the time for thebindigi content to decrease
from 50% to 25% of the injected amount.
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(99) The biokinetic model for systemic K appliedRublication30, Part 2 [CRP,1980),
depicted totabody K in an adult human as a walixed pool from which K is removed with
a biological haltime of 30 d. This halfime was based on daily intake of 3.3 g K and total
body content of 140 g K for a reference adult (ICRP, 1975). Similar derivations of biological
half-times of K in preadults based on reported agpgecific dietary K¢.g, Alaimo et al., 1994;
Hunt and Meachum, 2001; Hoy et al., 2012) and estimateeliothl K (eg. Flynn et al., 1972;
Novak, 1973; Lloyd et al.,, 1973;ebedev and Yakovlev, 19p&re variable but suggest
monotonically increasing biological halfnes from infancy to age 15 y. Central estimates are
roughly 10 d for the first year of life, 15 d for age 5y, 20 d for age 10y, and 30 d for age 15.

(100)The alkali metal rubidium (Rb) is a close chemical and physiological analogue of K.
The section on Rb in this report cites studies indicating that the rate of biological removal of
radio-rubidium from the body in the early hours or days after injection is abotthivas that
of radiopotassium. This is consistent with relative biological fiatles of K (30 d) and Rb
(44 d) estimated for adults iRublication30, Part 2 [CRP, 1980). The following longerm
biological halftimes for Rb in preadults were based on data on retention of ragdium in
healthy children and adults and the similarity in the kinetics of Rb and the frequently studied
physiological analogueaesium(Cs) early in life:17 d for age 100 d, 19 d for age 1y, 25 d for
age 5y, 31dforage 10y, and 41 d for age 15 y. Assuming the rate of loss of Rb from the body
is two-thirds that of K, the estimated lontigrm biological haktimes of K are about 11, 13, 17,
21, and 27 d for ages 100 d, 1y, 5y, 10 y, and 15 y, respectively. Thesenbalfare
reasonably consistent with values based orsageific intake and totddody content of K.

9.1.3.2. Biokinetic model for systemic potassium

(101)The biokinetic model for systemic K in workers use®ublication151(ICRP,2022)
is a simplification of the model of Leggett and Williams (1986) with a struckigeq.1) more
consistent with the structures of other systemic models applied in this report series. That is, the
model depicts a central blood compartment (plasma) in exchange with a set of peripheral tissue
compartments representing relatively important systemic repositories oPiiblication 151
the transfer coefficients were set for consistency with the original model (Leggett and Williams,
1986) regarding retention in the total body as well as in individual tissues that were depicted
explicitly in both the original and simplified versions of the model.

(102)The biokinetic model for systemic K applied to workier®ublication151is applied
in this report to adult members of the public. The model is extended {adpleages by
adjustment of transfer coefficients reflect pertinent anatomical or physiological changes
during growth and to approximate the following estimated-@ngn biological haltimes in
the total body based on the assumed relation of K and Rb retention: 11 d for infants, 13 d for
agely,17dforage5y, 21 dforage 10y, and 27 d for age 15 y.

(203)The following adjustments of the model for adults are made for application-to pre
adult ages:

1 The transfer rate from plasma to skeletal muscle at ages 100d, 1y, 5y, and 10y is assumed
to be 0.5, 0.5, 0.7, and 0.85, respectively, times the transfer rate for the adult based on
changes with age in muscle mass as a percentage dbdotaimass.

1 For infants and children through age 10 y, the transfer rates from plasma to bone surface
compartments are set at twice the value for the adult to reflect a high blood flow rate to
bone compared with adults.

1 The transfer rate from plasma to the compartment Other is modified to maintain the same
outflow rate from plasma at all ages, that is, to balance the changes in transfer from plasma
to skeletal muscle and bone surface.
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1197 9§ For ages 100 d through 15 y, flow rates out of tissue compartments (Kidneys, Muscle,

1198
1199
1200
1201
1202
1203
1204
1205

1206
1207

1208

Cortical and Trabecular bone surface, Red marrow, Other) in the model for adults are
increased by the following factors to approximate thesggeific biological haltimes for

the totalbody retention times indicated above: 2.3 for age 100 d, 1.8 for age 1y, 1.6 for
age 5y, 1.4 for age 10y, and 1.1 for age ITBhe observed (and modeled) hathe of K

in the body depends to some extent on the observation period. The indicated values are
based on the time required for the tdiatly content to decline from 50% to 25% of an
acute input to blood.

Excreta
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Fig. 9.1. Structure of the biokinetic model for systemic potassium.
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Table 9.2. Agespecific transfer coefficients for potassium
Transfer coefficients (8

Pathway 100d ly 5y 10y 15y Adult
Blood RBC 6.00E+00 6.00E+00 6.00E+00 6.00E+00 6.00E+00 6.00E+00
Blood Kidneys 2.57E+02 2.57E+02 2.57E+02 2.57E+02 2.57E+02 2.57E+02
Blood Liver 2.30E+02 2.30E+02 2.30E+02 2.30E+02 2.30E+02 2.30E+02
Blood Muscle 1.28E+02 1.28E+02 1.79E+02 2.17E+02 2.55E+02 2.55E+02
Blood Trab surface 3.36E+01 3.36E+01 3.36E+01 3.36E+01 1.68E+01 1.68E+01
Blood Cort surface 2.24E+01 2.24E+01 2.24E+01 2.24E+01 1.12E+01 1.12E+01
Blood Red marrow 2.80E+01 2.80E+01 2.80E+01 2.80E+01 2.80E+01 2.80E+01
Blood Other 5.70E+02 5.70E+02 5.19E+02 4.80E+02 4.70E+02 4.70E+02
Blood UB content 5.50E+00 5.50E+00 5.50E+00 5.50E+00 5.50E+00 5.50E+00
Blood RC content 8.30E01 8.30E01 8.30E01 8.30E01 8.30E01 8.30EO01
Blood Excreta 2.00E01 2.00E01 2.00E01 2.00601 2.00E01 2.00E01
RBC Blood 3.80E01 3.80E01 3.80E01 3.80E01 3.80E01 3.80E01
Kidneys Blood 4.92E+02 3.85E+02 3.42E+02 3.00E+02 2.35E+02 2.14E+02
Liver Blood 5.64E+01 4.41E+01 3.92E+01 3.43E+01 2.70E+01 2.45E+01
Muscle Blood 3.11E+00 2.43E+00 2.16E+00 1.89E+00 1.49E+00 1.35E+00
Trab surface Blood 6.14E+00 4.81E+00 4.27E+00 3.74E+00 2.94E+00 2.67E+00
Cort surface Blood 6.14E+00 4.81E+00 4.27E+00 3.74E+00 2.94E+00 2.67E+00
Red marrow Blood 6.14E+00 4.81E+00 4.27E+00 3.74E+00 2.94E+00 2.67E+00
Other Blood 2.76E+01 2.16E+01 1.92E+01 1.68E+01 1.32E+01 1.20E+01

RBC, red blood cellsUB, urinary bladderRC, right colon Cort, cortical, Trab, trabecular
9.1.3.3. Treatment of radioactive progeny

(104)The treatment of radioactive progeny produced in systemic compartments after intake
of a radioisotope of potassium is described in Section 9.2. FBditation151(ICRP, 2022.

9.2. Dosimetric data for potassium

Table 93. Committed effective dose coefficients (Sv-Bpgfor the inhalation or ingestion of
40K compounds.

Effective dose coefficients (Sv By

3m ly 5y 10y 15y Adult
Inhaled particulate materials (1 pm AMAD aerosols)
Type F 9.0E09 7.6E09 3.5E09 2.3E09 1.6E09 1.4E09
Type M, default 4.0E08 3.6E08 2.1E08 1.4E08 1.1E08 1.1E08
Type S 3.7E07 3.9E07 3.2E07 2.6E07 2.7E07 2.8E07

Ingested materials
All compounds 1.7E08 1.4E08 7.8E09 4.9E09 3.8E09 3.2E09

AMAD, activity median aerodynamic diameter
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10. SCANDI (UZa=)

10.1. Routes of Intake
10.1.1. Inhalation

(105)Forscandiumdefault parameter values were adopted on absorption to blood from the
respiratory tracflCRP, 2015) Absorption parameter values and types, and assotiatallies
for particulate forms ascandiumare given infable 101 [taken from Section 16f Publication
151(ICRP, 2022)].

Table 101. Absorption parameter values for inhaled and ingested scandium.
Absorption parameter values

Inhaled particulate materials fr s (d'Y) s (d'h)
Default parameter valugs

Absorption type

F 1 30 i
MO 0.2 3 0.005
S 0.01 3 1x104

Ingested materials

Age-dependent absorption from the alimentary trict,

Assigned forms 3 months 1 year 5 years 10years 15years adult
All compounds 0.01 0.001 0.001 0.001 0.001 0.001

*It is assumed that the bound state can be neglecteddodium(i.e. f, = 0). The values o$ for TypeF, M and

S forms ofscandium(30, 3 and 3 d respectively) are the general default values.

For inhaled material deposited in the respiratory tract and subsequently cleared by particle transport to the
alimentary tract, the defaudlt values for inhaled materials are applied. the product of for the absorption type

and thefa valuefor ingested soluble forms of silicon applicable to the-gugrip of interestg.g.0.001 for adults).

Pefault Type M is recommended for use in the absence of specific information on which the exposure material
can be assigned to an absorption typg. if the form is unknown, or if the form is known but there is no
information available on the absorption of that form from the respiratory.tract

SActivity transferred from systemic compartments into segments of the alimentary tract is assumed to be subject
to reabsorption to blood. The default absorption fracfiofor the secreted activity e highest value for
ingestion of the radionuclide applicable to the-ggaup of interestg.g.0.001 for adults)

10.1.2. Ingestion
10.1.2.1.Adults

(106)The limited information available indicatésat theabsorption of scandiums small
seePublication 151(ICRP, 2022) for detaildn Publicatiors 30and72 (ICRP,1981,19%c0),
f1 was taken to be 10y analogy with yttriumA value offa = 103wasadoptedn Publication
151for all chemical forms of scandiumhe same value is used in this publicaf@mingestion
of all forms of scandium by adult members the public.

10.1.2.2.Children

(107) Consistently with the approaciiPublicatiorb6 (ICRP, 1990)anfa = 0.01 is adopted
here for 3 month old infants and the adult valudof 102 is used for older children.
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10.1.3.  Systemic distribution, retention and excretion of scandium
10.1.3.1.Biokinetic data

(108)Scandium is the lightest of the rare earth elements, which also include yttrium and the
15 lanthanide elements. These elements have similar chemical properties and are generally
found together in nature. The biokinetics of scandium has been studied in laboratory animals
including rats, mice, and rabbits (Durbin, 1960; Rosoff et al., 1963; Taylor et al., 1966; Basse
Cathalinat et al., 1968; Zalikin et al., 1969; Hara and Freed, 1973; Freed et al., 1975; Lachine
et al., 1976) and to a limited extent in human subjects (Rosoff et al., 1965). Identified sites of
elevated deposition of scandium include liver, spleen, kidneys, bone, and bone marrow. The
relative contents of scandium in those tissues as well as its rates of urinary and faecal excretion
vary considerably among studies, presumably due to differences in study conditions including
chemical form, level of colloid formation after administration, and animal species. Much of the
available biokinetic information on scandium kinetics comes from interpretation of the
behaviourof 4’Sc produced in the body after administratiort’Gfa or partly produced in the
body after administration of a mixture HfCa and*’Sc. Overall, the biokinetics of scandium
appears to be broadly similar to that of the adjacent element yttrium in the periodic table.

10.1.3.2.Biokinetic model for systemic scandium

(109)The biokinetic model for systemic scandium applied to workeRuinlication 151
(ICRP,2022) is adopted for use in this report and is extended here to preadults.

(110)The model structure is shownkig. 10.1.Age-specific transfer coefficients are listed
in Table10.2

(111)The model structure is a modification of the generic model structure fordonfaee
seeking radionuclides. Scandium is treated as a-bariace seeker based on analogy with its
chemical analogue yttriumin Publication 151 the spleen was added to the generic model
structure for bonsurface seekers as this organ appears to be an important repository for
scandium in laboratory animals. The generic structure was further modified regarding routes
of transfer to and from bone marrow compartments based on indications from animal studies
of relatively high transfer of scandium from plasma to marrow.

(112)The transfer coefficients describing outflow from bone tissue compartments are
default agespecific values for bonsurface seekers. The remaining transfer coefficients were
set as far as feasible for consistency with the biokinetic database for scandium. Where data for
scandium were lacking, parameter values were based on analogy with yttrium.
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Fig. 10.1 Structure of théiokinetic model for systemic scandium.

Table 10.2. Agespecific transfer coefficients for scandium

Transfer coefficients (8§

Pathway 1o00d ly 5y 10y 15y Adult

Blood 1 Blood 2 425601 4.38601 4.38601 4.38601 4.38201 4.50E01
Blood 1 UB content 5.10E02 5.25E02 5.25E02 5.25E02 5.25E02 5.40E02
Blood 1 Liver 1 5.67E01 5.83E01 5.83E01 5.83E01 5.83E01 6.00E01
Blood 1 Kidneys 8.50E02 8.75E02 8.75E02 8.75E02 8.75E02 9.00E02
Blood 1 Spleen 5.67E02 5.83E02 5.83E02 5.83E02 5.83E02 6.00E02
Blood 1 Trab marrow 1.42601 1.46E01 1.46E01 1.46E01 1.46E01 1.50E01
Blood 1 Cort marrow 1.42E01 1.46E01 1.46E01 1.46E01 1.46E01 1.50EO01
Blood 1 Trab surface 2.25601 1.8801 1.88e01 1.88601 1.88E01 1.50E01
Blood 1 Cort surface 2.25e01 1.88e01 1.88r01 1.88e01 1.8801 1.50E01
Blood 1 Other 1 5.67E01 5.83601 5.83E01 5.83E01 5.83E01 6.00E01
Blood 1 Other 2 516601 5.31E01 5.31E01 5.31E01 5.31E01 5.46E01
Blood 2 Blood 1 462E01 4.62E01 4.62E01 4.62E01 4.62E01 4.62E01
Liver 1 Sl content 578602 5.78602 5.78602 5.78602 5.78E02 5.78E02
Liver 1 Liver 2 5.78602 5.78602 5.78E02 5.78E02 5.78E02 5.78E02
Liver 1 Blood 1 1.16601 1.16601 1.16E01 1.16601 1.16E01 1.16E01
Liver 2 Blood 1 6.93E03 6.93E03 6.93E03 6.93E03 6.93E03 6.93E03
Kidneys Blood 1 3.47E02 3.47E02 3.47E02 3.47E02 3.47E02 3.47E02
Spleen Blood 1 1.90E03 1.90E03 1.90E03 1.90E03 1.90E03 1.90E03
Other 1 Blood 1 2.31E01 2.31E01 2.31E01 2.31E01 2.31E01 2.31E01
Other 2 Blood 1 6.93E03 6.93E03 6.93E03 6.93E03 6.93E03 6.93E03
Trab marrow Blood 1 6.93E03 6.93E03 6.93E03 6.93E03 6.93E03 6.93E03
Cort marrow  Blood 1 6.93E03 6.93E03 6.93E03 6.93E03 6.93E03 6.93E03
Trab surface  Blood 1 8.22E03 2.88E03 1.81E03 1.32E03 9.59E04 4.93E04
Trab surface T bone V 8.22E03 2.88E03 1.81E03 1.32E03 9.59E04 2.47E04
Trab volume Blood 1 8.22E03 2.88E03 1.81E03 1.32E03 9.59E04 4.93E04
Cort surface  Blood 1 8.22E03 2.88E03 1.53E03 9.04E04 5.21E04 8.21E05
Cort surface  C bone V 8.22E03 2.88E03 1.53E03 9.04E04 5.21E04 4.11E05
Cortvolume Blood 1 8.22E03 2.88E03 1.53E03 9.04E04 5.21E04 8.21E05

UB, urinary bladder Sl, small intestine Cort, cortical;, Trab, trabecular
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10.1.3.3.Treatment of radioactive progeny

(113)The treatment of radioactive progeny produced in systemic compartments after intake
of a radioisotope of scandium is described in Section 10.2{F8blication151(ICRP, 2022.

10.2. Dosimetric date for scandium

Table D.2. Committed effective dose coefficients (SvBdor the inhalation or ingestion of
44S¢ compounds.

Effective dose coefficients (Sv By

3m ly Sy 10y 15y Adult
Inhaled particulate materials (1 ym AMAD aerosols)
Type F 6.0E10 4.2E10 1.9E10 1.4E10 8.4E11 6.9E11
Type M, default 7.2E10 5.2E10 2.5E10 1.9E10 1.3E10 1.1E10
Type S 7.3E£10 5.3E10 2.6E10 1.9E10 1.3E10 1.1E10
Ingested materials
All compounds 1.1E09 9.1E10 5.7E10 4.1E10 2.8E10 2.3E10

1292 AMAD, activity median aerodynamic diameter
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11.TI TANI(WZM 2

11.1. Routes of Intake

11.1.1. Inhalation

(114)Fortitanium, default parameter values were adopted on absorption to blood from the
respiratory tracflCRP, 2015) Absorption parameter values and types, and assotiatallies
for particulate forms dfitaniumare given infable 111 [taken from Section 11 &fublication
151(ICRP, 2022].

Tablel11.1. Absorption parameter values for inhaled and ingested titanium.
Absorption parameter valdes

Inhaled particulate materials fr s (d'Y) s (d'h)
Default parameter valugs

Absorption type

F 1 30 i

MO 0.2 3 0.005
S 0.01 3 1x104

Ingested materials

Age-dependent absorption from the alimentary tract,

Assigned forms 3 months 1 year 5 years 10 years 15 years adult
All compounds 0.01 0.001 0.001 0.001 0.001 0.001

*It is assumed that the bound state can be neglectéithfium i.e. f, = 0). The values o$ for TypeF, M and S

forms oftitanium (30, 3 and 3 'd, respectively) are the general default values.

For inhaled material deposited in the respiratory tract and subsequently cleared by particle transport to the
alimentary tract, the defaudlt values for inhaled materials are applied. the product of for the absorption type

and thefa value for ingested soluble formst@iniumapplicable to the aggroup of interestg.g.0.001for adults)

Pefault Type M is recommended for use in the absence of specific information on which the exposure material
can be assigned to an absorption typg. if the form is unknown, or if the form is known but there is no
information available on the absorption of that form from the respiratory.tract

SActivity transferred from systemic compartments into segments of the alimentary tract is assumed to be subject
to reabsorption to blood. The default absorption fracticior the secreted activity is the highest value for any

form of the radionuclidepplicable to the aggroup of intereste.g.0.001 for adults)

11.1.2. Ingestion

11.1.2.1. Adults

(115)Titanium compounds are poorly absorbed from the gastestinal tract see
Publication 151(ICRP, 2022) for some more details.Publicatiors 30and72 (ICRP,1981,
19%0), a fractional absorption of 0.01 was retained for titanibmPublication 151, fa was
taken to bed.001for all chemical forms of titanium at the workpladéne same valué =
0.00lisadopted here for titanium ingested by adult members of the public.

11.1.2.2. Children

(116)Consistently with the approadtfiPublicatiorb6 (ICRP, 1990)anfa = 0.01 is adopted
here for 3 month old infants and the valne 0.001 is used for older children.
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11.1.3.  Systemic distribution, retention and excretion oftitanium
11.1.3.1.Biokinetic data

(117)Thomas and Archuleta (1986)udied the distribution and retention6Ti in mice
following its intraperitoneal (IP) or intravenous (IV) administration as chloride. The initial
systemic distribution depended strongly on the exposure mode but did not vary noticeably over
time after either IP or IV administration. Liver, spleen, kidneys, and gastrointestinal tract
contained about 25%, 3.3%, 1.7%, and 3.6%, respectively, of thebtmiglcontent after
intravenous injection and 8.4%, 2.1%, 2.0%, and 15%, respectively, after intraperitoneal
injection. Differences in the distributions following IP and IV administration appeared to result
largely from adherence of injected material to visceral organs near the injection site and
elevated uptake by the RE system in the case of IV injection. A mean biologicahieatf
642 d was estimated for the total body.

(118)Merritt et al. (1992, 1995) examined tihehaviourof Ti in hamsters following
repeated intraperitoneal or intramuscular injections of Ti salts over a few weeks. Transport
from the site of injection was slow. One week after the end of six weekly injections of 100 pg
of Ti tetrachloride, the following tissues showed Ti concentrations noticeably higher than found
in control animals: spleen, 40.5 pg/g (above the control level); liver, 6.9 pg/g; bone matrix, 3.3
Hg/g; bone mineral, 0.9 ug/g; kidney, 2.1 ug/g.

(119)SarmienteGonzalez et al. (2009) determined Ti concentration in tissues of rats 18
monthsafter implant of Ti wires in the femur, lesk after intraperitoneal injection of soluble
Ti as citrate, or 1 ek after intraperitoneal injection of TiOmicroparticles. The Ti
concentrations in kidneys, spleen, lungs, and heart normalized to a concentration of 1.0 in the
liver were, respectively, 2.7, 8.1, 7.4, and 2.1 for rats with implants; 6.5, 6.7, 1.8, and 0.74 for
rats injected with Ti citrate; and 2.1, 2.1, 15, and 2.5 for rats injected with Ti dioxide.

(120)Golasik et al. (2016a, 2016b) studied the Ti distribution in selected tissues of rats
following administration in ionic form, either as a single IV injection or daily oral
administration for 30 d. During the first 24 h after IV injection or after the end of oral
administration, the highest tissue concentration was found in the kidneys, followed by liver.
Over this period the liver contained a greater portion of the administered Ti than the kidneys
due to the larger mass of the liver. In the early hours after IV injection the biologictihtelf
was about 3.3 h for the kidneys and 1.9 h for the liver. Much slower removal from these tissues
was seen from 3 h to 24 h after the end of oral administration.

(121)Miller et al. (1976) determined the distribution fTi in lambs after oral or
intravenous (1V) administration dfTiCls. At 2 d after oral administration the mean activity
concentration in systemic tissues, normalized to 1.0 for liver, decreased in the order liver (1.0)
> kidneys (0.74) > pancreas (0.49) > spleen (0.28) > lung, heart, adrefdl8)<At 2 d after
IV administration the blood, skeleton, kidneys, liver, and remaining tissue contained about
18.4%, 24.8%, 2.1%, 1.3%, and 48.8%, respectively, of the administered activity; cumulative
urinary excretion accounted for about 3%; &aecalexcretion plus gastrointestinal (Gl) tract
contents accounted for about 1.6%. This distribution broadly resembles that predicted by the
systemic model for Zr adopted Publication 34 (ICRP, 2016): blood, 38%; bone, 22.8%;
kidneys, 0.4%; liver, 1.8%; other tissue, 33%, urine, Bfces 1%. Noticeable differences
are that the Zr model predicts slower removal from blood, balanced by slower accumulation in
Aot her tissueo and | ower accumul ation in t

(122)Zhu et al. (2010) measured concentrations of 60 elements including Ti and Zr in 17
tissues obtained from autopsies of 68 Chinese men from four areas of China. All 68 subjects
were considered healthy until the time of sudden accidental death. Concentrations of the
elements were also measured in blood of living subjects from each of the four areas. The
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concentration of an element in a tissue or blood was reported as a median and range of measured
values. The results for Ti and Zr indicate considerable differences in theittelong
distributions in the adult human body. For example, the median concentration of Zr in rib (the
only bone addressed) was considerably greater than that in soft tissues other than liver, while
the median concentration of Ti in rib (983 ug/kg) was lower than the median concentration in

8 soft tissuesd.g, liver, 3220 pg/kgmuscle, 2060 pg/kg; kidney, 1770 pg/kg). A relatively

low median concentration (201 pg/kg) was determined for spleen. Blood, liver, kidneys, bone,
and all other tissues combined contained about 0.4%, 6%, 0.6%, 11%, and 82%, respectively,
of totalbody Ti in these subjects based on median concentrations in tissues.

11.1.3.2.Biokinetic model for systemic titanium

(123)The biokinetic model for systemic titanium applied to worker®utlication 151
(ICRP, 2022) is applied in this report to adult members of the public. As desdrbed
Publication151, that model was based on reported data on Ti kinetics that did not appear to be
greatly influenced by its accumulation in the RE system. The initial distribution of Ti in adults
was based mainly on results of the study of Miller et al. (1976), which suggest that Ti distributes
similarly to that of Zr. The longerm kinetics of Ti is based on relative concentrations of Ti in
tissues indicated in the autopsy study of Zhu et al. (2010). The model for adults is extended to
pre-adult ages by modification of transfer rates to reflect elevated deposition of Ti in immature
bone and agspecific rates of removal from bone (ICRP, 2002). The bone model applied to Ti
is analogous to that applied to Zr in Part 1 of this series of reports on doses to the public from
environmental radionuclidg®ublication158 (ICRP,2024)].

(124)The structure of the systemic model for Ti is showRigq 11.1. Transfer coefficients
are listed in Table 11.2.

|

 Qer | other 1
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Fig. 11.1. Structure of the biokinetic model for systemic Tjs®lall intestine.
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1398 Table 11.2. Agespecific transfer coefficients for titanium
Transfer coefficients (8

Pathway 100d ly 5y 10y 15y Adult
Blood 1 Blood 2 1.82E+00 1.91E+00 1.91E+00 1.91E+00 1.91E+00 2.00E+00
Blood 1 Liver 1 456E02 4.78E02 4.78E02 4.78602 4.78E02 5.00E02
Blood 1 Kidneys 6.84E02 7.17E02 7.17E02 7.17E02 7.17E02 7.50E02
Blood 1 Other 1 9.12E01 9.56E01 9.56E01 9.56E01 9.56E01 1.00E+00
Blood 1 Other 2 9.12E01 9.56E01 9.56E01 9.56E01 9.56E01 1.00E+00
Blood 1 UB content 9.12E02 9.56E02 9.56E02 9.56E02 9.56E02 1.00EO01
Blood 1 Sl content 228602 2.39E02 2.39E02 2.39E02 2.39E02 2.50E02
Blood 1 Trab surface 5.63E01 4.69E01 4.69E01 4.69E01 4.69E01 3.75E01
Blood 1 Cortsurface  5.63E01 4.69E01 4.69E01 4.69E01 4.69E01 3.75E01
Blood 2 Blood 1 1.60E+00 1.60E+00 1.60E+00 1.60E+00 1.60E+00 1.60E+00
Liver 1 Sl content 1.16601 1.16E01 1.16E01 1.16E01 1.16E01 1.16E01
Liver 1 Liver 2 462E01 4.62E01 4.62E01 4.62E01 4.62E01 4.62E01
Liver 1 Blood 1 1.16601 1.16E01 1.16E01 1.16E01 1.16E01 1.16E01
Liver 2 Blood 1 1.05603 1.05E03 1.05E03 1.05E03 1.05£03 1.05E03
Kidneys Blood 1 2.10E02 2.10E02 2.10E02 2.10E02 2.10E02 2.10E02
Other 1 Blood 1 462E01 4.62E01 4.62E01 4.62E01 4.62E01 4.62E01
Other 2 Blood 1 2.00E03 2.00E03 2.00E03 2.00E03 2.00E03 2.00E03
T-boneS Blood 1 2.00E02 2.00E02 2.00E02 2.00E02 2.00E02 2.00E02
Trab surface Trabvolume 8.22E03 2.88E03 1.81E03 1.32E03 9.59E04 2.47E04
Trab volume Blood 1 8.22E03 2.88E03 1.81E03 1.32E03 9.59E04 4.93E04
Cort surface  Blood 1 2.00E02 2.00E02 2.00E02 2.00E02 2.00602 2.00E02
Cort surface  Cortvolume 8.22E03 2.88603 1.53E03 9.04E04 5.21E04 4.11E05
Cortvolume  Blood 1 8.22E03 2.88E03 1.53E03 9.04E04 5.21E04 8.21E05

1399 UB, urinary bladderSl, small intesting RC, right colon Cort, cortical; Trab, trabecular
1400 11.1.3.3.Treatment of radioactive progeny

1401 (125)The treatment of radioactive progeny produced in systemic compartments after intake
1402 of a radioisotope of titanium is described in Section 11.208 Bublication151(ICRP, 2022.

1403 11.2. Dosimetric data for titanium

1404 Table 11.3. Committed effective dose coefficients (Sv-Bdor the inhalation or ingestion of
1405 “*Ti compounds.

Effective dose coefficients (Sv By

3m ly 5y 10y 15y Adult
Inhaled particulate materials (1 um AMAD aerosols)
Type F 6.0E07 5.5E07 3.6E07 2.7807 2.4E07 2.3E07
Type M, default 2.7E07 2.7E07 1.9607 1.4E07 1.3E07 1.3E07
Type S 5.9E07 6.1E07 4.9E07 4.1E07 4.2E07 4,407

Ingested materials
All compounds 3.3E08 6.4E09 4.0E09 3.0E09 2.3E09 2.2E09

1406 AMAD, activity median aerodynamic diameter
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12. VANADI| (Ee=3

12.1. Routes of Intake
12.1.1. Inhalation

(126)Forvanadium default parameter values were adopted on absorption to blood from the
respiratory tracflCRP, 2015) Absorption parameter values and types, and assotiatallies
for particulate forms ofanadiumare given infable 121 [taken from Section 1@f Publication
151(ICRP, 2022].

Table 121. Absorption parameter values for inhaled and ingested vanadium.
Absorption parameter valdes

Inhaled particulate materials f; s (d'Y) s (d'h)
Default parameter valugs

Absorption type

F 1 30 i
MO 0.2 3 0.005
S 0.01 3 1x104

Ingested materials

Age-dependent absorption from the alimentary trict,

Assigned forms 3 months 1 year 5 years 10 years 15years adult
Sodium metavanadate 0.4 0.2 0.2 0.2 0.2 0.2
All other chemical forms 0.02 0.01 0.01 0.01 0.01 0.01

including vanadium in diet

"It is assumed that the bound state can be neglectedrfadium(i.e. f, = 0). The values o for Type F, M and

S forms ofvanadium(30, 3 and 3 @ respectively) are the general default values.

For inhaled material deposited in the respiratory tract and subsequently cleared by particle transport to the
alimentary tract, the defauit values for inhaled materials are applidice. the product of; for the absorption

type and thda value for ingested soluble forms whnadiumapplicable to the aggroup of interestg.g.0.2for

adults).

Pefault Type M is recommended for use in the absence of specific information on which the exposure material
can be assigned to an absorption typg. if the form is unknown, or if the form is known but there is no
information available on the absorption of that form from the respiratory.tract

SActivity transferred from systemic compartments into segments of the alimentary tract is assumed to be subject
to reabsorption to blood. The default absorption fracticfor the secreted activity is the highest value for any

form of the radionuclidapplicable to the aggroup of interestd.g.0.2for adults)

12.1.2. Ingestion
12.1.2.1. Adults

(127)The limited data available indicate a low absorption anadium, except in the
sodium metavanadate form, deegblication151(ICRP, 2022) for details.

(128)In Publicatiors 30 and 72 (ICRP, 1981, 19%c¢), f1 was taken to be 0.01 for all
compounds of vanadium. Publication151, the same value d&f = 0.01wasretained for all
chemical forms of vanadium, except sodium metavanadate for which a higher aleeddat
wasadopted.The same values are used here for ingestion of vanadium by adult members of
the public.In particular,fa = 0.01 is applied to vanadium in diet.
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1437 12.1.2.2. Children

1438 (129)The comparison of vanadium levels in tissues of 21 d and 115 d old rats fed vanadium
1439 in water and diet suggested higher absorption in young animals (Edel et al. C&&i3tently

1440 with the approaclf Publicatiorb6 (ICRP, 1990), arfin = 0.4is adopted here fangestion of

1441 sodium metavaaate by3-monthold infants An fa = 0.02 is used for ingestion of all other
1442 forms of vanadium b$-monthold infants. The adult values are used for older children.

1443 12.1.3. Systemic distribution, retention and excretion ofvanadium
1444  12.1.3.1.Biokinetic data

1445 (130)The biokinetics of vanadium has been studied extensively in ro&trasi(et al 1964,

1446 Thomassen and Leicester, 19&&bbioni et al, 1978, 198Fharma et al, 1980; Roshcleh

1447 al, 1980; Hansen et al. 1982; Sharma, 1987; Merritt et al 1995; Amano et al, 1996; Setyawati
1448 et al, 1998; Barceloux and Barceloux, 198@&unumaet al, 1999; Ando et al, 1989, 1990;

1449 Alimonti et al, 2000). Relatively high concentrations of injected or absorbed vanadium are seen
1450 in kidneys, bone, and liver. Bone eventually becomes the dominant repository. Endogenous
1451 excretion is primarily in urine (Barceloux and Barceloux, 1999). At least half of injected or
1452 absorbed vanadium is excreted withid 8 (Durbin, 1960, Hirunuma et al 1999, Barceloux
1453 and Barceloux, 1999).

1454 (131)The Group VB elements vanadium, niobium, and tantalum share some biokinetic
1455 properties such as primary sites of deposition (Durbin, 1960, Ando et al, 1989, 1990), but
1456 vanadium is less firmly bound in tissues and is more rapidly excreted than niobium or tantalum.
1457 In a study described by Durbin (1960), less than 10% of absorbed vanadium was retained after
1458 2 mo, compared with at least threefold higher retention of niobium or tantalum.

1459 132)The reader is referred to Leggett and OO
1460 of biokinetic data for systemic vanadium.

1461 12.1.3.2.Biokinetic model for systemic vanadium

1462 (133)The biokinetic model for systemic vanadium applieButblication151(ICRP,2022)
1463 to workers is applied in this report to all ages.

1464 (134)The model structure is shownhig. 12.1. The transfer coefficients are listed in Table
1465 12.2.
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1468 Fig.12.1. Structure of the biokinetic model for systemic vanadiupsn@&ll intestine
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1469 Table 12.2. Agespecific transfer coefficients for vanadium

Transfer coefficients (8

Pathway 100d ly 5y 10y 15y Adult
Blood 1 Blood 2 2.80E+00 2.80E+00 2.80E+00 2.80E+00 2.80E+00 2.80E+00
Blood 1 Liver 1 240E01 2.40E01 2.40E01 2.40E01 2.40E01 2.40EO01
Blood 1 Kidneys 4.00E01 4.00E01 4.00E01 4.00E01 4.00E01 4.00E01
Blood 1 Other 1 2.44E+00 2.44E+00 2.44E+00 2.44E+00 2.44E+00 2.44E+00
Blood 1 Other2 240E01 2.40E01 2.40E01 2.40EO01 2.40EO01 2.40E01
Blood 1 UB content  1.52E+00 1.52E+00 1.52E+00 1.52E+00 1.52E+00 1.52E+00
Blood 1 S| content 1.20E01 12001 1.20E01 1.20E01 1.20E01 1.20EO01
Blood 1 Trab surface 1.20E01 1.20E01 1.20E01 1.20E01 1.20E01 1.20E01
Blood 1 Cort surface 1.20e01 1.20E01 1.20e01 1.20E01 1.20E01 1.20EO01
Blood 2 Blood 1 5.00E01 5.00E01 5.00E01 5.00E01 5.00E01 5.00E01
Liver 1 S| content 9.00E02 9.00E02 9.00E02 9.00E02 9.00E02 9.00E02
Liver 1 Blood 1 3.75E01 3.75E01 3.75E01 3.75E01 3.75E01 3.75E01
Liver 1 Liver 2 3.50E02 3.50E02 3.50E02 3.50E02 3.50E02 3.50E02
Liver 2 Blood 1 1.00E02 1.00E02 1.00E02 1.00E02 1.00E02 1.00EO02
Kidneys UB content 1.80E+00 1.80E+00 1.80E+00 1.80E+00 1.80E+00 1.80E+00
Other 1 Blood 1 140E01 140E01 140E01 1.40E01 1.40E01 1.40EO01
Other 2 Blood 1 1.00E02 1.00E02 1.00E02 1.00E02 1.00E02 1.00EO02
Trab surface Blood 1 1.00E02 1.00E02 1.00E02 1.00E02 1.00E02 1.00EO02
Cort surface Blood 1 1.00E02 1.00E02 1.00E02 1.00E02 1.00E02 1.00E02

UB, Urinary bladderSI, Small intestineCort, Cortical Trab, Trabecular

12.2. Dosimetric data for vanadium

Table 123. Committed effective dose coefficients (SvBdor the inhalation or ingestion of

48y compounds.

Effective dose coefficients (Sv By
3m ly 5y 10y 15y Adult

Inhaled particulate materials (1 pm AMAD aerosols)
Type F 6.1E09 4.0E09 2.0E09 1.4E09 9.0E10 8.6E10
Type M, default 8.6E09 6.8E09 3.7E609 2.6E09 1.8E09 2.0E09
Type S 9.8E09 7.9E09 4.4E09 3.1E09 2.2E09 2.4E09
Ingested materials
Sodium metavanadate 8.9E09 5.3E09 3.0E09 2.1E09 1.5E09 1.4E09
All other chemical forms 4.5E09 4.0E09 2.3E09 1.6E09 1.1E09 1.1E09

including vanadium in diet

1474  AMAD, activity median aerodynamic diameter
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13. CHROMI  M2=}

13.1. Routes of Intake

13.1.1. Inhalation

(135)For chromium default parameter values were adopted on absorption to blood from
the respiratory tradiCRP, 2015) Absorption parameter values and types, and assodiated
values for particulate forms @hromiumare given inTable 131 [taken from Section 18f
Publication151 (ICRP, 2022)

Table 131. Absorption parameter values for inhaled and ingested chromium.
Absorption parameter valdes

Inhaled particulate materials fr s (d'Y) s (d'h)
Default parameter valugs

Absorption type

F 1 30 i

MO 0.2 3 0.005
S 0.01 3 1x104

Ingested materials

Age-dependent absorption from the alimentary trict,

Assigned forms 3 months 1 year 5 years 10years 15years adult
Trivalent state Cr(lll) 0.1 0.01 0.01 0.01 0.01 0.01
Hexavalent state Cr(VI) 0.1 0.05 0.05 0.05 0.05 0.05

"It is assumed that the bound state can be neglectetifamium(i.e. f, = 0). The values of for Type F, M and

S forms ofchromium(30, 3 and 3 '@ respectively) are the general default values.

For inhaled material deposited in the respiratory tract and subsequently cleared by particle transport to the
alimentary tract, the defaudl values for inhaled materials are applied. the product of for the absorption type

and thefa value for ingested soluble forms ofiromiumapplicable to the aggroup of intereste.g.0.05for

adults).

Pefault Type M is recommended for use in the absence of specific information on which the exposure material
can be assigned to an absorption typg. if the form is unknown, or if the form is known but there is no
information available on the absorption of that form from the respiratory.tract

SActivity transferred from systemic compartments into segments of the alimentary tract is assumed to be subject
to reabsorption to blood. The default absorption fracticior the secreted activity is the highest value for any

form of the radionuclidapplicable to the aggroup of interestd.g.0.05for adults)

13.1.2. Ingestion

13.1.2.1. Adults

(136)As discusseth Publication151(ICRP, 2022), bromium is pody absorbedrom the
gastrointestinal tract. Ingested hexavalent chrommiabsorbed to a slightly greater extent
than trivalent chromium. The reduction of GH) to Cr (Ill) by gastric juices, or by mixture
with orange juice or ascorbic aditlisappears to decrease its intestinal absorption.

(137)In Publications 3Gand72 (ICRP,1980,19%c0), f1 was taken to be 0.01 for chromium
in the trivalent state and 0.1 for chromium in the hexavalent st&®eablication151, fa values
of 0.01 and 0.0%vereretained respectively for Cr(lll) and Cr(VIfhe same values are used
here for ingestion of chromium by adult members of the public.
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13.1.2.2.Children

(138)In a study by Sullivan et al. (1984);day old rats absorbed about ten times more
Cr(lll) chloride than adults (0.1 and 1.2% absorption respectivAsgumingthe sameage
dependentatio in humans leads tthe adoption of aria = 0.1 foringestion of trivalent
chromium by 3monthold infants. Applying the approad Publication56 (ICRP, 1990)fa
= 0.1 is also used for ingestion of hexavalent chromium by infants. The adult values are used
for older childrenfa = 0.01 for ingestion of Cr(lll) anth = 0.05 for ingestion of Cr(VI).

13.1.3.  Systemic distribution, retention and excretion ofchromium
13.1.3.1.Biokinetic data

(139)Chromium(lll) is the most stable oxidation state of chromium and, in that form, is an
essential nutrient in humans and several-moman species (Hambidge and Baum, 1972;
Christensen et al., 1993; Mertz, 1993; Anderson, 1997). Chromium in other oxidation states
tends to be converted to the trivalent oxide in the environment and in biological systems. The
hexavalent form (Cr(VI)), which is the second most stable oxidation state, behaves differently
from Cr(lll) in the body and is categorized as a chemical toxin and carcinogen. The different
behavious and effects of Cr(VI) and Cr(lll) in the body are associated with the fact that some
Cr(VI) compounds can cross cell membranes, while Cr(lll) is blocked by the membrane.

(140)Postmortem measurements of chromium concentrations in 17 tissues of up to 68 adult
male subjects (Zhu et al., 2010) indicate a central-bmdl content of about 4 g chromium.
Based on median chromium concentrations in tissues and reference tissues masses, about 55%
of totatbody chromium is contained in muscle and fat, 25% in bone, 4% in the liver, and 0.5%
in the kidneys.

(141)Doisy et al. (1971) studied the blood kinetics and excretion of intravenously
administeredCr(lll) in seven normal subjects. The blood content dropped to roughly 40% of
the injected amount within a few minutes but decreased very slowly thereafter, with about 25%
retained in blood after 7 d. Excretion®€r was primarily in urine.

(142)Sargent et al. (1979) measured the retention of intravenously adminfs@n@d) in
five normal adult male humans. Totabdy activity was measured externally for 8 mo, and
activity in blood was measured for-80 d post injection. Data fits indicated three components
of retention with mean hatfmes of 0.56 d (35%), 12.7 d (27%), and 192 d (38%). Blood
clearance, apparently excluding a rapid phase of removal immediately after injection, was
described in terms of four components of retention with meartihads of 13 min, 6.3 h, 1.9
d, and 8.3 d.

(143)Lim et al. (1983) studied tHeehaviouof intravenously administerédCr(lll) in three
normal subjects using external scanning and measurement of activity in plasma. Highest
activity concentrations were seen in the liver, spleen, and bone.

(144)Chromium has been used to measure the volume and lifetime of red blood cells (RBC)
in patients and normal subjects, based on tenacious retentt@r(@f) in RBC after passage
of intravenously administeredCr(VI) across RBC membranes and reductiof'@fr(V1) to
SICr(lI) within the RBC. Following administration ofCr(VI) to normal subjects, the label
disappeared from blood with a biological kafhe of about 30 d (Korst, 1968).

(145)Hiller and Leggett (2020) reviewed information on the biokinetics of Cr(lll) and
Cr(VI) in human subjects (see above summaries) and laboratory animals (Hopkins, 1965;
Mertz et al ., 1965; Sayato et al ., 1980; We
O6Fl aherty et al., 2001). They proposed syst
values for Cr(lll) were based mainly on results of biokinetic and autopsy studies involving
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1552 human subjects. Data for laboratory animals were used to fill gaps in the data for human
1553 subjects. Cr(IV) was assumed to be reduced to Cr(lll) over a period of hours to days.

1554  13.1.3.2.Biokinetic model for systemic chromium

1555 (146) The biokinetic model for systemic Cr(lll) proposed by Hiller and Leggett (2020) was
1556 applied inPublication151(2022) to intakes of chromium by workers and is adopted here for
1557 application to environmental intakes of chromium by all age groups. The structure of the model
1558 for Cr(lll) is shown inFig. 13.1. Transfer coefficients are listed in Table 13.2.

1559

|
. %tgf?r Other 1 :
: tissue : <«— Absorbed Cr
: Other 2 :
[t e e R I
:égn’e*’***********ﬂl Plasma 2
; Cortioal sint : Liver
: ortical surface )
I
: i
I I
I
| Trabecular surface | | |
1 I

Bl I Colon content

|

Urinary Kidneys £ T \L
Urine 1< gloanc’zgﬁ{ Plasma 1 e
1560
1561 Fig. 13.1. Structure of the biokinetic model for systemic chromium.
1562
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1563 Table 13.2. Agespecific transfer coefficients for chromium
Transfer coefficients (8

Pathway 100d ly 5y 10y 15y Adult
Plasma 1 Plasma 2 2.20E+02 2.20E+02 2.20E+02 2.20E+02 2.20E+02 2.20E+02

Plasma 1 UB content  4.80E+00 4.80E+00 4.80E+00 4.80E+00 4.80E+00 4.80E+00

Plasma 2 Blood 1.00E+01 1.00E+01 1.00E+01 1.00E+01 1.00E+01 1.00E+01
Plasma 2 RC content 1.00E01 1.00E01 1.00E01 1.00E01 1.00E01 1.00EO1
Plasma 2 Other 1 7.00E01 7.00E01 7.00E01 7.00E01 7.00E01 7.00EO1
Plasma 2 Other 2 2.70E02 2.70E02 2.70E02 2.70E02 2.70E02 2.70E02
Plasma 2 Kidneys 1.50E02 1.50E02 1.50E02 1.50E02 1.50E02 1.50E02
Plasma 2 Liver 150E01 1.50E01 1.50E01 1.50E01 1.50E01 1.50E01

Plasma 2 Trab surface 1.50E02 1.25E02 1.25E02 1.25E02 1.25E02 1.00E02
Plasma 2 Cort surface 1.50E02 1.25E02 1.25E02 1.25E02 1.25E02 1.00EO02

Other 1 Plasma 1 2.50E01 2.50E01 2.50E01 2.50E01 2.50E01 2.50E01
Other 2 Plasma 1 5.00E05 5.00E05 ©5.00E05 ©5.00E05 5.00E05 5.00E05
Liver Plasma 1 1.00E02 1.00E02 1.00E02 1.00E02 1.00E02 1.00E02
Kidneys Plasma 1 7.00E03 7.00E03 7.00E03 7.00E03 7.00E03 7.00E03

Trab surface Plasma 1 493E04 4.93E04 493604 4.93E04 4.93E04 4.93E04
Cort surface Plasma 1 8.21E05 8.21E05 8.21E05 8.21E05 8.21E05 8.21E05
1564  UB, urinary bladderRC, right colon Cort, cortical; Trab, trabecular

1565 13.1.3.3.Treatment of radioactive progeny

1566 (147)The treatment of radioactive progeny produced in systemic compartments after intake
1567 of a radioisotope of chromium is described in Section 13.2d3.Bublication 151 (ICRP,
1568 2022.

1569 13.2. Dosimetric data for chromium

1570 Table 133. Committed effective dose coefficients (Sv-Bdor the inhalation or ingestion of
1571  >Cr compounds.

Effective dose coefficients (Sv By

3m ly 5y 10y 15y Adult
Inhaled particulate materials (1 pm AMAD aerosols)
Type F 1.4E10 1.0E10 5.2E11 3.5E11 2.4E11 2.4E11
Type M, default 1.7E10 1.4E10 7.3E11 49E11 3.5E11 3.8E11
Type S 2.0E10 1.7E10 9.0E11 6.1E11 4.3E11 47611

Ingested materials
Trivalent state Cr(lll) 9.6E11 4.8E11 2.7E11 2.0E11 1.4E11 1.3E11

Hexavalent state Cr(VI) 9.6E11 6.2E11 3.5E11 2.5E11 1.7E11 1.711
1572 AMAD, activity median aerodynamic diameter

60



1573

1574

1575

1576
1577
1578
1579
1580
1581

I‘Ri DRAFT REPORT FOR CONSULTATION: DO NOT REFERENCE

14. MANGA N E(SE=5

14.1. Routes of Intake
14.1.1. Inhalation

(148)For manganesedefault parameter values were adopted on absorption to blood from
the respiratory tradiCRP, 2015) Absorption parameter values and types, and assodiated
values for particulate forms oianganesare given inTable 141 [taken from Section 1df
Publication151 (ICRP, 2022]).

Table 141. Absorption parameter values for inhaled and ingested manganese.
Absorption parameter valdes

Inhaled particulate materials fr s (d'Y) s (d'h)
Default parameter valugs

Absorption type

F 1 30 i
MO 0.2 3 0.005
S 0.01 3 1x104

Ingested materials

Age-dependent absorption from the alimentary tract,

Assigned forms 3 months 1 vyear 5 years 10 years 15 years adult
All compounds 0.3 0.05 0.05 0.05 0.05 0.05

"It is assumed that the bound state can be neglectetbfiganesé.e. f, = 0). The values o$ for Type F, M and

S forms ofmanganesé30, 3 and 3 ' respectively) are the general default values.

For inhaled material deposited in the respiratory tract and subsequently cleared by particle transport to the
alimentary tract, the defaudlt values for inhaled materials are applied. the product of for the absorption type

and thefa value for ingested soluble forms wfanganesapplicable to the aggroup of interestg.g.0.05 for

adults)

Pefault Type M is recommended for use in the absence of specific information on which the exposure material
can be assigned to an absorption typg. if the form is unknown, or if the form is known but there is no
information available on the absorption of that form from the respiratory.tract

SActivity transferred from systemic compartments into segments of the alimentary tract is assumed to be subject
to reabsorption to blood. The default absorption fracfiofor the secreted activity is the highest vafoe
ingestion of the radionuclide applicable to the-ggeup of interestd.g.0.05 for adults)

14.1.2. Ingestion

(149)Asdiscussedh Publication151(ICRP, 2022),he fractional absorption of manganese
averages around®% in adults. It is under hameostatic control and negatively correlated with
total dietary manganese and iron intakes. The absorption is higher from watepthdoaid.
For all compounds of manganetdjad been taken to be 0.1Rablications 3Gand72 (ICRP,
1979a,19%c¢). In Publication 151 the value ofa = 0.05wasapplied to all chemical forms of
manganeseat the workplaceThe same value di = 0.05 is adopted here for all forms of
manganese ingested by adult members of the public.

14.1.2.1.Children

(150)Mena (1981) noted thatanganes@omeostasis is achieved via the bile (not by renal
excretion) andhatmost of Mn ingestedith food is excreted unabsorhdde reported, at an
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age of 10 d, a total body retention of 15.7% in premature childreB432:eks of gestation),
8% in normal newborns and-B% in adults. Assuming a similar ratio with the adulof 5%
would suggesta about 25% for newborn# anotherbalance study by Dorner et al. (1989) in
young infants and preterm infanteetapparenavailability of Mn was highest in breashilk
(37% of intake) and lower ie 0 w 6 sformilas (k6to 21% of intaké. In rats, the absorption
decreased with age from 82 to 30846l2-19 d old suckng (Keen et al. 1986)Consistently
with these data, a highér = 0.3 is adoptetierefor ingestion of manganese byn®nthold
infants, while the adult valug = 0.05 is used for older children.

14.1.3. Systemic distribution, retention and excretion ofmanganese
14.1.3.1.Biokinetic data

(151)Manganese is an essential element, but excessive intake can result in adverse health
effects including progressive neurodegenerative damage with an associated motor dysfunction

syndrome similar to Parkinsonds disea6e. Di ¢
mg d? for adult humans. The adult human body contains abod510g of manganese. The
bodydéds manganese is maintained at a nearly «c

regulation of gastrointestinal uptake and intestinal secretions. High dietary manganese
enhances metabolism of manganese in the liver and increases secretion of systemic manganese
into the gastrointestinal contents (Andersen et al.,, 1999; Dorman et al., 2001). Inhaled
manganese initially bypasses the homeostatic control processes in the liver and becomes
largely bound to transferrin. In persons chronically exposed to elevated mass concentrations of
manganese in air, atypically high masses of manganese can accumulate in the brain and other
tissues due to delivery by transferrin receptors.

(152)Autopsy data for adult male humans who suffered accidental deaths indicate that
highest median concentrations of manganese in tissues, normalized to the concentration in liver,
decrease in the order liver (1.0) > pancreas, kidney (~0.65) > gastrointestinal tissues (0.35
0.55) (Zhu et al., 2010). Lowest concentrations (@@5) were found in blood, fat, and skin.

Based on median concentrations in tissues and reference tissue masses, about 34% of the body
burden was contained in muscle, 24% in bone, 16% in liver, and 2% in kidneys.

(153)In laboratory animals, manganese tracers are rapidly removed from blood and initially
concentrate mainly in tissues rich in mitochondria such as liver, pancreas, and kidneys
(Chauncey et al., 1977; Dastur et al., 1971; Dorman et al., 2006; Kato, 1963). Brain, bone, and
muscle and other tissues gradually accumulate increasing portions of retained manganese
(Dastur et al., 1969, 1971; Furchner et al., 1966).

(154)Endogenous excretion of manganese is mainfpecesand appears to arise mainly
from biliary secretion, but substantial amounts are also secreted into the gastrointestinal tract
in pancreatic juices and other intestinal fluids (Dorman et al., 2001; Mahoney and Small, 1968;
Maynard and Fink, 1956). Urinary excretion typically accounts for at most a few percent of
total excretion of manganese (Maynard and Fink, 1956; Mahoney and Small, 1968; Davidsson
et al. 1989.

(155)Most of the manganese in blood is contained in red blood cells (Milne et al., 1990).
The concentration of manganese in blood plasma typically is abe0t0.8 € g/ L ( Bar ut
al., 1988; Versieck and Cornelis, 1980; Versieck et al., 1988). Reported concentrations in
whole blood of healthy adult subjects are typically onthe ordetloP8 € g/ L ( Kr i st i an
1997; Milne et al., 1990; Pleban and Pearson, 1979).

(156)Mena et al. (1967) observed tetaddy retention of intravenously injectétMn in 8
healthy adult humans (4 of each sex, age rang@02@), in 14 current manganese miners in
good health (ages 20 y), and 10 former manganese miners with chronic manganese
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1652 poisoning (ages 186 y). Totalbody removal haltimes were 35.% 8.4 d (mearx standard

1653 deviation) in the control group, 12452.3 d in the healthy miners, and 2&%!.8 d in the

1654 subjects with manganese poisoning.

1655 (157)Mahoney and Small (1968) measured retention of intravenously injéMedn six

1656 subjects including both sexes (age ranget25/) and studied factors affecting the rate of
1657 biological removal of the tracer from the body. About 30% of the injected amount was removed
1658 with a halftime of 4 d and 70% with a haiime of 39 d. Low manganese intake increased the
1659 size of the slow component to 84% and the retentionrtimadf to 90 d but had no effect on the
1660 half-time of the fast component. Administration of a large mass of stable manganese two
1661 months after the start of the study substantially increased the rate of elimin&fiuim of

1662 (158)Davidsson et al. (1989) measured retention and excretidMofin 14 healthy adults

1663 after its ingestion in infant formula. The mean biological iatle of absorbed activity over
1664 the period 1680 d post ingestion was 16.4 d with a range-82&d. Following intravenous

1665 administration of*Mn to two subjects, the turnover rate during days3QGorresponded to

1666 biological halftimes of 74 and 24 d, compared with 27 and 8 d, respectively, in the same
1667 subjects following oral administration.

1668 (159)Finley and coworkers (1994, 1999) studied the effects of gender and other factors on
1669 absorption and retention of manganese in healthy adult human subjects. Retention data for
1670 absorbed manganese for days2f0ndicated mean wholeody biological haktimes of about

1671 15 d for men and 12 d for women. Data for days 19 to 70 indicated meamteafof about

1672 48 d for men and 34 d for women.

1673 14.1.3.2.Biokinetic model for systemic manganese

1674 (160)The biokinetic model for systemic manganese applied to workétabhcation151

1675 (2022) is applied here to adult members of the public. The same model is applied to preadult
1676 ages except that manganesaching a bone volume compartment is assumed to be removed
1677 to blood at the reference agpecific rate of turnover of that bone type (ICRP, 2002).

1678 (161)The model structure is shown g. 14.1. Transfer coefficients are listed in Table
1679 14.2.
1680
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1684 Table 14.2. Agespecific transfer coefficients for manganese

Transfer coefficients (8

Pathway 100d ly 5y 10y 15y Adult

Plasma Liver 1 3.00E+02 3.00E+02 3.00E+02 3.00E+02 3.00E+02 3.00E+02
Plasma Kidneys 5.00E+01 5.00E+01 5.00E+01 5.00E+01 5.00E+01 5.00E+01
Plasma Pancreas 5.00E+01 5.00E+01 5.00E+01 5.00E+01 5.00E+01 5.00E+01
Plasma UB content 2.00E+00 2.00E+00 2.00E+00 2.00E+00 2.00E+00 2.00E+00
Plasma RC content 1.00E+01 1.00E+01 1.00E+01 1.00E+01 1.00E+01 1.00E+01
Plasma Other 1 3.92E+02 3.92E+02 3.92E+02 3.92E+02 3.92E+02 3.92E+02
Plasma Other 2 1.50E+02 1.50E+02 1.50E+02 1.50E+02 1.50E+02 1.50E+02
Plasma Other 3 4.00E+01 4.00E+01 4.00E+01 4.00E+01 4.00E+01 4.00E+01
Plasma Cort surface  2.50E+00 2.50E+00 2.50E+00 2.50E+00 2.50E+00 2.50E+00
Plasma Trab surface  2.50E+00 2.50E+00 2.50E+00 2.50E+00 2.50E+00 2.50E+00
Plasma Brain 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00
Plasma RBC 2.00E01 2.00E01 2.00E01 2.00E01 2.00E01 2.00EO01
Liver 1 Sl content 1.39E01 1.39801 1.39E01 1.39801 1.39E01 1.39E01
Liver 1 Liver 2 5.55E01 5.55E01 5.55E01 5.55E01 5.55E01 5.55E01
Liver 2 Plasma 3.47E01 3.47E01 3.47E01 3.47E01 3.47E01 3.47E01
Kidneys Plasma 3.47E01 3.47E01 3.47E01 3.47E01 3.47E01 3.47E01
Pancreas Plasma 3.47E01 3.47E01 3.47E01 347601 3.47E01 3.47E01
Pancreas S| content 3.47E01 3.47E01 3.47E01 347601 3.47E01 3.47E01
Other 1 Plasma 3.33E+01 3.33E+01 3.33E+01 3.33E+01 3.33E+01 3.33E+01
Other 2 Plasma 3.47E01 3.47E01 3.47E01 347601 3.47E01 3.47E01
Other 3 Plasma 1.73E02 1.73602 1.73E02 1.73602 1.73E02 1.73E02
Cort surface  Plasma 1.72E02 1.72E02 1.72E02 1.72E02 1.72E02 1.72E02
Cort surface  Cortvolume 1.7304 1.73204 1.73604 1.73604 1.73604 1.73E04
Trab surface  Plasma 1.72E02 1.72E02 1.72E02 1.72E02 1.72E02 1.72E02
Trab surface Trab volume 1.73604 1.73604 173604 1.73604 1.73604 1.73E04
Cortvolume  Plasma 8.22E03 2.88603 1.53E03 9.04204 5.21E04 8.21E05
Trab volume Plasma 8.22E03 2.88E03 1.81E03 1.32E03 9.59E04 4.93E04
Brain Plasma 4.62E03 4.62E03 4.62E03 4.62E03 4.62E03 4.62E03
RBC Plasma 8.33603 8.33603 8.33E03 8.33E03 8.33E03 8.33E03

UB, urinary bladderRC, right colon Cort, cortical, Trab, trabecular RBC, red blood cellsSI, small intestine

14.1.3.3. Treatment of radioactive progeny

(162)The treatment of radioactive progeny produced in systemic compartments after intake

of a radioisotope of manganese is described in Section 14.@tFBblication 151 (ICRP,

2022.
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1691 14.2. Dosimetric data for manganese

1692 Table #.3. Committed effective dose coefficients (Sv-Bdor the inhalation or ingestion of
1693 >*Mn compounds.

Effective dose coefficients (Sv By

3m ly 5y 10y 15y Adult
Inhaled particulate materials (1 um AMAD aerosols)
Type F 6.3E09 3.5E09 1.9E09 1.3E09 9.0E10 9.3E10
Type M, default 7.7E09 6.3E-09 3.8E09 2.6E09 1.9E09 2.3E09
Type S 1.5E08 1.4E08 8.6E-09 5.9E-09 4.7E09 5.6E-09

Ingested materials
All compounds 6.9E09 1.8E09 1.0809 7.2E10 5.1E10 5.0E10

1694 AMAD, activity median aerodynamic diameter
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15. COP P H 2=

15.1. Routes of Intake
15.1.1. Inhalation

(163)For copper default parameter values were adopted on absorption to blood from the
respiratory tracflCRP, 2015) Absorption parameter values and types, and assotiatallies
for particulate forms ofopperare given inTable 5.1 [taken from Section 16f Publication
151(ICRP, 2022].

Table B.1. Absorption parameter values for inhaled and ingested copper.
Absorption parameter valdes

Inhaled particulate materials fr s (d'Y) s (d'h)
Default parameter valugs

Absorption type

F 1 30 i
MO 0.2 3 0.005
S 0.01 3 1x104

Ingested materials

Age-dependent absorption from the alimentary trict,

Assigned forms 3 months 1 year 5 years 10 years 15 years adult
All compounds 1 0.5 0.5 0.5 0.5 0.5

*It is assumed that the bound state can be neglectedgper(i.e. f, = 0). The values o$ for Type F, M and S

forms ofcopper(30, 3 and 3 'd respectively) are the general default values.

For inhaled material deposited in the respiratory tract and subsequently cleared by particle transport to the
alimentary tract, the defaudlt values for inhaled materials are applied. the product of for the absorption type

and thefa value for ingested soluble forms @dpperapplicable to the aggroup of intereste.g.0.5 for adult}.

Pefault Type Mis recommended for use in the absence of specific information on which the exposure material
can be assigned to an absorption typg. if the form is unknown, or if the form is known but there is no
information available on the absorption of that form from the respiratory.tract

SActivity transferred from systemic compartments into segments of the alimentary tract is assumed to be subject
to reabsorption to blood. The default absorption fracfiofor the secreted activity is the highest vafoe
ingestion of the radionuclide applicable to the-ggaup of interested.g.0.5 for adults).

15.1.2. Ingestion
15.1.2.1.Adults

(164)The average fractional absorptiohcopperanges from 12% to 60%eePublication
151 (ICRP, 2022) for more detailb Publicatiors 3Q 72and151(ICRP, 198, 19%c, 2022,
the fractional absorptiowas taken to be 0.5 for all compounds of copper. Inghidication
the same value di = 0.5 isadoptedfor all chemical forms of copper ingested by adult
members of the public

15.1.2.2.Children

(165)Consistently with the approadi Publicatiorb6 (ICRP, 1990) anfa = 1 is adopted
here for ingestion of all forms of copper by 3 month old infants and the adult value of 0.5 is
used for older children.
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15.1.3.  Systemic distribution, retention and excretion ofcopper
15.1.3.1.Biokinetic data

(166)Copper (Cu) is a functional component of several enzymes in the human body and is
necessary for normal iron metabolism and formation of red blood cells. The adult male human
body contains about 780 mg of copper (Cartwright and Wintrobe, 1964; Zhu et al., 2010).
Measured copper concentrations in postmortem tissues and in blood of living subjects indicate
the following approximate distribution of copper in an adult male: blood 5%, skeletal muscle
48%, liver 18%, bone 8%, and other tissue 21% (Zhu et al., 2010).

(167)Absorption of copper from the small intestine is inversely related to the level of copper
intake. Absorbed copper binds to two plasma proteins, albumin and transcuprein. Much of the
bound copper is rapidly deposited in the liver, the key organ regarding copper metabolism and
homeostasis. Most of the copper entering liver is incorporated into the enzyme ceruloplasmin,
which is released to blood and transferred to tissues (Cartwright and Wintrobe, 1964; Cromwell,
G. L., 1997; Linder and Hazeghkzam, 1996; Turnland, 1998; Angelova et al., 2011; Osredkar
and Sustar, 2011).

(168)Copper has two stable isotop&&u and®>Cu, with natural abundances of 69.2% and
30.8%, respectively. Scott and Turnland (1994) investigated the biokinetics of copper in
healthy young adult male humans over a@@ period in which the less abundant isotSme
was administered at different times. The tidependent concentrations 8fCu were
determined in blood components. Observed changes in®®@e concentrations were
interpreted in view of previously established characteristics of copper in the human body such
as the typical mass, distribution, and faecal and urinary excretion rates of copper in adult
humans and the roles of the liver in copper metabolism and storage. The data indicated that
plasma contained about 4% of tebaldy copper, with ceruloplasmin containing-&&% of
plasma copper. The dietary copper level was judged to influence the flow rate from liver to
plasma and from plasma to tissues other than liver. The investigators developed a biokinetic
model depicting the observesehaviourof %°Cu in blood plasma and the inferred time
dependent systemic distribution and excretion®@fu. Firstorder transfer rates between
compartments (or delay times, for two of the nine depicted transfers) were developed separately
for each subject as fits to subjegtecific data. Separate transfer coefficients were developed
for oral intake and injection.

(169)Relative losses of copper along different excretion pathways were studied in dogs
(Cartwright and Wintrobe, 1964). The results indicated that about 80% of excretion of systemic
copper is due to biliary secretion into the small intestine, 16% is excreted after endogenous
secretion directly across the intestinal wall, and 4% is excreted in urine.

(170)Following administration of%'Cu as cupric acetate to rats, maximal activity
concentrations were reached quickly in the liver, kidney, and gastrointestinal tract (Owen,
1965). Other tissues showed a progressive accumulatiiCofafter the disappearance of
most of the norceruloplasmirt*Cu from plasma and emergence of plasma cerulopld$@iin
suggesting that ceruloplasmin may be the source of copper for tissues. The disappearance of
%4Cu from plasma tended to parallel that from the liver after 2 d.

(171)Dunn et al. (1991) developed a compartmental model of copper biokinetics in rats
based on measurements of intravenously administ&€edn plasma, tissues, and excreta over
the first 3 d post injection. They interpreted the data in the context e€ampartment model
that included 2 plasma compartments representing ceruloplasmin copper (Cp) and all other
copper in plasma (NCp), 2 liver compartments, 2 compartments representing skin plus muscle
(S5-M), 2 compartments representing intestinal tissue, 2 compartments representing remaining
tissue, and 6 compartments representing excretion pathways and excreta. Movement between
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compartments was described by fioster transfers. Skin and muscle were treated as a single
tissue because the data indicated virtually identical kinetics in these two tissues. The direct
observations together with the results of the compartmental analysis indicated the following
behaviourof ®*Cu. The injected activity entered the NCp fraction of plasma, cleared rapidly
into the liver and 9V, and was initially removed at a high rate from liver in bile. The plasma
contentlevelledout within the first hour, remained constant for about 10 h, and then began to
decline gradually. This was attributed to a decreasing content of activity in NCp, offset by an
increasing content in Cp. ByHLpost injection about 32% of the administered amount (after
correction for physical decay) had accumulated in the liver. Activity was lost from the liver at

a relatively high rate for a few hours and more slowly thereafter. ActivityM &counted

for about 25% of the administered amount at 2 h, decreased slightly to about 10 h post
administration, and then plateaued or slightly increased over the rest of the observation period,
indicating a relatively long component of copper retention. About 25% of the administered
amount was excreted in faeces in the first 24 h and about 45% by 72 h, apparently representing
mainly biliary secretion of the tracer.

15.1.3.2.Biokinetic model for systemic copper

(172)The biokinetic model for copper developed by Scott and Turnland (1994) was
modified for application to workers iRublication 151 (ICRP, 2022). The model structure
applied by those investigators was modified to depict the faecal and urinary excretion pathways
applied in this report series. The mean transfer rates developed by Scott and Turnland for
intravenous administration &Cu during the period of adequate intake of copper were used as
a starting point. Two delays depicted in their model were replaced wittoffitet transfer
coefficients. The transfer rate from Liver 2 to Plastnderived by Scott and Turnland was
increased moderately for consistency with the {tevgh distribution of copper as indicated by
autopsy data (Zhu et al., 2010). The transfer rate from Other to Plasraa decreased to
reflect longer retention in soft tissues indicated by data of Dunn et al. (1991) and for
consistency with autopsy data.

(173)The biokinetic model for copper applied to workaer$ublication151is applied in
this report to all age groups. The structure of the model used here is shoguri 1. Transfer
coefficients are listed in Table 15.2.

Injected or .
absorbed Cu Urine
Sl ,
content Liver Plasma uB
1 1 content
Colon
content
Liver Plasma Other
2 2
Faeces

Fig. 15.1. Structure of the biokinetic model for systemic coppet.uUdBary bladderSl, small
intestine
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1808 Table 15.2. Agespecific transfer coefficients for copper
Transfer coefficients (8

Pathway 100d ly Sy 10y 15y Adult
Plasma 1 Liver1 2.50E+01 2.50E+01 2.50E+01 2.50E+01 2.50E+01 2.50E+01

Plasmal UB content 1.40E04 1.40E04 1.40E04 1.40E04 1.40E04  1.40E04
Liver 1 Sl content 1.90E+01 1.90E+01 1.90E+01 1.90E+01 1.90E+01 1.90E+01

Liver 1 Liver 2 2.00E+02 2.00E+02 2.00E+02 2.00E+02 2.00E+02 2.00E+02
Liver 2 Plasma 2 1.30E+00 1.30E+00 1.30E+00 1.30E+00 1.30E+00 1.30E+00
Plasma 2 Other 1.50E+01 1.50E+01 1.50E+01 1.50E+01 1.50E+01 1.50E+01
Other Plasma 1 3.00601 3.00E01 3.00E01 3.00E01 3.0001 3.00E01

1809 UB, urinary bladdeySl, small intestine
1810 15.2. Dosimetric data for copper

1811 Table B.3. Committed effective dose coefficients (Sv-Bdor the inhalation or ingestion of
1812  %“Cu compounds.

Effective dose coefficients (Sv By

3m ly By 10y 15y Adult
Inhaled particulate materials (1 um AMAD aerosols)
Type F 2.3E10 1.5E10 6.8E11 4.8E11 3.1E11 2.6E11
Type M, default 3.3E10 2.4E10 1.3E10 9.0E11 6.8E11 5.9E11
Type S 3.4E10 2.5E10 1.3E10 9.5E11 7.3E11 6.4E11

Ingested materials
All compounds 3.8E10 2.3E10 1.4E10 9.8E11 6.5E11 5.4E11

1813 AMAD, activity median aerodynamic diameter
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16. GAL L1 (3=}

16.1. Routes of Intake
16.1.1. Inhalation

(174)For gallium, default parameter values were adopted on absorption to blood from the
respiratory tracflCRP, 2015) Absorption parameter values and types, and assotiatallies
for particulate forms ofjallium are given inTable 6.1 [taken from Section 1@f Publication
151(ICRP, 2022].

16.1.2. Ingestion
16.1.2.1.Adults

(175)Gallium is poorly absorbed from the gasintestinal tract, seBublication 151(ICRP,
2022) for more detaildn Publications 3072 (ICRP, 1981,19%c) and 151, the fractional
absorptionwas taken to b€.001for all compounds of the element. In thugblication the
same valuéx =0.001is applied to all forms of galliunmgested by adult members of the public

16.1.2.2.Children

(176) Consistently with the approach Publicatiorb6 (ICRP, 1990)anfa = 0.01 is adopted
here for 3 month old infants and the adult valudof 102 is used for older children.

Table B.1. Absorption parameter values for inhaled and ingested gallium.
Absorption parameter values

Inhaled particulate materials fr s (dh s (d'Y)
Default parameter valugs

Absorption type

F 1 30 i
MO 0.2 3 0.005
S 0.01 3 1x104

Ingested materials

Age-dependent absorption from the alimentary triact,

Assigned forms 3 months 1 year 5 years 10 years 15 years adult
All compounds 0.01 0.001 0.001 0.001 0.001 0.001

"It is assumed that the bound state can be neglected for géiléufa= 0). The values o$ for Type F, M and S

forms of gallium (30, 3 and 3 trespectively) are the general default values.

For inhaled material deposited in the respiratory tract and subsequently cleared by particle transport to the
alimentary tract, the defaul values for inhaled materials are applied. the product of for the absorption type

and thefa valuefor ingested soluble forms of galliuapplicable to the aggroup of interestg.g.0.001 for adult3.

Pefault Type M is recommended for use in the absence of specific information on which the exposure material
can be assigned to an absorption type. if the form is unknown, or if the form is known but there is no
information available on the absorption of that form from the respiratory.tract

SActivity transferred from systemic compartments into segments of the alimentary tract is assumed to be subject
to reabsorption to blood. The default absorption fracfiofor the secreted activity is the highest vafoe
ingestion of the radionuclide applicable to the-ggaup of interestd.g.0.001 for adults
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16.1.3.  Systemic distribution, retention and excretion ofgallium
16.1.3.1.Biokinetic data

(177)Nearly all of the gallium in blood is in plasma, where it is mainly bound to the iron
transport protein transferrin (Bernstein, 1998). Gallium has a strong affinity for growing and
remodelling bone (Bernstein, 1998). In growing bone gallium is concentrated in the
metaphysis, particularly the cartilaginous growth plate. It also accumulates on the endosteal
and periosteal surfaces of diaphyseal bone (Bockman et al, 1986, 1990) and in some soft tissues
including the liver, spleen, and kidneys (Bernstein, 1998).

(178)Clearance of gallium in blood can be described reasonably well as two phases of
removal with hakltimes of about 0.25 d and 7 d (Kriegel, 1984). Roughly a third of the amount
deposited in tissues is removed from the body over a relatively short period, mainly in urine,
and the remainder is removed relatively slowly in urine and faeces (Kriegel, 1984).

(179)Priest et al. (1995) studied the biokinetic®@a (T2 = 3.26 d) over a 21l period
following its intravenous administration to a healthy adult male volunteer. RetéR{tjoim
blood att days post injectiont(® 0. 2) , expressed as a percen
corrected for decay, was described by the power fund@®{®)¥10.5°°. Decaycorrected
urinary and faecal excretion over the first 13 d represented about 27% and 10%, respectively,
of administered activity.

(180)Nelson et al. (1972) measured activity concentrations in postmortem tissues of 23
patients administered’Ga intravenously at various times before death. Highest mean
concentrations expressed as %' kgere found in spleen (4.1), kidney cortex (3.8), adrenals
(3.8), bone marrow (3.6), liver (2.8), kidney (2.7), and bone (2.6). Some organs including the
kidneys showed a rapid decrease in activity from high early values but a later slow decrease of
retained activity. Considerable variation in tissue concentrations from patient to patient was
observed.

(181)Zhu et al. (2010) measured concentrations of gallium in 17 tissues obtained from
autopsies of up to 68 Chinese men from four areas of China. All subjects were considered
healthy until the time of sudden accidental death. Based on median gallium concentrations in
tissue and reference tissue masses, most of thebtmdglgallium was contained in fat (31%),
bone (25%), and muscle (23%)

16.1.3.2.Biokinetic model for systemic gallium

(182)The biokinetic model for systemic gallium applied to workerd?ublication 151
(2022) is applied in this report to adult members of the publi@ulplication 151 transfer
coefficients were based largely on data summarized above on the observed kinetics and
postmortem distribution of gallium in human subjects. Derivation of transfer coefficients
focused on data for relatively early times after administration, as radioisotopes of gallium
addressed by the ICRP have short-hiads (maximum, 3.26 d). For application to {a@ult
ages, the flow rates from blood to bone surface compartments are increased by 50% above the
values for adults, and the rate from blood to thetiastover softtissue compartment (Other
0) is decreased to yield the same total removal rate from blood at all ages.

(183)The structure of the biokinetic model for systemic gallium is showhign 16.1.
Transfer coefficients are listed in Table 16.2.
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Fig. 16.1. Structure of the biokinetic model for systemic gallium.

Table 16.2. Agespecific transfer coefficients for gallium
Transfer coefficients (8§

Pathway 100d ly 5y 10y 15y Adult
Blood RC content 15001 150801 1.50E01 1.50E01 1.50E01 1.50E01
Blood Liver 3.00E01 3.00e01 3.00601 3.00E01 3.00E01 3.00E01
Blood Kidneys 4.00E01 4.00601 4.00601 4.00e01 4.00E01 4.00£01
Blood Spleen 5.00602 5.00E02 5.00e02 5.00E02 5.00E02 5.00E02
Blood Trab surface 7.50e01 7.50E01 7.50E01 7.50E01 7.50E01 5.00EO01
Blood Cort surface 7.50E01 7.50E01 7.50E01 7.50E01 7.50E01 5.00EO1
Blood Red marrow 2.50E01 2.50E01 25001 25001 250E01 2.50EO01
Blood Muscle 2.00E01 2.00E01 2.00e01 2.00E01 2.00E01 2.00EO01
Blood Pancreas 5.00E03 5.00E03 5.00E03 5.00E03 5.00E03 5.00203
Blood Other 1 1.65E+00 1.65E+00 1.65E+00 1.65E+00 1.65E+00 2.15E+00
Blood Other 2 5.00E01 5.00E01 5.00e01 5.00E01 5.00E01 5.00E01
Liver Blood 1.39601 1.39E01 1.39E01 1.39E01 1.39e01 1.39E01
Kidneys UB content 1.39E+00 1.39E+00 1.39E+00 1.39E+00 1.39E+00 1.39E+00
Spleen Blood 1.39601 1.39E01 1.39801 1.39601 1.39E01 1.39E01
Trab surface Blood 347601 347601 3.47E01 347601 3.47E01 3.47E01
Cort surface Blood 3.47E01 3.47E01 34701 3.47E01 3.47E01 3.47E01
Red marrow Blood 3.47E01 34701 34701 3.47E01 3.47E01 3.47E01
Muscle Blood 1.39E01 1.3901 1.3901 1.39501 1.39501 1.39E01
Pancreas Blood 1.39E01 1.3901 1.3901 1.39501 1.39501 1.39E01
Other 1 Blood 1.39E+00 1.39E+00 1.39E+00 1.39E+00 1.39E+00 1.39E+00
Other 2 Blood 1.90E03 1.90E03 1.90E03 1.90E03 1.90E03 1.90E03

UB, urinary bladderRC, right colon Cort, cortical, Trab, trabecular
16.1.3.3. Treatment of radioactive progeny

(184)The treatment of radioactive progeny produced in systemic compartments after intake
of a radioisotope of gallium is described in Section 17.2.3 Bubfication 151(ICRP, 2022)
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1893 16.2. Dosimetric data for gallium

1894 Table 5.3. Committed effective dose coefficients (Sv-Bdor the inhalation or ingestion of
1895 ¢‘Ga compounds.

Effective dose coefficients (Sv B

3m ly 5y 10y 15y Adult
Inhaled particulate materials (1 um AMAD aerosols)
Type F 2.7E10 2.0E10 9.4E11 6.2E11 4.2E11 3.9E11
Type M, default 5.3E10 4.0E10 2.3E10 1.6E10 1.2E10 1.2E10
Type S 5.9E10 4.5E10 2.6E10 1.8E10 1.4E10 1.3E10

Ingested materials
All compounds 2.3E10 2.0E10 1.1E10 8.2E11 5.7E11 5.4E11

1896 AMAD, activity median aerodynamic diameter
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17. GERMA N | UZ8=p

17.1. Routes of Intake
17.1.1. Inhalation

(185)For germanium default parameter values were adopted on absorption to blood from
the respiratory tradiCRP, 2015) Absorption parameter values and types, and assodiated
values for particulate forms germaniumare given inTable 7.1 [taken from Section 18f
Publication151 (ICRP, 2022]).

17.1.2. Ingestion

(186)Dietary forms ofgermaniumare well absorbed from the gastrointestinal tract of,man
seePublication 151(ICRP, 2022) for detaildn Publications 3072 and 151 (ICRP, 1981,
19%c, 2022, the fractional absorptiowas taken as 1 for all compounds of germanium. In this
publication the valuefa = 1 isalsoused for all chemical forms of germaniungested by
members of the publiof all ages

Table T7.1. Absorption parameter values for inhaled and ingested germanium.
Absorption parameter valdes

Inhaled particulate materials fr s (dY) s (d'Y)
Default parameter valugs

Absorption type

F 1 30 i
MO 0.2 3 0.005
S 0.01 3 1x104

Ingested materials

Age-dependent absorption from the alimentary trict,

Assigned forms 3 months 1 year 5 years 10 years 15 years adult
All compounds 1 1 1 1 1 1

"It is assumed that the bound state can be neglected for germ@eids* 0). The values of for Type F, M and

S forms of germanium (30, 3 and 3 tespectively) are the general default values.

For inhaled material deposited in the respiratory tract and subsequently cleared by particle transport to the
alimentary tract, the defaudl values for inhaled materials are applied. the product of for the absorption type

and thefa valuefor ingested soluble forms germaniumapplicable to the aggroup of interest (1)

Default Type M is recommended for use in the absence of specific information on which the exposure material
can be assigned to an absorption typg. if the form is unknown, or if the form is known but there is no
information available on the absorption of that form from the respiratory.tract

SActivity transferred from systemic compartments into segments of the alimentary tract is assumed to be subject
to reabsorption to blood. The default absorption fractiofor the secreted activity is the highest vafoe
ingestion of the radionuclide applicable to the-ggaup of interesffa = 1).

17.1.3.  Systemic distribution, retention and excretion ofgermanium
17.1.3.1.Biokinetic data

(187)Germanium is located just below silicon in Group IVA of the period table. In trace
amounts, germanium mimics uptake and accumulation of silicon in laboratory animals. Mehard
and Volcani (1975) compared thehavioursof 2!Si (Tiz = 157 min) and®Ge (271 d) in rats
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following intravenous (1V) or intraperitoneal (IP) administratior?'&i(OH), and®®Ge(OH).
Accumulation of*'Si and®Ge in tissues increased for about4bmin, declined rapidly for

~30 min, and then declined more gradually. Faster depletiiGefthan®'Si was indicated.

By 2 h after IV injection the concentration 8Ge in liver was about 65% higher than that of
31Si. Concentrations ¢fGe were measured in blood and 11 tissues at five times fre20ai1

after IV injection. Highest concentrations (normalized to 1.0 for kidney at each time) were seen
in kidney (1.0), liver (0.29), and blood (0.19) at 0.1 d; kidney (1.0), spleen (0.31, and liver
(0.28) at 4 d; and spleen (2.0), kidney (1.0), and urinary bladder (0.15) at 20 d.

(188)The concentration of germanium was measured in 17 tissues obtained from autopsies
of up to 68 men from four areas of China and in blood of 10 volunteers from the same areas
(Zhu et al., 2010). Highest median concentrations were found in rib (89 ))ddlpwed by
blood, liver, and spleen (~45 pgkeach); lung (33 pg k§; kidney (19 pg kdf); and thyroid
(18 pug kg'). Concentrations in the rangeld ug kg! were found in gastrointestinal tract
tissues, skeletal muscle, heart, testes, thymus, fat, and skin. Based on median tissue
concentrations and reference masses of tissues, bone contained about 50%bofiyotal
germanium, blood 15%, liver 4.5%, kidney 0.4%, and other tissue 30%. The estimated total
body content based on median tissue concentrations was 1.4 mg, which is roughly the typical
daily intake of germanium in food (Schauss, 1991; Scansetti, 1992). As germanium in food
appears to be nearly completely absorbed from the gut (Rosenfeld, 1954; Scansetti, 1992), this
suggests low systemic retention of germanium.

(189)During the early hours after parenteral administration of germanium compounds to
rats or mice (Rosenfeld, 1954; Durbin, 1960; Mehard and Volcani, 1975; Shinoga et al., 1989),
the concentration of germanium in the kidneys was much greater than in other tissues.
Germanium was rapidly excreted in urine. At 4 d after intravenous administratié@eofis
NaHGeQ to rats, cumulative excretion accounted for about 98.5% of the administered amount,
and the bone, liver, and kidney contents accounted for about 0.4%, 0.5%, and 1.1%,
respectively (Durbin, 1960). At 3 h after intraperitoneal administration g&dI& to rats, the
concentration of Ge in the kidneys wag@times that in 14 other examined tissues and fluids
(Rosenfeld, 1954). Germanium did not appear to be stored by any tissue after multiple weekly
doses (Rosenfeld, 1954).

(190)Velikyan et al. (2013) investigated the organ distributiof®Gk in rats through day
7 following intravenous administration dfGeCh. Activity was distributed somewhat
uniformly among tissues beyond a few hours. Excretion was rapid and primarily in urine. About
90% of the injected activity was eliminated in urine with Himfe < 1 h. A second, slower
phase of retention was observed, with ~1.8% of the activity remaining in the animals after 1
wk. Velikyan and coworkers estimated absorbed doses to tissues for adult male and female
humans based on the observed residence times in rat tissues. Highest dose estimates for females,
expressed as uSv MBgwere obtained for kidney (185), adrenals (83), liver (38), colon wall
(~20), red marrow (13), osteogenic cells (11), and spleen (11). Lowest dose estimates were
obtained for lungs (3.2), heart wall (2.6), muscle (2.0), pancreas (1.9), and brain (1.2). Dose
estimates for 10 other tissues were in the rangjeé @Sv MBq.

(191)Shinoga et al. (1989) studied uptake and retention of stable germanium in mice after
a single peroral administration of Gesolution. Germanium concentrations in blood, stomach,
small intestine, and eight systemic soft tissues were measured-£4rh after administration.

The maximum concentration in blood and systemic tissues was reached within 1 h. The kidneys
showed the highest concentration fror24Lh. The highest biological haifmne was seen in

brain (6.3 h). The halfime in blood was 1.2 h and in soft tissues other than brain was in the
range 2.44.4 h. The area under the tirnencentration curve, expressed as pg-hdgcreased

in the order: kidney (51), liver (23), pancreas (13), blood and spleen (11), lung (10), heart (7),
testis (6), brain (1.5). At 24 h germanium was detectable only in kidney, liver, spleen, and brain.
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17.1.3.2.Biokinetic model for systemic germanium

(192)The biokinetic model for systemic germanium applied to workeRalslication151
(2022) is applied in this report to adult members of the public. The basis for the model is
described in that report. The same model is applied to preadults except that increased rates of
loss from bone compartments are assigned to preadults, as the rate of removal from bone is
based on the bone turnover rate. The bone turnover rates applied in the model are reference
values given irPublication89 (CRP,2002).

(193)The structure of the biokinetic model for systemic germanium used in this report is
shown inFig. 17.1. Transfer coefficients are listed in Table 17.2.
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Fig. 17.1 Structure of the biokinetic model for systemic germanium.

Table 17.2. Agespecific transfer coefficients for germanium

Transfer coefficients (8

Pathway 100d ly 5y 10y 15y Adult
Blood Other 8.90E01 8.90E01 8.90E01 8.90E01 8.90E01 8.90E01
Blood Kidneys 2.00E01 2.00E01 2.00801 2.00E01 2.00E01 2.00E01
Blood Liver 4.00E01 4.00E01 4.00e01 4.00E01 4.00E01 4.00E01
Blood UB content 8.30E+00 8.30E+00 8.30E+00 8.30E+00 8.30E+00 8.30E+00
Blood RC content 1.00E02 1.00E02 1.00E02 1.00802 1.00E02 1.00E02
Blood Trab surface 1.00e01 1.00e01 1.00e01 1.00e01 1.00801 1.00E01
Blood Cortsuface 1.00e01 1.00e01 1.00E01 1.00e01 1.00e01 1.00E01
Other Blood 3.00E01 3.00e01 3.00E01 3.00E01 3.00E01 3.00E£01
Kidneys UB contemt 1.20E+00 1.20E+00 1.20E+00 1.20E+00 1.20E+00 1.20E+00
Liver Blood 9.00E01 9.00E01 9.00E01 9.00E01 9.00E01 9.00E01
Trab surface Blood 3.00E01 3.00e01 3.00e01 3.00E01 3.00E01 3.00E£01
Cort suface Blood 3.00E01 3.00e01 3.00E01 3.00E01 3.00E01 3.00E01
Trab surface Trab volume 1.50E03 1.50E03 1.50E03 1.50E03 1.50E03 1.50E03
Cort suface Cort volume 1.50E03 1.50803 1.50E03 1.50E03 1.50E03 1.50E03
Trab volume Blood 8.22E03 2.88E03 1.81E03 1.32E03 9.59E04 4.93E04
Cort volume Blood 8.22E03 2.88E03 1.53E03 9.04E04 5.21E04 8.21E05

UB, urinary bladderRC, right colon Cort, cortical, Trab, trabecular
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1993 17.1.3.3.Treatment of radioactive progeny

1994 (194)The treatment of radioactive progeny produced in systemic compartments after intake
1995 of a radioisotope of germanium is described in Section 18.2.3Ruldfcation 151(ICRP,
1996 2022)

1997 17.2. Dosimetric data for germanium

1998 Table I7.3. Committed effective dose coefficients (Sv-Bdor the inhalation or ingestion of
1999 %8Ge compounds.

Effective dose coefficients (Sv B

3m ly 5y 10y 15y Adult
Inhaled particulate materials (1 um AMAD aerosols)
Type F 1.5E09 1.0E09 4.6E10 3.2E10 1.9E10 1.4E10
Type M, default 4.6E08 4.1E08 2.4E08 1.6E08 1.3E08 1.3E08
Type S 1.1E07 1.0e07 6.3E08 4.2E08 3.4E08 3.5E08

Ingested materials
All compounds 1.9E09 1.4E09 8.3E10 5.3E10 3.6E10 2.9E10

2000 AMAD, activity median aerodynamic diameter
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18. ARS E N(I 3=}

18.1. Routes of Intake
18.1.1. Inhalation

(195)For arseni¢ default parameter values were adopted on absorption to blood from the
respiratory tracflCRP, 2015) Absorption parameter values and types, and assotiatallies
for particulate forms oérsenicare given inTable B.1 [taken from Section 16f Publication
151(ICRP, 2022)].

18.1.2. Ingestion

(196)Water soluble forms of arsenare mostly absorbed from the gut, while insoluble
forms appear to be less available for absorptionPséécation 151(ICRP, 2022) for details.
Regarding organic forms, Buchet et al. (1981a) compared the urinary excretion of arsenic and
its speciation over daysafter ingestion of sodium arsenite, monomethylarsonate (MMA) and
dimethylarsinate (DMA) by human volunteers. It represented 46, 78 and 75% of the ingested
arsenic quantity in the respective chemical forms. About 84% of arsenic ingested by an
individual as 0.1 mg/kg body weight of DMA (Marafante et al. 1987) was excreted in 48h
urine. Juhasz et al. (2006, 2008) evaluated the oral bioavailability in swine of arsenic present
in rice either as organic DMA or inorganic sodium arsenate as 33 and 89% respectively; as
100% in mung beans and 50% in lettuce and chard grown using arteataminated water.

(197) Francesconi et al. (2002) monitored arsenic metabolites in human urine over 4 days
after ingestion of arsenitontaining carbohydrates (arsenosugars), observing that
approximately 80% of the ingested arsenic was excreted in urine. In a similar study, Raml et
al. (2009) observed a large variation from 4 to 95% of arsenic urinary excretion among 6
volunteers correlated with a range of different metabolites in urine and blood.

(198) Early studies of arsenic in seafood indicated that arsenobetaine was efficiently
absorbed and excreted unchanged (Chapman, 1926). Freeman et al. (1979) reported the urinary
excretion of 76% arsenic over 8 days after ingestion in fish by 6 volunteers. Luten et al. (1982)
showed that 685% of arsenic as organic arsenobetaine in ingested fish was excreted in urine
within five days by 8 human volunteers. Tam et al. (1982) followed urinarfaandlexcretion
of arsenic in 15 healthy adult volunteers over 8 days after ingestion of atisérfish: 77%
of fish-arsenic was excreted in urine while only 0.33% was recovefadaeesdemonstrating
nearly complete absorption. Brown et al. (1990) administéfeslabelled arsenobetaine with
fish to 6 volunteers and measured after one delyae-bodycontent of about half the ingested
"As quantity, also suggesting nearly complete absorption.

(199) In Publications 3Gand72 (ICRP,1981,19%c¢) anf; of 0.5 was recommended for all
compounds of arsenic. Publication 151fa values of 1 and 0.3were usedor water soluble
compoundsndfor insoluble compoundicludingand arseniaisoils respectively. The same
values offa = 1 for soluble arsenic forms, including arsenic in diet, farrd 0.3 for insoluble
forms are adopted here for all ages.
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2040 Table B.1. Absorption parameter values for inhaled and ingested arsenic.
Absorption parameter valdes

Inhaled particulate materials fr s (dY s (d'Y)
Default parameter valugs

Absorption type

F 1 30 i
MO 0.2 3 0.005
S 0.01 3 1x104

Ingested materials

Age-dependent absorption from the alimentary triact,

Assigned forms 3 months 1 vyear 5 years 10 years 15years adult
Water soluble compounds, 1 1 1 1 1 1
arsenic in diet

Water insoluble compounds 0.3 0.3 0.3 0.3 0.3 0.3

and arsenic in soil
2041 ‘ltis assumed that the bound state can be neglected for gfiserfic= 0). The values o$ for Type F, M and S
2042  forms of arsenic (30, 3 and 8'despectively) are the general default values.
2043 Aor inhaled material deposited in the respiratory tract and subsequently cleared by particle transport to the
2044  alimentary tract, the defaulf values for inhaled materials are applied. the product of for the absorption type
2045  and thefa valuefor ingested soluble forms of arsenic applicable to thegagep of interest (1)
2046  Default Type M is recommended for use in the absence of specific information on which the exposure material
2047 can be assigned to an absorption tyeg. if the form is unknown, or if the form is known but there is no
2048 information available on the absorption of that form from the respiratory.tract
2049  SActivity transferred from systemic compartments into segments of the alimentary tract is assumed to be subject
2050 to reabsorption to blood. The default absorption fracfiofor the secreted activity is theighest value for
2051 ingestion of the radionuclide applicable to the-ggaup of interes(fa = 1).

2052 18.1.3. Systemic distribution, retention and excretion ofarsenic
2053 18.1.3.1.Biokinetic data

2054 (2000Ar senic (As) exists primarily in the tri
2055 oxidized to pentavalent arsenic (As(V)) in soil and water (Mochizuki, 2019). Absorbed or
2056 injected inorganic As(lll) and As(V) initially have noticeably different systemic kinetics

2057 (Vahter and Norin, 1980; Lindgren et al., 1982). A substantial portion of absorbed As(V) is
2058 reduced to As(lll) in the body (Vahter and Marafante, 1985; Vahter, 2002), resulting in more
2059 similar distributions of the initially different forms over time.

2060 (201)Mealey et al. (1959) summarized observations of the systemic behavit#sdh

2061 >100 patients administeréths(lll) intravenously for brain tumor localization. In four patients

2062 followed up to 10 d, blood clearanCé) of "“As expressed as % dosagellood att hours ¢

2063 O 0.25), was described byC@th=70e+007 P hr ee e x
2064 0.015¢™%9%, The activity concentration in red blood cells increased over time and was about 3
2065 times the plasma concentration by 10 h post injection. Renal clearaffée ofas estimated

2066 as 3.54 L plasmah Cumulative urinary activity was in the range3®% of the administered

2067 amount at 1 h post injection, 3%% at 4 h, and 590% at 9 d. In a patient followed for 18 d,

2068 urinary activity accounted for ~97% of the injected amount. Only small amounts were
2069 recovered in faeces,g.0.21% of the administered amount in one case during the first week,

2070 and 1.3% in a second case over 17 d. The concentratiéAsoin tissues was determined for

2071 11 patients who died at times ranging from 1 h to 71 d after injection. In all cases the highest
2072 concentrations were found in the liver and kidneys. These two tissues contained roughly 20%
2073 and 10%, respectively, at 1 h after injection. The sequential data for the 11 cases indicated that
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roughly 90% or more of the activity retained in the kidneys at 1 h was removed with a half
time of about 8 h, and the remainder declined with atia of 23 d. The indicated time
dependent behaviour 6As in the liver also suggested two components of retention, with half
times of roughly 1 d for 90% or more of the retained activity and 2 wk for the remainder.

(202)Pomroy et al. (1980) studied the biokinetics’#s(V) in six healthy adult male
subjects (ages 2@&0 y) following its oral administration as arsenic acid. T-btady retention
was measured externally for periods up to 103 d, and losses in urine and faeces were measured
up to 7 d. The pooled measurements of tbtaly retention were fit by a sum of three
exponential terms indicating biological hélines of 2.1 d§5.9%), 9.5 d (30.4%), and 38.4 d
(3.7%). Cumulative urinary and faecal excretion’®s over the first 7 d represented on
average 62% and 6%, respectively, of the administered amount. The portions of faecal losses
representing unabsorbed and endogenously secreted activity could not be determined. The
excretion patterns are qualitatively consistent with findings of Mealey et al. (1959) for
intravenously injecte@As(I11) in that most of the amount entering blood was largely excreted
in urine over the next few days. However, the initial urinary excretion rate was higher in the
subjects of Mealey et al.: 3% at 4 h, compared with &% at 1 d observed by Pomroy et
al.

(203)Activity concentrations were measured in pogirtem tissues of an adult female
cancer patient who was administef®&s intravenously 20 h before death (Ducoff et al., 1948).
The highest concentration was found in the liver, followed by the kidneys. Normalized to a
concentration of 1.0 in liver, the concentrations decreased in the order: kidneys (0.64) > spleen,
heart, marrow, lymph nodes, stomach, pancreas, muscle, small intestine, and [tHg38).23
> adrenals, ovary, thyroid, and skin (0:04.8) > brain and femoral cortical bone (0.05).

(204)Zhu et al. (2010) reported medians and ranges of arsenic concentration in 17 tissues
collected at autopsy from up to 68 adult males from 4 regions of China, and in blood of 16
living subjects from the same regions. The highest median concentration was found in rib (102
ug kgt wet weight), followed by thyroid (53 pg Ky and liver (41 pg kg). Concentrations in
blood and the remaining 14 tissues were in the rang@812y kg*. Based on the observed
median concentrations of arsenic in tissues and reference masses of tissues, about 38% of total
body arsenic was contained in bone, 29% in muscle, 11% in fat, 5% in blood, 4% in skin, 3%
in liver, and 10% in remaining tissues.

(205)In biokinetic studies of inorganic arsenic in laboratory animals, the liver and kidneys
usually show high concentrations of arsenic soon after administration of either As(lIl) or As(V)
(Ducoff et al., 1948; Marafante et al., 1981; Lindgren et al., 1982). This is consistent with
findings for human subjects (Ducoff et al., 1948; Mealey et al., 1959).

(206)Lindgren et al. (1982) examined the systemic distribution of intravenously injected
"As as As(lll) or As(V) in mice using wholeody autoradiography, external counting, and
measurement of activity in dissected tissues. Comparison of autoradiograms at 1 h indicated
higher uptake of As(lll) in oral mucosa, stomach wall, and liver, and lower uptake in bone
compared with As(V). The relatively high skeletal accumulation of As(V) was attributed to
substitution of arsenate ions for the physiologically similar phosphate ions in bone crystal.
Comparisons at 24 h indicated similar distributions of activity administered in the different
forms except for higher skeletal uptake of activity administered as As(V).

18.1.3.2.Biokinetic model for systemic arsenic

(207)The biokinetic model for systemic arsenic applied in this report is the model applied
in Publication 151 (ICRP, 2022) to workers, except that activity reaching a bone volume
compartment is assumed here to be removed to blood at the referespecifje rate of bone
turnover (ICRP, 2002). The model is assumed to apply to both As(lll) and As(V). Where
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2122 differences in the kinetics of these two forms were suggested by human or animal studies,
2123 preference was given to data for As(V). The model formuiatBdblication151was designed

2124 for consistency of predictions with the central whiotely retention data determined in adult

2125 human subjects in the study by Pomroy et al. (1980) and reasonable consistency with the early
2126 systemic behaviour of inorganic arsenic in human subjects and laboratory animals. Reasonable
2127 consistency with the lonterm systemic distribution of arsenic in adult humans indicated by
2128 autopsy data (Zhu et al., 2010) was also required. The model predicts high accumulation of
2129 arsenic in the kidneys and liver soon after uptake to blood but removal of the preponderance of
2130 accumulated arsenic from both organs over the next few days. Predictedriongumulative

2131 urinary and faecal losses represent about 95 and 5% of total excretion of arsenic.

2132 (208)The structure of the biokinetic model for systemic arsenic applied in this report is
2133 shown inFig. 18.1. Transfer coefficients are listed in Takh&2
2134
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2136 Fig.18.1 Structure of the biokinetic model for systemic arsenic.
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Table 18.2. Agespecific transfer coefficients for arsenic
Transfer coefficients (8

Pathway 100d ly S5y 10y 15y Adult
Plasma RBC 2.00E+00 2.00E+00 2.00E+00 2.00E+00 2.00E+00 2.00E+00
Plasma Other 1 2.00E+01 2.00E+01 2.00E+01 2.00E+01 2.00E+01 2.00E+01
Plasma Other 2 1.52E+00 1.52E+00 1.52E+00 1.52E+00 1.52E+00 1.52E+00
Plasma Other 3 2.80E01 2.80E01 2.80E01 2.80E01 2.80E01 2.80E01
Plasma Liver 1 2.40E+00 2.40E+00 2.40E+00 2.40E+00 2.40E+00 2.40E+00
Plasma Kidneys 1 2.52E+00 2.52E+00 2.52E+00 2.52E+00 2.52E+00 2.52E+00
Plasma Kidneys 2 2.80E01 2.80E01 2.80E01 2.80E01 2.80E01 2.80E01
Plasma Cort surface 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00
Plasma Trab surface 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00
Plasma UB content  8.40E+00 8.40E+00 8.40E+00 8.40E+00 8.40E+00 8.40E+00
Plasma RC content 6.00E01 6.00E01 6.00E01 6.00E01 6.00E01 6.00E01
RBC Plasma 3.00E01 3.00e01 3.00601 3.00601 3.00E01 3.00EO01
Other 1 Plasma 6.00E01 6.00E01 6.00E01 6.00E01 6.00E01 6.00E01
Other 2 Plasma 8.00E02 8.00E02 8.00E02 8.00E02 8.00E02 8.00E02
Other 3 Plasma 1.80E02 1.80E02 1.80E02 1.80E02 1.80E02 1.80E02
Liver 1 Blood 9.50E01 9.50E01 9.50E01 9.50E01 9.50E01 9.50E01
Liver 1 Liver 2 5.00602 5.00E02 5.00E02 5.00E02 5.00E02 5.00E02
Liver 2 Plasma 7.00602 7.00e02 7.00E02 7.00E02 7.00E02 7.00E02
Kidneys 1 UB content  5.00E+00 5.00E+00 5.00E+00 5.00E+00 5.00E+00 5.00E+00
Kidneys 2 Plasma 7.00601 7.00e01 7.00e01 7.00e01 7.00E01 7.00EO1
Cort surface Plasma 6.00E01 6.00E01 6.00E01 6.00E01 6.00E01 6.00E01
Trab surface Plasma 6.00E01 6.00E01 6.00E01 6.00E01 6.00E01 6.00E01
Cort surface Cortvolume 3.00E03 3.00E03 3.00E03 3.00e03 3.00E03 3.00E03
Trab surface Trab volume 6.00E03 6.00E03 6.00E03 6.00E03 6.00E03 6.00E03
Cortvolume Plasma 8.22E03 2.88e03 153603 9.04E04 5.21E04 8.21E05
Trab volume Plasma 8.22E03 2.88E03 1.81E03 1.32E03 9.59E04 4.93E04

UB, urinary bladderRC, right colon Cort, cortical, Trab, trabecular

18.1.3.3. Treatment of radioactive progeny

(209)The treatment of radioactive progeny produced in systemic compartments after intake

of a radioisotope of arsenic is described in Section 19.28Rublication151 (ICRP, 2022.
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2144 18.2. Dosimetric data for arsenic

2145 Table B.3. Committed effective dose coefficients (SvBdor the inhalation or ingestion dfAs
2146 compounds.

Effective dose coefficients (Sv By

3m ly Sy 10y 15y Adult
Inhaled particulate materials (1 ym AMAD aerosols)
Type F 1.9E09 1.3E09 5.7E10 4.0E10 2.3E10 1.7E10
Type M, default 3.1E09 2.3E09 1.1E09 8.0E10 5.4E10 4.9E10
Type S 3.3E09 2.4E09 1.2E09 8.7E10 6.0E10 5.4E10

Ingested materials
Water soluble compounds, 3.2E09 2.4E09 1.4E09 9.5E10 6.3E10 4.9E10
arsenic in diet
Water insoluble compounds 3.3E09 2.5E09 1.5E09 1.0E09 6.9E10 5.7E10
and arsenic in soil

2147  AMAD, activity median aerodynamic diameter
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19. BROMI K B35

19.1. Routes of Intake

19.1.1. Inhalation

(210)For bromine default parameter values were adopted for the absorption to blood from
the respiratory tradiCRP, 2015) Absorption parameter values and types, and assodiated
values for gas and vapour formskwbmineare given inTable19.1 and for particulate forms
in Table19.2 [both taken from Section 2if Publication151 (ICRP, 2022]. By analogy with
the halogen iodine, considered in detaiPublication137 (ICRP, 2017) defaultType Fis
recommended for particulate forms in the absence of specific information on which the
exposure material can be assigned to an absorption type.

(211)For bromine, and the other halogens, intakes could be in both particulate and gas and
vapour forms, and it is therefore assumed that inhaled bromine is 50% particulate and 50%
gas/vapour in the absence of information (ICRP, 2002b).

Table19.1. Deposition and absorption for gas and vapour compounds of bromine.

Percentage deposited (%) Absorptiorf
Chemical Absorption from the
form/origin  Total ET: ET> BB bb Al Type alimentary tractfa™
Unspecified 100 0 20 10 20 50 F 1.0

ETi, anterior nasal passage; Zposterior nasal passage, pharynx and larynx; BB, bronchial; bb, bronchiolar; Al,
alveolarinterstitial.

"Percentage deposited refers to how much of the material in the inhaled air remains in the body after exhalation.
Almost all inhaled gas molecules contact airway surfaces but usually return to the air unless they dissolve in, or
react with, the surface lining. The default distribution between regions is assumed: 20490% BB, 20% bb,

and 50% Al.

At is assumed that the bound state can be neglectédoimine(i.e. f, = 0).

For inhaled material deposited in the respiratory tract and subsequently cleared by particle transport to the
alimentary tract, the default values for inhaled materials are applied. the product of for theabsorption type

and thefa valuefor ingested soluble forms of bromine applicable to thegrgap of interest (D).

The value ofa = 1.0is applicable to all aggroups.

Table19.2. Absorption parameter values for inhaled and ingested bromine.
Absorption parameter valdes

Inhaled particulate materials fr s (d'Y) s (d'Y)
Default parameter valugs

Absorption type

FO 1 30 i

M 0.2 3 0.005
S 0.01 3 1x104

Ingested materials

Age-dependent absorption from the alimentary trict,

Assigned forms 3 months 1 year 5 years 10 years 15 years adult
All compounds 1 1 1 1 1 1

*It is assumed that the bound state can be neglectéddimine(i.e. f, = 0). The values of for Type F, M and S

forms ofbromine(30, 3 and 3 'd respectively) are the general default values.

For inhaled material deposited in the respiratory tract and subsequently cleared by particle transport to the
alimentary tract, the defaulf values for inhaled materials are applied the product of; for the absorption type

and thefa valuefor ingested soluble forms of bromine applicable to thegrgep of interest (1).
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Pefault Type Fis recommended for use in the absence of specific information on which the exposure material
can be assigned to absorptiontype (e.g. if the form is unknown, or if the form is known but there is no
information available on the absorption of that form from the respiratory.tract

SActivity transferred from systemic compartments into segments of the alimentary tract is assumed to be subject
to reabsorption to blood. The default absorption fracfiofor the secreted activity is the highest value for
ingestion of the radionuclide applicable to the-ggeup of interestfg = 1).

19.1.2. Ingestion

(212)After ingestion,bromine iscompletely absorbed in the gastrointestinal tract. In
Publications 3072and151(ICRP,1980,19%c, 2023, the fractional absorptionas taken to
be 1. In thispublication afa = 1 isalsoused for all chemical forms of bromimegested by
members of the public of any age

19.1.3.  Systemic distribution, retention and excretion oforomine
19.1.3.1.Biokinetic data

(213)The dominant form of bromine (Br) in the human body is inorganic bromide. The
systemic kinetics of bromide closely resembles that of chloride (Reid et al., 1956; Pavelka,
2004). Ingested bromide is rapidly and nearly completely absorbed to blood and largely cleared
from blood within a few minutes (Ray et al., 1952). It is distributed mainly in extracellular
fluids where it replaces part of the extracellular chloride, with the molar sum of chloride and
bromide remaining constant at about 110 mmol/L (Pavelka, 2004).

(214)The biological haktime of bromide in the human body is about 12 d (S6remark, 1960),
compared with an estimated htithe of 815 d for chloride (Ray et al., 1952). The biological
half-time of bromide or chloride in the body can be reduced considerably by elevated intake of
chloride and increased considerably by a-deficient diet.

19.1.3.2.Biokinetic model for systemic bromine

(215)The biokinetic model for systemic bromine appliedPurblication151 (ICRP, 2022)
is applied here to all age groups. The systdralaviouf bromine is assumed to be the same
as that of chlorine. The relevant physiological forms of bromine and chlorine are assumed to
be bromide and chloride, respectively. The common biokinetic model for bromide and chloride
is based on the assumptions of rapid removal from blogg<® min), a uniform distribution
in tissues, removal of 50% of absorbed bromide or chloride from the body in 12 d, and a urinary
to faecal excretion ratio of 100:1. These conditions are approximated, using -@rtlest
recycling model, with the transfer coefficients listed in Table 19.2.

Table 19.2. Agespecific transfer coefficients for bromine
Transfer coefficients (8

Pathway 100 d ly 5y 10y 15y Adult
Blood Other 2.00E+02 2.00E+02 2.00E+02 2.00E+02 2.00E+02 2.00E+02

Blood UBcontent 8.30E01 8.30E01 8.30E01 8.30E01 8.30E01 8.30E01
Blood RCcontent 8.30E03 8.30E03 8.30E03 8.30E03 8.30E03 8.30E03
Other  Blood 1.50E+01 1.50E+01 1.50E+01 1.50E+01 1.50E+01 1.50E+01

UB, urinary bladderRC, right colon
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2216 19.1.3.3.Treatment of radioactive progeny

2217 (216)The treatment of radioactive progeny produced in systemic compartments after intake
2218 of aradioisotope of bromine is described in Section 21.28Rublication151(ICRP, 2022.

2219 19.2. Dosimetric data for bromine

2220 Table19.3. Committed effective dose coefficients (Sv-Bdor the inhalation or ingestion of
2221 "*Br compounds.

Effective dose coefficients (Sv B

Inhaled gases or vapours  3m ly 5y 10y 15y Adult
Unspecified 2.3E09 1.6E09 9.6E10 6.2E10 4.3E10 3.9E10

Inhaled particulate materials; (1 um AMAD aerosols)

Type F, default 1.5E09 1.0E09 4.7E10 3.3E10 2.0E10 1.6E10
Type M 2.2E09 1.6E09 8.1E10 5.8E10 3.8E10 3.5E10
Type S 2.3E09 1.7E09 8.6E10 6.2E10 4.1E10 3.9E10

Ingested materials
All compounds 2.7E09 2.0E09 1.2E09 8.0E10 5.4E10 4.5E10

2222  AMAD, activity median aerodynamic diameter
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20. RUB | DI (UZBEY

20.1. Routes of Intake
20.1.1. Inhalation

(217)Forrubidium default parameter values were adopted on absorption to blood from the
respiratory tracflCRP, 2015) Absorption parameter values and types, and assotiatallies
for particulate forms ofubidiumare given infable 2.1 [taken from Section 2@f Publication
151(ICRP, 2022].

20.1.2. Ingestion

(218)Ingested rubidium is almost completely absorbed from the gastrointestinal tract. In
Publications 3072 and151 (ICRP,1980,1994a) the fractional absorptiowas taken as 1 for
all compounds of rubidium. In the presgniblication the same valug = 1 is used for all
chemical forms of rubidiunmgested by members of the public of all ages

Table D.1. Absorption parameter values for inhaled and ingested rubidium.
Absorption parameter values

Inhaled particulate materials fr s (d'Y) s (d'h)
Default parameter valugs

Absorption type

F 1 30 i
MO 0.2 3 0.005
S 0.01 3 1x104

Ingested materials

Age-dependent absorption from the alimentary triact,

Assigned forms 3 months 1 year 5 years 10 years 15 years adult
All compounds 1 1 1 1 1 1

“It is assumed that the bound state can be neglected for rukfidiufp= 0). The values o for Type F, M and

S forms of rubidium (30, 3 and 3'despectively) are the general default values.

AFor inhaled material deposited in the respiratory tract and subsequently cleared by particle transport to the
alimentary tract, the defaul values for inhaled materials are applied. the product of for the absorption type

and thefa value for ingested soluble forms of rubidiwpplicable to the aggroup of interest (1).

Pefault Type M is recommended for use in the absence of specific information on which the exposure material
can be assigned to an absorption typg. if the form is unknown, or if the form is known but there is no
information available on the absorption of that form from the respiratory.tract

SActivity transferred from systemic compartments into segments of the alimentary tract is assumed to be subject
to reabsorption to blood. The default absorption fracticfor the secreted activity is the highest value for any

form of the radionuclideff = 1).

20.1.3.  Systemic distribution, retention and excretion ofrubidium
20.1.3.1.Biokinetic data

(219)The alkali metal rubidium (Rb) is a physiological analogue of its neighboring alkali
metals potassium (K) anthesium(Cs) in the periodic tabld&Rb and Cs compete with K for
transport across cell membranes, with the rate of membrane transport generally decreasing in
the order K > Rb > Cs. Cell membranes typically discriminate moderately between K and Rb

87



2254
2255
2256
2257
2258
2259
2260
2261
2262
2263
2264
2265
2266
2267
2268
2269
2270
2271
2272
2273
2274
2275
2276
2277
2278
2279
2280
2281
2282
2283
2284
2285
2286
2287
2288
2289
2290
2291
2292
2293
2294
2295
2296
2297
2298
2299
2300
2301
2302
2303

I‘Ri DRAFT REPORT FOR CONSULTATION: DO NOT REFERENCE

and to a greater extent between K angdR&dman, 1956; Sjodin, 1959; Kernan, 1969; Sheehan
and Renkin, 1972).

(220)Measurement®f stable Rb and K concentrations in tissues and fluids of human
subjects indicate broadly similar distributions of these elements (Williams and Leggett, 1987;
Zhu et al., 2010). In adult male humans, 60% or more of each of these elements is contained in
skeletal muscle (Williams and Leggett, 1987; Zhu et al., 2010). Collected data for human
subjects indicate that, on average, urinary excretion accounts for about 75% of total excretion
of systemic Rb, compared with about 85% for systemic K (Leggett, 1983). Based on data for
human subjects, ages-83 y (Ray et al., 1955; Kilpatrick et al., 1956; Tyor and Eldridge,
1956), and rabbits (Kilpatrick et al., 1956) injected Wik and®°Rb, the early (through day
3) biological halftime of K in the body was about twhbirds that of Rb (assuming urinary
losses were 85% and 75% of total losseé#0and®RDb, respectively). This is consistent with
relative longterm halttimes of K (30 d) and Rb (4d) estimated for adults iRublication30
(Part 1, 1979, pp. 11 and 27).

(221)Love et al. (1954) compared the distributions of stable K8RH in 33 tissues or
fluids following intravenous administration #Rb to dogs. The distributions were compared
in terms of a fArelative Rb concentrationo f
relative levels of accumulation of circulating Rb and K in these pools. The relative Rb
concentration for a tissue or fluid was defined as the average ratio A:B for days 1, 3, and 7 post
injection, where A is the concentration rati®®®b to K in the tissue or fluid sample and B is
the analogous ratio for simultaneously sampled blood plasma. The relative rubidium ratio was
in the range 1.02.91 with mean 1.4 = 0.23 (SD) for 29 of the 33 pools and less than 1.0 for
the other 4 (urine, 0.66; femur, 0.56; brain, 0.55; cerebrospinal fluid, 0.55).

(222)Lloyd et al. (1972, 1973) conducted a study of retention of simultaneously ingested
8Rb and®®'Cs in 38 human subjects: 9 healthy male control subjects, a8@y45 healthy
female control subjects, ages-32 y; 7 females, ages B0 y, thought to be carriers of
Duchenne dystrophy or other muscle disease; and 14 males and 3 femalessagesviih
Duchenne dystrophy or other muscle disease. Tady retention was measured externally
for ~6 months for Rb and ~12 months for Cs. Ttiadly biological retention of each tracer
could be fit closely by a sum of2exponential terms representing different phases of retention,
or in some cases by a single exponential term. The biologicatimalfassociated with the

(0]

Al etnegr mo component of retention (or the only

from several days to a few months, depending on age and state of health. Retention of the
tracers generally was considerably lower in subjects with muscle disease than in controls of
corresponding age or sex, particularly for Cs. In control subjects, retention of Rb initially was
higher than that of Cs but fell below that of Cs after several days in most adults; a few weeks
in subjects of age 109 y and in one adult; and 3 months in twg-dld boys, when little of

the Iingested amount remai ned | ntime@ &rebahdy .
tracer and subject was derived as the sum of componertirhaff weighted by the relative
component sizes (fractions) in the fitted exponential expression. The equivalemhbalfor

Rb for control subjects generally decreased with decreasing age freadaiidood to age 4

y (Fig. 20.1). In control subjects the ratio Rb:Cs of the equivalenttimadf in Rb to that in Cs

was near 0.5 in adults but increased with decreasing age-apits and exceeded 1.0 in two
4-y-old males Fig. 20.2).

(223)A physiologically based biokinetic model for systemic Rb in adults was proposed by
Leggett and Williams (1989). The model was built around a blood flow model depicting the
distribution of cardiac output to 12 tissue compartments. Additional compartments were added
to address transfer of Rb between plasma and red blood cells and between systemic pools and
gastrointestinal content. Biological removal was assumed to be in urine, faeces, and sweat.
Movement of Rb was depicted as a system of-éirder processes. The transfer rate from
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plasma into a tissue T was estimated as the product of the plasma flow rate to that tissue and a
tissuespecific extraction fraction,f£ The transfer rate from tissue T to plasma was estimated
from the inflow rate and the relative contents of Rb in plasma and tissue T at equilibrium based
mainly on autopsy data for stable Rb and typical concentrations of Rb in plasma and red blood
cells. Transfer rates between plasma and red blood cells and between systemic compartments
and gastrointestinal contents were based on empirical data. Model predictions of the blood
clearance, uptake and loss by systemic tissues/totil retention, and patfpecific excretion

rates of Rb were shown to be consistent with observations for human subjects.

70
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Fig. 20.1. Equivalent biological hatimes for ingeste@°Rb in healthy human subjects, ages
4-80 y (data of Lloyd et al., 1972, 1973).
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Fig.20.2. Ratios Rb:Cs of equivalent biological Hitfies of ingeste®fRb and**’Cs in healthy
human subjects, ages30 y (based on data of Lloyd et al., 1972, 1973).

20.1.3.2.Biokinetic model for systemic rubidium

(224)The biokinetic model for systemic Rb in workers usedPublication 151 (ICRP,
2022) is a simplification of the model of Leggett and Williams (1989) summarized above, with
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a structurefig. 20.3) more consistent with the structures of other systemic models applied in
this report series. The Rb modai Publication 151 depicts a central blood compartment
(plasma) in exchange with a set of peripheral tissue compartments representing specific tissues
and a tissue named fAOthero representing al
model. Activity in Other is assumed to be uniformly distributedPublication 15lthe transfer
coefficients were set for consistency with the original model regarding retention in the adult
male body and in individual tissues depicted explicitly in both models.

(225)The biokinetic model for systemic Rb applied to workarBublication151 (ICRP,
2022)is applied in this report to adult members of the public. The model is extended to pre
adult ages by adjustment of transfer coefficiémteflect pertinent anatomical or physiological
changes during growth; agpecific totalbody retention times of Rb measured by Lloyd et al.
(1972, 1973) in healthy children, adolescents, and adults; and the similarity in retention times
of Rb and Cs early in life as indicated by data of LIoyd and coworkers. The comparative data
of Rb and Cs is particularly useful for modeling the kinetics of Rb in infants and toddlers
because of the lack of biokinetic data for Rb but the existence of considerable data for Cs during
this period of life.

(226)The following modifications of the Rb model for workers ugedPublication 151
(ICRP, 2022) are made for application to-prhult ages:

(227)The transfer rate from plasma to skeletal muscle at ages 100d, 1y, 5y, and 10y is
assumed to be 0.5, 0.5, 0.7, and 0.85, respectively, times the transfer rate for the adult based on
changes with age in muscle mass as a percentage ddotainass.

(228)For infants and children through age 10 y, the transfer rates from plasma to bone
surface compartments are set at twice the value for the adult to reflect a high blood flow rate
to bone compared with adults.

(229)The transfer rate from plasma to the compartment Other is modified to maintain the
same outflow rate from plasma at all ages, that is, to balance the changes in transfer from
plasma to skeletal muscle and bone surface.

(230)The model is required to reproduce the following kbeign halftimes: 17, 19, 25, 31,
and 41 d for intake at age 100d, 1y, 5y, 10y, and 15y, respectively. Therdonigalttimes
for intake at age 100 d and 1 y are the values applied in the systemic model for Cs described in
Part 1 of this seried@RP, 202). The application of these reasonably well supported-long
term halftimes for Cs to the less studied element Rb is based on indications in the results of
the study of Lloyd et al. (1972, 1973) that letlegm retention of Rb converges toward that of
Cs with decreasing age of the f@@ult subjects. The halimes for the other intake ages are
set to approximate the retention data forgadelt controls in the study by Lloyd et al. (1972,
1973). All flow rates out of tissue compartments (Kidneys, Liver, Muscle, Cortical and
Trabecular bone surface, Red marrow, Other) in the model for adults are multiplied by the
following factors to approximate the assigned lbeign halftimes of Rb in preadults: 2.1 at
age 100d,19atagely, l.6atage5y, 1.4 atage 10y, and 1.1 at age 15 .
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2362

2363 Fig. 20.3. Structure of the biokinetic model for systemic rubidium.
2364
2365 Table 20.2. Agespecific transfer coefficients for rubidium

Transfer coefficients (8

Pathway 100d ly 5y 10y 15y Adult

Blood RBC 6.00E+00 6.00E+00 6.00E+00 6.00E+00 6.00E+00 6.00E+00
Blood Kidneys 2.40E+02 2.40E+02 2.40E+02 2.40E+02 2.40E+02 2.40E+02
Blood Liver 1.53E+02 1.53E+02 1.53E+02 1.53E+02 1.53E+02 1.53E+02
Blood Muscle 1.28E+02 1.28E+02 1.79E+02 2.17E+02 2.55E+02 2.55E+02
Blood Trab surface 1.68E+01 1.68E+01 1.68E+01 1.68E+01 8.40E+00 8.40E+00
Blood C-boneS surface 1.12E+01 1.12E+01 1.12E+01 1.12E+01 5.60E+00 5.60E+00
Blood Red marrow 1.40E+01 1.40E+01 1.40E+01 1.40E+01 1.40E+01 1.40E+01
Blood Other 5.14E+02 5.14E+02 4.63E+02 4.24E+02 4.00E+02 4.00E+02
Blood UB content 3.90E+00 3.90E+00 3.90E+00 3.90E+00 3.90E+00 3.90E+00
Blood RC content 1.20E+00 1.20E+00 1.20E+00 1.20E+00 1.20E+00 1.20E+00
Blood Excreta 1.00E01 1.00801 1.00E01 1.00E01 1.00E01 1.00E01
RBC Blood 3.50801 3.50E01 3.50E01 3.50E01 3.50E01 3.50E01
Kidneys Blood 2.52E+02 2.28E+02 1.92E+02 1.68E+02 1.32E+02 1.20E+02
Liver Blood 2.10E+01 1.90E+01 1.60E+01 1.40E+01 1.10E+01 9.98E+00
Muscle Blood 2.39E+00 2.17E+00 1.82E+00 1.60E+00 1.25E+00 1.14E+00
Trab surface Blood 3.53E+00 3.19E+00 2.69E+00 2.35E+00 1.85E+00 1.68E+00
Cort surface Blood 3.53E+00 3.19E+00 2.69E+00 2.35E+00 1.85E+00 1.68E+00
Red marrow Blood 3.53E+00 3.19E+00 2.69E+00 2.35E+00 1.85E+00 1.68E+00
Other Blood 1.53E+01 1.39E+01 1.17E+01 1.02E+01 8.03E+00 7.30E+00

2366 RBC, red blood cellsUB, urinary bladderRC, right colon Cort, cortical; Trab, trabecular
2367 20.1.3.3.Treatment of radioactive progeny

2368 (231)The treatment of radioactive progeny produced in systemic compartments after intake
2369 of aradioisotope of rubidium is described in Section 22.208RBublication151(ICRP, 2022.
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2370 20.2. Dosimetric data for rubidium

2371 Table 20.3. Committed effective dose coefficients (S#)Eqr the inhalation or ingestion of
2372  %Rb compounds.

Effective dose coefficients (Sv B

3m ly 5y 10y 15y Adult

Inhaled particulate materials; (1 um AMAD aerosols)

Type F 2.7E09 2.1E09 1.3E09 9.3E10 7.1E10 7.0E£10
Type M, default 3.6E09 3.0E09 1.8E09 1.2E09 9.2E10 1.0&09
Type S 5.1E09 4,409 2.6E09 1.8E09 1.3E09 1.5E09
Ingested materials

All compounds 5.2E09 4.0E09 2.8E09 2.0E09 1.7&09 1.6E09

2373  AMAD, activity median aerodynamic diameter

2374
2375 Table 20.4. Committed effective dose coefficients (S#)Eqr the inhalation or ingestion of
2376  ®Rb compounds.

Effective dose coefficients (Sv By

3m ly By 10y 15y Adult

Inhaled particulate materials; (1 um AMAD aerosols)

Type F 5.9E09 4.4E09 2.3E09 1.6E09 1.1E09 1.0E09
Type M, default 7.5E09 6.2E09 3.4E09 2.3E09 1.7E09 1.8E09
Type S 8.9E09 7.4E09 4.2E09 2.9E09 2.1E09 2.3E09
Ingested materials

All compounds 1.1E08 8.4E09 5.2E09 3.4E09 2.6E09 2.4E09

2377 AMAD, activity median aerodynamic diameter

2378
2379 Table 20.5. Committed effective dose coefficients (S#)Eqr the inhalation or ingestion of
2380 ®°Rb compounds.

Effective dose coefficients (Sv By

3m ly 5y 10y 15y Adult
Inhaled particulate materials; (1 pum AMAD aerosols)
Type F 8.4E09 6.1E09 2.7E09 1.6E09 9.0E10 7.3E10
Type M, default 1.2E08 9.6E09 5.2E09 3.4E09 2.6E09 2.5E09
Type S 1.4E08 1.1E08 6.3E09 4.2E09 3.2E09 3.1E09

Ingested materials
All compounds 1.6E08 1.1E08 5.9809 3.4E09 2.2E09 1.7E09

2381 AMAD, activity median aerodynamic diameter
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21. RHODI Y M4=%

21.1. Routes of Intake
21.1.1. Inhalation

(232)Forrhodium default parameter values were adopted on absorption to blood from the
respiratory tracflCRP, 2015) Absorption parameter values and types, and assotiatallies
for particulate forms afhodiumare given inTable 2.1 [taken from Section 28f Publication
151(ICRP, 2022].

21.1.2. Ingestion
21.1.2.1.Adults

(233)There appears to be no information concerning the uptake of rhodium from the
gastrointestinal tracBased on chemical analogy withthenium the fractional absorptionas
taken to be 0.05 for alhodiumcompound$n Publicatiors 3Q 72and151(ICRP,1980,19%c,
2022. In thispublication fa = 0.05is also usedor all forms of rhodiumingested by adult
members of the public

21.1.2.2.Children

(234)Consistently with the approacdh Publicatiorb6 (ICRP, 1990)anfa = 0.1 is adopted
here for ingestion of all forms of rhodium by 3 month old infants and the adult value of 0.05 is
used for older children.

Table 2.1. Absorption parameter values for inhaled and ingested rhodium.
Absorption parameter values

Inhaled particulate materials fr s (d'h s (d'Y)
Default parameter valugs

Absorption type

F 1 30 i
MO 0.2 3 0.005
S 0.01 3 1x104

Ingested materials

Age-dependent absorption from the alimentary triact,

Assigned forms 3 months 1 year 5 years 10 years 15 years adult
All compounds 0.1 0.05 0.05 0.05 0.05 0.05

"It is assumed that the bound state can be neglected for rh@diuin= 0). The values of for Type F, M and S

forms of rhodium (30, 3 and 3'despectively) are the general default values.

For inhaled material deposited in the respiratory tract and subsequently cleared by particle transport to the
alimentary tract, the defaul values for inhaled materials are applied. the product of for the absorption type

and thea valuefor ingested soluble forms of rhodium applicable to thegrgep of interestd.g.0.05 for adults).

Pefault Type M is recommended for use in the absence of specific information on which the exposure material
can be assigned to an absorption typg. if the form is unknown, or if the form is known but there is no
information available on the absorption of that form from the respiratory.tract

SActivity transferred from systemic compartments into segments of the alimentary tract is assumed to be subject
to reabsorption to blood. The default absorption fracfiofor the secreted activity is the highest vafoe
ingestion of the radionuclide applicable to the-ggaup of interestd.g.0.05 for adults)
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2413 21.1.3. Systemic distribution, retention and excretion ofrhodium
2414 21.1.3.1.Biokinetic data

2415 (235)Rhodium (Rh) is a member of the chemical family called the platinum group, which
2416 alsoincludes platinum, iridium, ruthenium, palladium, and osmigiokinetic studies indicate
2417 broadly similar systemibehaviouracross the platinum group (Durbin et al., 1957; Durbin,
2418 1960).

2419 (236)Durbin et al. (1957) summarized results of studies of rhodium in rats following
2420 administration of carriefree 1°Rh. At 18 d after intramuscular injection about 46% had been
2421 eliminated in urine and 28% ifaeces Throughout the study the highest concentrations of
2422 activity were found in kidney, spleen, lymph glands, and skin.

2423 21.1.3.2.Biokinetic model for systemic rhodium

2424 (237)Due to the sparsity of biokinetic data for rhodium, the biokinetics of the adjacent

2425 platinum group member ruthenium in the period table has been applied to rhodium in previous
2426 ICRP reports on occupationalmublic intake of radionuclidg$CRP, 1980, 1994, 1996, 2022).

2427 The biokinetic model for systemic ruthenium described in Part 1 of this series of reports (ICRP,

2428 2024) is applied in this report to rhodium.

2429 (238)The model structure for rhodium is showrFig. 21.1. Transfer coefficients are listed

2430 inTable21.2These transfer coefficients are indepe.]
2431 agespecific bone turnover rates are assigned to transfers from bone volume compartments to
2432 blood.
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2434

2435 Fig.21.1. Structure of the biokinetic model for systemic rhodiumsrBall intestine
2436
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Table 21.2. Agespecific transfer coefficients for rhodium
Transfer coefficients (8

Pathway 100d ly 5y 10y 15y Adult
Blood Sl content 3.00E+00 3.00E+00 3.00E+00 3.00E+00 3.00E+00 3.00E+00
Blood UB content  1.70E+01 1.70E+01 1.70E+01 1.70E+01 1.70E+01 1.70E+01
Blood Liver 1 1.20E+01 1.20E+01 1.20E+01 1.20E+01 1.20E+01 1.20E+01
Blood Kidneys 1 7.76E+00 7.76E+00 7.76E+00 7.76E+00 7.76E+00 7.76E+00
Blood Kidneys 2 2.40E01 2.40E01 2.40E01 2.40E01 2.40E01 2.40E01
Blood Blood 2 2.70E+01 2.70E+01 2.70E+01 2.70E+01 2.70E+01 2.70E+01
Blood Other 1 1.50E+01 1.50E+01 1.50E+01 1.50E+01 1.50E+01 1.50E+01
Blood Other 2 5.00E+00 5.00E+00 5.00E+00 5.00E+00 5.00E+00 5.00E+00
Blood Other 3 5.00E+00 5.00E+00 5.00E+00 5.00E+00 5.00E+00 5.00E+00
Blood Cort surface 2.00E+00 2.00E+00 2.00E+00 2.00E+00 2.00E+00 2.00E+00
Blood Trab surface 6.00E+00 6.00E+00 6.00E+00 6.00E+00 6.00E+00 6.00E+00
Blood 2 Blood 6.93E01 6.93E01 6.93E01 6.93E01 6.93E01 6.93E01
Liver 1 Blood 9.70E02 9.70E02 9.70E02 9.70E02 9.70E02 9.70E02
Liver 1 Sl content 3.47E02 3.47E02 3.47E02 3.47E02 3.47E02 3.47E02
Liver 1 Liver 2 6.93E03 6.93E03 6.93E03 6.93E03 6.93E03 6.93E03
Liver 2 Blood 3.80E03 3.80E03 3.80E03 3.80E03 3.80E03 3.80EO03
Kidneys 1 UB content 1.39E01 1.39E01 1.39801 1.39501 1.39E01 1.39E01
Kidneys 2 Blood 3.80E03 3.80E03 3.80E03 3.80E03 3.80E03 3.80E03
Other 1 Blood 9.90E02 9.90E02 9.90E02 9.90E02 9.90E02 9.90E02
Other 2 Blood 2.31E02 2.31E02 2.31E02 2.31E02 2.31E02 2.31E02
Other 3 Blood 9.50E04 9.50E04 9.50E04 9.50E04 9.50E04 9.50E04
Cort surface  Blood 7.92E02 7.92E02 7.92E02 7.92E02 7.92E02 7.92E02
Trab surface Blood 7.92E02 7.92E02 7.92E02 7.92E02 7.92E02 7.92E02

Cort surface Cortvolume 1.98602 1.98E02 1.98602 1.98E02 1.98E02 1.98E02
Trab surface Trab volume 1.9802 1.98e02 1.98602 1.98602 1.98E02 1.98E02
Cort volume Blood 8.22E03 2.88e03 1.53E03 9.04E04 5.21E04 8.21E05
Trab volume Blood 8.22E03 2.88E03 1.81E03 1.32E03 9.59E04 4.93E04

UB, urinary bladderSl, small intesting Cort, cortical, Trab, trabecular
21.1.3.3. Treatment of radioactive progeny

(239)The treatment of radioactive progeny produced in systemic compartments after intake
of a radioisotope of rhodium is described in Section 23.208Rublication151(ICRP, 2022.
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2443 21.2. Dosimetric data for rhodium

2444 Table21.3. Committed effective dose coefficients (Sv-Bdor the inhalation or ingestion of
2445 91Rh compounds.

Effective dose coefficients (Sv B

3m ly 5y 10y 15y Adult
Inhaled particulate materials; (1 um AMAD aerosols)
Type F 4.3E09 3.6E09 2.1E09 1.4E09 1.1E09 1.1E09
Type M, default 6.3E09 5.6E-09 3.3E09 2.2E09 1.7E-09 1.9E09
Type S 1.9E08 1.8E08 1.2E08 8.3E09 7.3E09 8.0E-09

Ingested materials
All compounds 2.3E09 1.3E09 7.6E10 5.2E10 3.9E10 3.8E10

2446  AMAD, activity median aerodynamic diameter
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2447 22. PALL ADI| UM=p

2448 22.1. Routes of Intake
2449 22.1.1. Inhalation

2450 (240)Forpalladium default parameter values were adopted on absorption to blood from the
2451 respiratory tracfiCRP, 2015) Absorption parameter values and types, and assotiatellies

2452 for particulate forms gballadiumare given infable 2.1 [taken from Section 2df Publication

2453 151(ICRP, 2022]).

2454 22.1.2. Ingestion
2455 22.1.2.1.Adults

2456 (241)Palladiumis poorly absorbedrom the gastrointestinal tradh Publications 3072
2457 and151(ICRP,1981,19%c, 2022 the fractional absorptiowas taken to be & 10?2 for all
2458 compounds of the element. In tpigblicationthe value ofa = 5x 103is also usetbr all forms
2459 of palladiumingested by adult members of the public

2460 22.1.2.2.Children

2461 (242)The fractional absorptiofiom the gastrointestinal tracf palladium, administered as
2462 the chloride, appears to be ten times higher (about 5%) in sucklinhaatgadult ratless
2463 than 5 x 16) (Moore et al., 1974, 191%. Consistently with the approadi Publicatiorb6
2464 (ICRP, 1990)anfa = 0.05 is adopted here for ingestion of all forms of palladium by 3 month
2465 old infants and the adult value of 0.005 is used for older children.
2466
2467 Table 2.1. Absorption parameter values for inhaled and ingested palladium.
Absorption parameter values

Inhaled particulate materials _ f; s (d'h s (d'h

Default parameter valugs

Absorption type

F 1 30 i
MO 0.2 3 0.005
S 0.01 3 1x104

Ingested materials

Age-dependent absorption from the alimentary trict,

Assigned forms 3 months 1 year 5 years 10 years 15years adult
All compounds 0.05 0.005 0.005 0.005 0.005 0.005

2468 “ltis assumed that the bound state can be neglected for pallédiuim= 0). The values o$ for Type F, M and

2469 S forms of palladium (30, 3 and $'despectively) are the general default values.

2470 Aor inhaled material deposited in the respiratory tract and subsequently cleared by particle transport to the
2471 alimentary tract, the defaudk values for inhaled materials are appliee. the product of for the absorption type

2472  and thefa valuefor ingested soluble forms of palladium applicable to thegigep of interestg.g.0.005 for

2473  adults).

2474  Default Type M is recommended for use in the absence of specific information on which the exposure material
2475 can be assigned to an absorption typg. if the form is unknown, or if the form is known but there is no
2476 information available on the absorption of that form from the respiratory.tract
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SActivity transferred from systemic compartments into segments of the alimentary tract is assumed to be subject
to reabsorption to blood. The default absorption fractiofor the secreted activity is the highest vafoe
ingestion of the radionuclide applicable to the-ggaup of interestd.g.0.005 for adults).

22.1.3.  Systemic distribution, retention and excretion ofpalladium
22.1.3.1.Biokinetic data

(243)Following intravenous administration of N&PdCLk, about 60% of intravenously
injected'®®Pd was excreted in urine over the first 4 h, 71% after 1 d, and 76% after 7 d (after
correction for radioactive decay) (Durbin et al., 1957; Durbin, 1960). Fecal excretion
represented about 4% of the administered amount after 1 d and 13% after 7 d. At 1 d the liver,
kidneys, muscle, bone, and blood contained 8.6%, 8.4%, 1.3%, 1.0%, and 0.8%, respectively,
of the administered amount. At 7 d the liver contained about 4%, kidneys 5%, b@h&9%,2
and spleen 0.2% of the administered amount.

(244)Moore et al. (1974, 1975) investigated the biokineticg°d?d in rats following
different modes of administration 8°PdCb. At 1 d after oral intake, activity was detectable
only in the kidneys and liver. Intravenously inject&¥d initially was lost primarily in urine,
mainly infaecesfrom 2 d to 2 wk, and mainly in urine after 2 wk. Male rats excreted about
30% of intravenously injected®d during the first day. At 1 d after intravenous injection, the
highest concentrations were seen in the kidneys, followed by the spleen, liver, adrenal gland,
lung, and bone. About 20% of the intravenously injected amount was retained in the body after
40 d, and about 10% was retained after 76 days. At 104 d after intravenous injection the highest
concentrations of®*Pd were found in the spleen, kidneys, liver, lung, and bone.

(245)Ando and coworkers (1989, 1994) determined the distributiéf¥d in rats at 3, 24,
and 48 h after intravenous injection'®PdCk. Cumulative urinary excretion at 3 h represented
6.4% of injected®r. At all three observation times the highest concentration was found in
the kidneys: 20.2, 17.1, and 21.4%ag 3, 24, and 48 h, respectively, followed by liver (14.1,

9.9, and 9.9%/qg, respectively.

(246)DucoulombierCrépineau et al. (2007) examined the transfer of palladium to systemic
tissues and milk following a single oral intake of PdBY lactating goats. The highest
concentration was found in the kidneys. Little palladium was transferred to milk.

22.1.3.2.Biokinetic model forsystemicpalladium

(247)The biokinetic model for systemic palladium applied to workerBublication151
(ICRP, 2022) is applied here to adult members of the public. The same model is applied to
preadult ages except that palladiveaching a bone volume compartment is assumed to be
removed to blood at the reference agecific rate of turnover of that bone type (ICRP, 2002).

(248)The structure of the biokinetic model for systemic palladium is shovagi22.1.
Transfer coefficients for palladium are listed in Table 22.2.
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Fig. 22.1. Structure of the biokinetic model for systemic palladiupsn&all intestine.

Table 22.2. Agespecific transfer coefficients for palladium

Transfer coefficients (8

Pathway 100d ly 5y 10y 15y Adult
Blood 1 Sl content 4.00E+00 4.00E+00 4.00E+00 4.00E+00 4.00E+00 4.00E+00
Blood 1 UB content  2.00E+01 2.00E+01 2.00E+01 2.00E+01 2.00E+01 2.00E+01
Blood 1 Liver 1 1.20E+01 1.20E+01 1.20E+01 1.20E+01 1.20E+01 1.20E+01
Blood 1 Kidneys 1 8.00E+00 8.00E+00 8.00E+00 8.00E+00 8.00E+00 8.00E+00
Blood 1 Kidneys 2 4.00E+00 4.00E+00 4.00E+00 4.00E+00 4.00E+00 4.00E+00
Blood 1 Blood 2 2.70E+01 2.70E+01 2.70E+01 2.70E+01 2.70E+01 2.70E+01
Blood 1 Other 1 1.00E+01 1.00E+01 1.00E+01 1.00E+01 1.00E+01 1.00E+01
Blood 1 Other 2 1.00E+01 1.00E+01 1.00E+01 1.00E+01 1.00E+01 1.00E+01
Blood 1 Other 3 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00
Blood 1 Cort surface 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00
Blood 1 Trab surface 3.00E+00 3.00E+00 3.00E+00 3.00E+00 3.00E+00 3.00E+00
Blood 2 Blood 1 2.77E+00 2.77E+00 2.77E+00 2.77E+00 2.77E+00 2.77E+00
Liver 1 Blood 1 4.62E02 4.62E02 4.62E02 4.62E02 4.62E02 4.62E02
Liver 1 Sl content 9.24E02 9.24E02 9.24E02 9.24E02 9.24E02 9.24E02
Liver_1 Liver_2 1.39601 1.39E01 1.39E01 1.39E01 1.39E01 1.39E01
Liver 2 Blood 1 1.39602 1.39E02 1.39E02 1.39E02 1.39E02 1.39E02
Kidneys 1 UB content 27701 27701 2.77E01 277601 277601 2.77E01
Kidneys 2 Blood 1 1.39602 1.39E02 1.39E02 1.39E02 1.39E02 1.39E02
Other 1 Blood 1 1.39601 1.39E01 1.39E01 1.39E01 1.39E01 1.39E01
Other 2 Blood 1 1.39602 1.39E02 1.3902 1.39602 1.39E02 1.39E02
Other 3 Blood 1 1.90E03 1.90E03 1.90E03 1.90E03 1.90E03 1.90E03
Cort surface Blood 1 3.70E02 3.70E02 3.70E02 3.70802 3.70E02 3.70E02
Trab surface Blood 1 3.70E02 3.70E02 3.70E02 3.70802 3.70E02 3.70E02

Cort surface Cortvolume 9.24E03 9.24E03 9.24E03 9.24E03 9.24E03 9.24E03
Trab surface Trab volume 9.24E03 9.24E03 9.24E03 9.24E03 9.24E03 9.24E03
Cortvolume Blood 1 8.22E03 2.88E03 1.53E03 9.04E04 5.21E04 8.21E05
Trab volume Blood 1 8.22E03 2.88E03 1.81E03 1.32E03 9.59E04 4.93E04

UB, urinary bladder Sl, small intestine Cort, cortical;, Trab, trabecular
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22.1.3.3. Treatment of radioactive progeny

(249)The treatment of radioactive progeny produced in systemic compartments after intake
of a radioisotope of palladium is described in Section 24.28Rublication151(ICRP, 2022.

22.2. Dosimetric data for palladium

Table 22.3. Committed effective dose coefficients (S#)Hqr the inhalation or ingestion of
103pd compounds.

Effective dose coefficients (Sv B

3m ly Sy 10y 15y Adult
Inhaled particulate materials; (1 ym AMAD aerosols)
Type F 3.5E10 2.4E10 1.1E10 6.8E11 4.4E11 3.7E11
Type M, default 1.0E09 7.9E10 4.4E10 2.9E10 2.2E10 2.0E10
Type S 1.3E09 9.8E10 5.5E10 3.6E10 2.8E10 2.6E10

Ingested materials
All compounds 2.1E10 1.4E10 7.4E11 5.3E11 3.2E11 25E11

AMAD, activity median aerodynamic diameter

Table 22.4. Committed effective dose coefficients (S¥)Hqgr the inhalation or ingestion of
107Pd compounds.

Effective dose coefficients (Sv By

3m ly 5y 10y 15y Adult
Inhaled particulate materials; (1 um AMAD aerosols)
Type F 2.4E10 1.7E10 8.8E11 5.2E11 3.5E11 3.1E11
Type M, default 5.0E10 4.4E10 2.3E10 1.4E10 1.0E10 9.2E11
Type S 3.6E09 3.6E09 2.6E09 2.0E09 1.9E09 1.9E09
Ingested materials
All compounds 5.4E11 4.0E12 2.2E12 1.3E12 8.8E13 7.4E13

2529 AMAD, activity median aerodynamic diameter
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23. CADMI U NZ4=B

23.1. Routes of Intake
23.1.1. Inhalation

(250)Information is available on the behaviour of cadmium after deposition in the
respiratory tract from animal studies and limited empirical human data. For details see Section
26 of Publication151, ICRP 2022 Absorption parameter values atyppes and associateid
values for particulate forms of cadmium are giveTable 3.1 [takenfrom Section 26of
Publication151 (ICRP, 2022].

Table B.1. Absorption parameter values for inhaled and ingested cadmium.
Absorption parameter values

Inhaled particulate materials fr s (dY) s (d'Y)
Default parameter valugs ©

Absorption type Assigned forms

F - 1 30 i

VH Oxide, chloride, sulphide, carbonate 0.2 3 0.005
telluride, all unspecified forms

S - 0.01 3 1x104

Ingested materials

Age-dependent absorption from the alimentary triact,

Assigned forms 3 months 1 year 5 years 10 years 15 years Adult
All compounds 0.5 0.05 0.05 0.05 0.05 0.05

*It is assumed that the bound state can be neglected for cadingiufip= 0). The values o§ for Type F, M and

S forms of cadmium (30, 3 and 8 despectively) are the general default values.

Materials €.g. oxide) are generally listed here where there is sufficient information to assign to a default
absorption typebut not to give specific parameter valjieseSection 26f Publication151(ICRP, 2022)].

For inhaled material deposited in the respiratory tract and subsequently cleared by particle transport to the
alimentary tract, the defauk values for inhaled materials are appliee. the product of for theabsorption type

(or specific value where given) and thevaluefor ingested soluble forms of cadmium applicable to the age
group of intereste.g.0.05 for adults).

SDefault Type M is recommended for use in the absence of specific information on which the exposure material
can be assigned to absorption type(e.g. if the form is unknown, or if the form is known but there is no
information available on the absorption of that form from the respiratory.tract

TActivity transferred from systemic compartments into segments of the alimentary tract is assumed to be subject
to reabsorption to blood. The default absorption fractiofor the secreted activity is the highest vafoe
ingestion of the radionuclide applicable to the-ggeup of interestd.g.0.05 for adults).

23.1.2. Ingestion
23.1.2.1.Adults

(251)From dietary balance studies, the average normal gastrointestinal absorption of
ingested cadmium in humans ranged from 3 to(WkIO, 2011a; ATSDR, 2012aJhe Joint
Food and Agriculture Organization/World Health Organization of the United Nations Expert
Committee on Food AdditivgSEFCA, 20Q) considered the overall point estimate of 5% for
bioavailability to be appropriat@he bioavailability of cadmium from some foods in which it
is bound to phytates, metallothionein, and other proteins may be reduced (ATSDR, 2012a,;
JECFA, 2001).
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(252)In Publications30, 72 and151(ICRP,1980,19%c and 202pa fractional absorption
of 0.05was usedin thispublication thefa value of 0.05 islsorecommended fangestion of
cadmium by adult members of the public

23.1.2.2. Children

(253)The absorption of cadmium in rats depends on age, with measured absorption
decreasing from 12 to 5 to 0.5% at 2 hours, 24 hours, and 6 weeks after birth, respectively
(Sasser and Jarboe 1977). Sasser and Jarboe (1980) also reported that absorption of cadmium
in the gastrointestinal tract of young guinea pigs watRDhigher than in adult guinea pigs.
Increases in absorption have also been observed in mice during gestation and lactation (ATSDR,
2012a).

(254)From these animal data, a 10 time increase in human infants vs. adult was assumed
here, leading t@anfa = 0.5thatis adopted here for ingestion of all forms of cadmiunB8by
monthold infants The adult value of 0.05 is used for older children.

23.1.3.  Systemic distribution, retention and excretion ofcadmium
23.1.3.1.Biokinetic data

(255)Cadmium is in Group IIB of the periodic table, below the chemically similar element
zinc (Zn). Cadmium is commonly found in zinc ores. Cadmium and zinc have the same valence
(2+) in their stable form, but zinc is more stable in its divalent state and, unlike cadmium, does
not undergo redox changes. Cadmium appears to have no essential physiological role but bears
some biokinetic and physiological resemblance to zinc. In the mammalian body, cadmium and
zinc bind to the same proteins and compete for uptake by many of the same cells, and cadmium
can replace zinc in several biological processes. The toxic effects of cadmium appear to result
in part from interactions with zinc at the stage of zinc biological function ((Cotzias et al., 1961,
Brzoska and Moniuszkdakonuik, 2001).

(256)Systemic cadmium enters the urinary bladder and intestines much more slowly than
zinc and hence has a much longer residence time than zinc in the body. A biologitaiénalf
on the order of 2§ has been estimated for cadmium (ICRP, 1980; Thorne et al., 1986).

(257)Zhu et al. (2010) measured concentrations of cadmium in 17 tissues obtained from
autopsies of up to 68 Chinese men from four areas of China. All subjects were considered
healthy until the time of sudden accidental death. Based on median cadmium concentrations in
tissues and reference tissue masses, about 30% ebéalalcadmium was contained in the
kidneys, 24% in liver, 12% in muscle, 11% in bone, 9% in lung, and 14% in other tissues and
fluids.

(258)The distribution of cadmium in laboratory animals resembles that found in humans,
with highest concentrations in the liver and kidneys. Similar concentrations are found in liver
and kidneys at early times, but during prolonged exposure the concentration in the kidneys
exceeds that in the liver except for very high exposure (ATSDR, 2012).

(259)The kidney is the primary target organ for chronic exposure to cadmium-teong
exposure to cadmium may result in various levels of kidney damage from minor tubular
dysfunction to severe kidney impairment. Absorbed cadmium is transported to the liver, where
it stimulates synthesis of metallothionein. Cadmium bound to metallothionein is subsequently
transported to the kidneys. A portion of the cadmium filtered by the kidneys and a portion of
cadmium stored in kidney tissue is excreted in urine. Over time urinary cadmium becomes
closely related to the kidney content (Friberg, 1984).

(260)Jarup et al. (1983) estimated the biological tiatle of cadmium in blood based on
measurements over B y of blood cadmium in five persons with previous occupational
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exposure to cadmium. The collected data were fit byexponential function. The estimated
half-times ranged from 7328 d for the shoiterm component and 716 y for the longterm
component.

23.1.3.2.Biokinetic model for systemic cadmium

(261)The biokinetic model for systemic cadmium applie@ublication151(ICRP,2022)
to workers is applied here to adult members of the pubhe. transfer coefficients in the
cadmium model for workers were designed to reproduce the following information or
assumptions: the initial systemic distribution of cadmium as indicated by studies on laboratory
animals; a retention hatime of ~25 y in the total body; the loitgrm distribution of stable
cadmium in the body as indicated by results of a study of element contents in tissues of adult
males (Zhu et al. 2010); and typical steatigte contents of stable cadmium in total body,
blood, and urine of adult humans. Comparison of model predictions with the observed steady
state contents of stable cadmium in tissues was based on a reference gastrointestinal absorption
fraction of 0.05 and a reference dietary intake of 15 pg Cd per day (ATSDR, 2012).

(262)By analogy with the agspecific treatment of zinc iRublication130 (CRP,2016),
the model for cadmium in adults is modified as follows for application t@gué ages: (1)
the deposition fractions for trabecular and cortical bone surface are increased by 50% over the
adult value for all pradult ages, (2) the deposition fraction for the tiskue compartment
with the highest turnover rate (STOHRig. 23.1) is reduced for pradult ages to balance the
increased deposition on bone surface at those ages, and (3) activity is assumed to be removed
from trabecular or cortical bone volume to blood at thesgmpeific rate of turnover of that
bone type (ICRP, 2002).

(263)The structure of the biokinetic model for systemic cadmium applied in this report is
shown inFig. 23.1. Transfer coefficients are listed in Table 23.2.
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Fig. 23.1. Structure of the biokinetic model for systemic cadmium.
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Table 23.2. Agespecific transfer coefficients for cadmium
Transfer coefficients (8

Pathway 100d ly S5y 10y 15y Adult
Plasma Liver 1.80E+02 1.80E+02 1.80E+02 1.80E+02 1.80E+02 1.80E+02
Plasma Kidneys 1.20E+01 1.20E+01 1.20E+01 1.20E+01 1.20E+01 1.20E+01
Plasma Pancreas 9.00E+00 9.00E+00 9.00E+00 9.00E+00 9.00E+00 9.00E+00
Plasma Muscle 6.00E+00 6.00E+00 6.00E+00 6.00E+00 6.00E+00 6.00E+00
Plasma RBC 1.00E01 1.00801 1.0001 1.00801 1.00E01 1.00E01
Plasma Other 1 1.19E+02 1.19E+02 1.19E+02 1.19E+02 1.19E+02 1.20E+02
Plasma Other 2 9.45E+01 9.45E+01 9.45E+01 9.45E+01 9.45E+01 9.45E+01
Plasma UB content  1.50E+00 1.50E+00 1.50E+00 1.50E+00 1.50E+00 1.50E+00
Plasma RC content 1.50E+00 1.50E+00 1.50E+00 1.50E+00 1.50E+00 1.50E+00
Plasma Trab surface 6.75E01 6.75E01 6.75E01 6.75E01 6.75E01 4.50E01
Plasma Cort surface 1.35E+00 1.35E+00 1.35E+00 1.35E+00 1.35E+00 9.00E01
Liver Plasma 1.80E02 1.80E02 1.80E02 1.80E02 1.80E02 1.80E02
Kidneys Plasma 8.00E04 8.00E04 8.00E04 8.00E04 8.00E04 8.00E04
Pancreas Plasma 1.80E02 1.80E02 1.80E02 1.80E02 1.80E02 1.80E02
Muscle Plasma 1.10e03 1.1003 1.10e03 1.10803 1.10E03 1.10E03
RBC Plasma 8.33603 8.33E03 8.33603 8.33E03 8.33203 8.33E03
Other 1 Plasma 5.00601 5.00e01 5.00E01 5.00e01 5.00E01 5.00EO01
Other 2 Plasma 1.70E02 1.70E02 1.70E02 1.70E02 1.70E02 1.70E02
Trab surface Plasma 2.00E04 2.00E04 2.00604 2.00E04 2.00E04 2.00E04
Cort surface Plasma 2.00E04 2.00E04 2.00e04 2.00E04 2.00E04 2.00E04

Trab surface Trab volume 1.00E05 1.00E05 1.00E05 1.00E05 1.00E05 1.00E05
Cort surface Cortvolume 1.00E05 1.00E05 1.00E05 1.00e05 1.00E05 1.00EO05
Trab volume Plasma 8.22E03 2.88E03 1.81E03 1.32E03 9.59E04 4.93E04
Cortvolume Plasma 8.22E03 2.88e03 153603 9.04E04 5.21E04 8.21E05

RBC, red blood cellsUB, urinary bladderRC, right colon Cort, cortical, Trah, trabecular
23.1.3.3. Treatment of radioactive progeny

(264)The treatment of radioactive progeny produced in systemic compartments after intake
of a radioisotope of cadmium is described in Section 26.28Rblication151(ICRP, 2022.
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2643 23.2. Dosimetric data for cadmium

2644 Table B.3. Committed effective dose coefficients (SvBdor the inhalation or ingestion of
2645 19%Cd compounds.

Effective dose coefficients (Sv B

3m ly 5y 10y 15y Adult
Inhaled particulate materials; (1 ym AMAD aerosols)
Type F 3.2E08 1.7E08 9.9E09 6.4E09 4.4E09 4.2E09

Type M (default) oxide, 1.6E08 1.2E08 6.9E09 4.5E09 3.5E09 3.4E09
chloride, sulphide,
carbonate, telluride, all

unspecified forms
Type S 1.8E08 1.7E08 9.7E09 6.3E09 5.0E09 4.8E09

Ingested materials
All compounds 4.5E08 3.9E09 2.4E09 1.6E09 1.1E09 1.0E09

2646  AMAD, activity median aerodynamic diameter
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24.1 NDI UM=49)
24.1. Routes of Intake
24.1.1. Inhalation

(265)For indium, default parameter values were adopted on absorption to blood from the
respiratory tracflCRP, 2015) Absorption parameter values and types, and assotiatallies
for particulate forms oindium are given inTable 2.1 [takenfrom Section 276f Publication
151(ICRP, 2022].

24.1.2. Ingestion
24.1.2.1.Adults

(266) The fractional absorptiomf indium from the gastrointestinal traappears to be less
than a few percent, s€aiblication 151(ICRP, 2022) for detail$; was taken to be 0.02 for all
compounds of indiunm Publicatiors 30and72 (ICRP,1980,19%c). An fo = 0.005was used
in Publication151, acknowledging it could be even lower for insoluble compoufigs.value
of fa = 0.005 is also adopted here for indium ingestion by adult members of the public.

24.1.2.2.Children

(267)Consistently with the approadfiPublicatiorb6 (ICRP, 1990)anfa = 0.05 is adopted
here for ingestion of all forms of indium by 3 month old infants and the adult value of 0.005 is
used for older children.

Table 21.1. Absorption parameter values for inhaled and ingested indium.
Absorption parameter values

Inhaled particulate materials fr s (d'h s (d'Y)
Default parameter valugs

Absorption type

F 1 30 i
MO 0.2 3 0.005
S 0.01 3 1x104

Ingested materials

Age-dependent absorption from the alimentary triact,

Assigned forms 3 months 1 year 5 years 10 years 15 years adult
All compounds 0.05 0.005 0.005 0.005 0.005 0.005

"It is assumed that the bound state can be neglected for ifidéufg = 0). The values o for Type F, M and S

forms of indium (30, 3 and 3 trespectively) are the general default values.

For inhaled material deposited in the respiratory tract and subsequently cleared by particle transport to the
alimentary tract, the defaul values for inhaled materials are applied. the product of for the absorption type

and thefa valuefor ingested soluble forms afdium applicable to the aggroup of intereste(.g.0.005 for adults).

Pefault Type M is recommended for use in the absence of specific information on which the exposure material
can be assigned to an absorption typg. if the form is unknown, or if the form is known but there is no
information available on the absorption of that form from the respiratory.tract

SActivity transferred from systemic compartments into segments of the alimentary tract is assumed to be subject
to reabsorption to blood. The default absorption fracfiofor the secreted activity is the highest vafoe
ingestion of the radionuclide applicable to the-ggeup of interestd.g.0.005 for adults)
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24.1.3.  Systemic distribution, retention and excretion of indium
24.1.3.1.Biokinetic data

(268)Commonly studied chemical forms of indium bindgth the irontransport protein
transferrin in blood, resulting in an initial distribution resembling that of iAea central
estimate, transferribound indium clears from human blood plasma with athak of ~10 h
(Goodwin et all., 1971; Simonsen et al., 2009). Uptake of indium by red blood cells has been
observed in dogs (Mclintyre et al., 1974) and rats (Jonsson, 1991). Results of human studies
indicate relatively high accumulation of indium in the liver and bone marrow (McNiel et al.,
1974; Sayle et al., 1982Datz and Taylor, 1985; McNiel et al. (1974) found that neither the
retention nor the distribution of indium in the liver changed between 1 and 2 d post injection.
In studies on rats, mice, and hamsters14 26 of the injected indium accumulated in the liver
(Castronovo et al. 1973; Mcintyre et al 1974; Jonsson 188dtauchi et al. 1992and was
gradually removed in faeces. About-12% of injected indium was retained in bone marrow
(Smith et al. 1960; Beamish and Brown, 19K&Intyre et al. 1974 Jeffcoat et al. 1978;
Jonsson 1991). Some indium is removed from the body in urinéadalexcretion appears
to be the dominant excretion pathway. Indium is removed slowly from the human body.
Simonsen et al. (2009) estimated that only 1.8 £ 1.3% of indium entering blood was excreted
over the first four days.

(269)The reader is referred to Andersson et al. (2017) for a more detailed description of the
systemidbehaviourof indium in human subjects and laboratory animals.

24.1.3.2.Biokinetic model for systemic indium

(270)A biokinetic model for systemic indium developed by Andersson et al. (2017) was
adopted irPublication151(ICRP, 2022) for application to workers. The same model is applied
in this report to indium for all ages at intake.

(271)The model structure is shown g. 24.1. Transfer coefficients are listed in Table
24.2.
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Fig. 24.1. The structure of the biokinetic model for systemic indium (from Andersson et al.,
2017). TK transferrin RBC, red blood cellsSI, small intestine.
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2709 Table 24.2. Agespecific transfer coefficients for indium
Transfer coefficients (8

Pathway 100d ly 5y 10y 15y Adult
Plasma TF 8.30E+01 8.30E+01 8.30E+01 8.30E+01 8.30E+01 8.30E+01
Plasma RBC 41501 4.15E01 4.15E01 4.15E01 4.15601 4.15E01
RBC Plasma 5.54E02 5.54E02 554E02 5.54E02 5.54E02 5.54E02
TF Red marrow 1 3.16E01 3.16601 3.16601 3.16601 3.16E01 3.16E01
TF Liver 1 253601 2.53E01 2.53E01 2.53E01 2.53E01 2.53E01
TF Other 1 4.27E01 4.27E01 4.27E01 4.27E01 4.27E01 4.27E01
TF Other 2 5.86E01 5.86E01 5.86E01 5.86E01 5.86E01 5.86E01
Red marrow 1 TF 1.10E+00 1.10E+00 1.10E+00 1.10E+00 1.10E+00 1.10E+00

Red marrow 1 Red marrow 2 4.75E01 4.75E01 4.75E01 4.75E01 4.75E01 4.75E01
Red marrow 2 Red marrow 1 8.31E03 8.31E03 8.31E03 8.31E03 8.31E03 8.31E03

Liver 1 TF 475601 4.75E01 4.75E01 4.75E01 4.75E01 4.75E01
Liver 1 S| content 1.10e01 1.10801 1.10E01 1.10E01 1.10E01 1.10E01
Liver 1 Liver 2 5.54E01 5.54E01 5.54E01 5.54E01 5.54E01 5.54E01
Liver 2 Liver 1 8.31E03 8.31E03 8.31E03 8.31E03 8.31E03 8.31E03
Other 1 Plasma 2.37E+00 2.37E+00 2.37E+00 2.37E+00 2.37E+00 2.37E+00
Other 2 Plasma 475603 4.75E03 4.75E03 4.75E03 4.75E03 4.75E03
Plasma Kidneys 1.66E+00 1.66E+00 1.66E+00 1.66E+00 1.66E+00 1.66E+00
Kidneys Plasma 1.66E02 1.66E02 1.66E02 1.66E02 1.66E02 1.66E02
Kidneys UB content 2.68E02 2.68E02 2.68E02 2.68E02 2.68E02 2.68E02

2710 TF, transferrin RBC, red blood cellsSI, small intesting UB, urinary bladder
2711 24.1.3.3.Treatment of radioactive progeny

2712 (272)The treatment of radioactive progeny produced in systemic compartments after intake
2713 of a radioisotope of indium is described in Section 27.2a.Bublication151(ICRP, 2022.

2714 24.2. Dosimetric data for indium

2715 Table24.3. Committed effective dose coefficients (Sv-Bdor the inhalation or ingestion of
2716  4n compounds.

Effective dose coefficients (Sv By

3m ly 5y 10y 15y Adult
Inhaled particulate materials; (1 um AMAD aerosols)
Type F 5.4E10 4.1E10 1.9E10 1.4E10 8.7E11 8.5E11
Type M, default 6.5E10 5.1E10 2.7E10 1.9E10 1.3E10 1.3E10
Type S 6.8E10 5.4E10 2.8E10 2.0E10 1.4E10 1.4E10

Ingested materials
All compounds 6.7E10 5.7E10 3.2E10 2.3E10 1.6E10 1.5E10

2717 AMAD, activity median aerodynamic diameter

108



2718

2719

2720

2721
2722
2723
2724

2725
2726

2727
2728
2729
2730
2731

2732

2733
2734
2735
2736
2737

2738
2739
2740
2741
2742
2743
2744
2745
2746
2747
2748

I‘Ri DRAFT REPORT FOR CONSULTATION: DO NOT REFERENCE

25. TI N 5z =
25.1. Routes of Intake

25.1.1. Inhalation

(273)For tin, default parameter values were adopted on absorption to blood from the
respiratory tracflCRP, 2015) Absorption parameter values and types, and assotiatallies
for particulate forms ofin are given inTable 2.1 [takenfrom Section 2&f Publication151
(ICRP, 2022]).

25.1.2. Ingestion
25.1.2.1.Adults

(274)The absorption of dietary or inorganic tin from the gastrointestinal tract is, s®eall
Publication 15)(ICRP, 2022) for detaildn Publications 3072 (ICRP, 1981, 1995@nd15],
the fractional absorptiowas taken af.02 for all compounds of tin. In thublication the
value offa = 0.02 is also adopted for all chemical forms of tin ingebieddult members of
the public

25.1.2.2.Children

(275)Consistently with the approadfiPublicatiorb6 (ICRP, 1990)anfa = 0.04 is adopted
here for ingestion of all forms of cadmium by 3 month old infants and the adult value of 0.02
is used for older children.

Table 5.1. Absorption parameter values for inhaled and ingested tin.
Absorption parameter values

Inhaled particulate materials fr s (d'h s (d'Y)
Default parameter valugs

Absorption type

F 1 30 i
MO 0.2 3 0.005
S 0.01 3 1x104

Ingested materials

Age-dependent absorption from the alimentary triact,

Assigned forms 3 months 1 year 5 years 10 years 15 years adult
All compounds 0.04 0.02 0.02 0.02 0.02 0.02

"It is assumed that the bound state can be neglected {oetig = 0). The values o$ for Type F, M and S forms

of tin (30, 3 and 3'd respectively) are the general default values.

For inhaled material deposited in the respiratory tract and subsequently cleared by particle transport to the
alimentary tract, the defaul values for inhaled materials are applied. the product of for the absorption type

and thefa valuefor ingested soluble forms of tin applicable to the-ggeup of intereste.g.0.02 for adults)

Pefault Type M is recommended for use in the absence of specific information on which the exposure material
can be assigned to an absorption typg. if the form is unknown, or if the form is known but there is no
information available on the absorption of that form from the respiratory.tract

SActivity transferred from systemic compartments into segments of the alimentary tract is assumed to be subject
to reabsorption to blood. The default absorption fracfiofor the secreted activity is the highest vafoe
ingestion of the radionuclide applicable to the-ggaup of interestd.g.0.02 for adults)
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25.1.3.  Systemic distribution, retention and excretion of tin
25.1.3.1.Biokinetic data

(276)The distribution of tin in the adult human body has been estimated from its measured
concentration in tissues collected at autopsy, mainly from male subjects. Reported results vary
considerable regarding the level of tin in the body and the relative concentrations in tissues.
Zhu et al. (2010) reported the medians and ranges of concentrations of tin in 17 tissues of up
to 68 adult males. Highest median values were determined for lung (0.031'mgtkgeight),
liver (0.022), rib (0.013), and kidneys (0.012). Concentrations in stomach, small intestine, large
intestine, heart, adrenals, testes, spleen, skin, fat, skeletal muscle, thyroid, pancreas, and
thymus were in the range 0.60309 mg kd. The investigators estimated a central totadly
content of 0.51 mg. Based on median concentrations and reference masses of tissues, about
half of totatbody tin was contained in muscle plus fat ane28@ was in bone, assuming rib
is representative of bone. Garcia et al. (2001) estimated mean tissue concentrations for 78
subjects of 0.47 (mg kigwet weight) in bone, 0.27 in brain, 0.25 in kidney, 0.24 in lung, and
0.16 in liver. Chiba et al. (1991) estimated mean concentrations of 2.1 hdykeveight in
testes, 1.1 in liver, 0.83 in kidney cortex, 0.75 in heart, 0.45 in lung, and 0.61 in riklaf 11
adult males. Hamilton et al. (1973) found highest concentrations in lymph nodes (1.5'mg kg
wet weight) and bone (1.1), followed by lungs (0.8), liver (0.4), and kidneys (0.2); relatively
low concentrations were found in muscle (0.07) and brain (0.06).

(277)Hiles (1974) studied the biokinetics of inorganic tin in rats following oral or
intravenous administration of3Sn(ll) or *3Sn(IV). About 2.85% and 0.64% 0of°Sn
administered orally as Sn(ll) and Sn(lV), respectively, was absorbed to blood. At 48 d after
oral intake, the skeleton, liver, and kidneys contained about 1.0, 0.08, and 0.09%, respectively,
of 1135n administered as Sn(ll), and 0.24, 0.02, and 0.02%, respectivEfismadministered
as Sn(lV), indicating similar systemic distributions of the absorbed activity for the two forms.
At 48 h after intravenous injection, the bone, liver, and kidneys contained about 35, 2.0, and
5.9%, respectively, df3Sn administered as Sn(ll), and 46, 0.2, and 5.3%, respectivélSof
administered as Sn(IV).

(278)Furchner and Drake (1976) examined the behavioti*®h in mice, SpraguBawley
(S. D.) rats, African whit¢ailed rats (Mystromys), monkeys, and dogs following oral,
intraperitoneal (IP), or intravenous (IV) administration*#8n(Il) chloride. The IP injection
study involved only mice and rats. Mean total excretion over the first 3 d after IV injection was
about 25% for mice, 38% for Mystromys, 45% for S. D. rats, 39% for monkeys, and 69% for
dogs. Excretion over the first 3 d was primarily in urae, 84% of total excretion in monkeys
and 91% in dogs. Totddody retention following IV injection was measured for periods of 291
d for rats, 319 d for Mystromys, 325 d for dogs, 338 d for mice, and 469 d for monkeys.
Retention in each species could be described as a sum of four exponential terms. Retention was
broadly similar across species and showed no relation to body size. As an average over the five
studied species, the biological htithes of the four phases of retention for IV injection were
about 0.5 d (50%), 4.3 d (13%), 28 d (9%), and 510 d (28%). The meatelomgpalftime
was about 760 d for mice, 580 d for Mystromys, 420 d for S. D. rats, 370 d for monkeys, and
430 d for dogs. The timdependent distribution of systemic activity was measured in S. D. rats
at 10 times from 1141 d post IP injection. Bone contained 69% of tbtady activity at 1 d,
71-76% at 6113 d, and 65% at 141 d; muscle containe®0% at 1141 d; liver contained
2.4-5.9% at 1141 d; and kidneys contained 3.5% at 1 d, gradually decreasing to ~1% at 85
141 d.
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2795 25.1.3.2.Biokinetic model for systemic tin

2796 (279)The biokinetic model for systemic tin applied Rublication 151 (ICRP, 2022) is

2797 applied here to intake of tin at all ages. In that model, parameter values were set for reasonable
2798 consistency with totabody retention of tin observed in monkeys over the early months after
2799 acute input to blood, and with the early systemic distribution of tin observed in rats (Furchner
2800 and Drake, 1976). Parameter values determining thetemngdistribution of tin were set for

2801 reasonable consistency with the central systemic distribution of tin indicated by results of an
2802 autopsy study by Zhu et al. (2010).

2803 (280)The structure of the biokinetic model for systemic tin applied in this report is shown
2804 inFig. 25.1. Transfer coefficients are listed in Table 25.2.
2805
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2807 Fig.25.1. Structure of the biokinetic model for systemic tin.
2808
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2809 Table 25.2. Agespecific transfer coefficients for tin
Transfer coefficients (8

Pathway 100d ly 5y 10y 15y Adult
Blood UB content 1.80E+00 1.80E+00 1.80E+00 1.80E+00 1.80E+00 1.80E+00
Blood RC content 2.00E01 2.00E01 2.00E01 2.00E01 2.00E01 2.00EO01
Blood Trab surface 6.00E01 6.00E01 6.00E01 6.00E01 6.00E01 6.00E01
Blood Cort surface 6.00E01 6.00E01 6.00E01 6.00E01 6.00E01 6.00E01
Blood Other 1 6.00E01 6.00E01 6.00E01 6.00E01 6.00E01 6.00E01
Blood Other 2 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00
Blood Liver 1 7.50E02 7.50E02 7.50E02 7.50E02 7.50E02 7.50E02
Blood Liver 2 2.50E02 2.50E02 2.50E02 2.50E02 2.50E02 2.50E02
Blood Kidneys 1 5.00E02 5.00E02 5.00E02 5.00E02 5.00E02 5.00E02
Blood Kidneys 2 5.00E02 5.00E02 5.00E02 5.00E02 5.00E02 5.00E02
Trab surface Blood 3.50E02 3.50E02 3.50E02 3.50E02 3.50E02 3.50E02
Cort surface Blood 3.50E02 3.50E02 3.50E02 3.50E02 3.50E02 3.50E02

Trab surface Trab volume 3.50E02 3.50E02 3.50E02 3.50E02 3.50E02 3.50E02
Cort surface Cortvolume 3.50E02 3.50E02 3.50E02 3.50E02 3.50E02 3.50E02

Trab volume Blood 3.50E03 3.50E03 3.50E03 3.50E03 3.50E03 3.50E03
Cort volume Blood 3.50E03 3.50E03 3.50E03 3.50E03 3.50E03 3.50E03
Liver 1 Blood 1.16602 1.16E02 1.16E02 1.16E02 1.16E02 1.16E02
Liver 2 Blood 7.70E04 7.70E04 7.70E04 7.70E04 7.70E04 7.70E04
Kidneys 1 UB content 1.39E01 1.39E01 1.39E01 1.39E01 1.39E01 1.39E01
Kidneys 2 Blood 1.16602 1.16E02 1.16E02 1.16E02 1.16E02 1.16E02
Other 1 Blood 1.3901 1.39E01 1.39E01 1.39E01 1.39E01 1.39E01
Other 2 Blood 3.50E03 3.50E03 3.50E03 3.50E03 3.50E03 3.50E03

2810 UB, urinary bladderRC, right colon Cort, cortical; Trab, trabecular
2811 25.1.3.3.Treatment of radioactive progeny

2812 (281)The treatment of radioactive progeny produced in systemic compartments after intake
2813 of a radioisotope of tin is described in Section 28.2.3.Bublication 151(ICRP, 2022)

2814 25.2. Dosimetric data for tin

2815 Table25.3. Committed effective dose coefficients (SvBdor the inhalation or ingestion of
2816 ¥*Sn compounds.

Effective dose coefficients (Sv By

3m ly 5y 10y 15y Adult
Inhaled particulate materials; (1 um AMAD aerosols)
Type F 6.4E09 5.0E09 2.3E09 1.3E09 9.3E10 7.7E10
Type M, default 9.0E09 7.8E09 4.3E09 2.8E09 2.1E09 2.1E09
Type S 1.4E08 1.2E08 7.1E09 4.7E09 3.6E09 3.6E09

Ingested materials
All compounds 1.9E09 1.1E09 6.1E10 4.1E10 2.7E10 2.4E10

2817 AMAD, activity median aerodynamic diameter
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26. HAF NI ( E7=p

26.1. Routes of Intake
26.1.1. Inhalation

(282)For hafnium default parameter values were adopted on absorption to blood from the
respiratory tracflCRP, 2015) Absorption parameter values and types, and assotiatallies
for particulate forms ofiafniumare given inTable &.1 [taken from Sectio29 of Publication
151(ICRP, 2022].

26.1.2. Ingestion
26.1.2.1.Adults

(283)There do not appear to be any relevant data available on the absorption of hafnium
from the gastrointestinal tract. Rublications 3068 and151 (ICRP,1981,1994a 2022 the
fractional absorptionwas taken to be 0.002 for all compounds of hafnainthe workplace
based on chemical analogy with zirconivrhigher value of: = 0.01 wasusedin Publication
56 (ICRP, 1990) for ingestion of zirconium in diet by adult members of the pUthlecsame
value offa = 0.0L is adoptedn thispublicationfor ingestion of hafniunm diet; while the value
fa = 0.002 is used for all other forms of hafniumgested by adult members of the public

26.1.2.2 Children

(284)Consistently with the approaasf Publicatiorb6, anfa = 0.02 is adopted here for
ingestion of all forms of hafnium b$-monthold infants and the adult values faf = 0.01
(hafnium in diet) andia = 0.002 (other forms) are used for older children.

Table B.1. Absorption parameter values for inhaled and ingested hafnium.
Absorption parameter values

Inhaled particulate materials fr s (d'h s (d'Y)
Default parameter valugs

Absorption type

F 1 30 i
MO 0.2 3 0.005
S 0.01 3 1x104

Ingested materials

Age-dependent absorption from the alimentary triact,

Assigned forms 3 months 1 year 5 years 10 years 15 years adult
hafnium in diet 0.02 0.01 0.01 0.01 0.01 0.01
all other forms 0.02 0.002 0.002 0.002 0.002 0.002

"It is assumed that the bound state can be neglected for hgfreufin= 0). The values o for Type F, M and S

forms of hafnium (30, 3 and 3'despectively) are the general default values.

For inhaled material deposited in the respiratory tract and subsequently cleared by particle transport to the
alimentary tract, the defaul values for inhaled materials are applied. the product of for the absorption type

and thefa value for ingested soluble forms of hafnium applicable to the-grgeip of interestg.g.0.002 for

adults).

Pefault Type M is recommended for use in the absence of specific information on which the exposure material
can be assigned to an absorption typg. if the form is unknown, or if the form is known but there is no
information available on the absorption of that form from the respiratory.tract
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SActivity transferred from systemic compartments into segments of the alimentary tract is assumed to be subject
to reabsorption to blood. The default absorption fractiofor the secreted activity is the highest vafoe
ingestion of the radionuclide applicable to the-ggaup of interestd.g.0.01 for adults).

26.1.3. Systemic distribution, retention and excretion othafnium
26.1.3.1. Summary of biokinetic data

(285)The chemical and physical properties of the Group IVB element Hf closely resemble
those of the lighter IVB element zirconium. Comparisons of the behaviour of Hf and Zr in
laboratory animals also indicate that they are close physiological analogues with virtually
identical biokinetics (Leggett and Samuels, 2020).

(286) Taylor and coworkers (1983, 1985) studied the kineticS%ff or 175*18Hin rats,
hamsters, and marmosets over 6 months post administration by different routebodytal
retention over 150 d was similar for the three animal types following parenteral administration
of Hf as a citrate complex. Detailed studies of the distribution of activity in the body were
conducted for hamsters and rats. The skeleton was the largest repository for Hf, containing
~29% of intravenously administered Hf in rats at 14 d post injection and ~43% at 21 d post
subcutaneous administration to hamsters. In rats, the liver content peaked at 6.5% at 7 d and
declined to 1.2% at 168 d. In hamsters the liver content peaked at 5% at 1 d and declined to
2.1% at 168 d. Limited tissue measurements on marmosets suggested a higher liver content
than observed in rats and hamsters.

(287)Ando and Ando (1986) studied the behaviout®fif and®°Zr in tumorbearing rats
over 2 d after intravenous injection’8tHf chloride,*Zr oxalate, an8°Zr nitrate. The kinetics
of Hf closely followed that of Zr in studied tissues other than liver and spleen. Higher
accumulation of Hf than Zr in liver and spleen was attributed to formation of colloidal Hf in
the injected solution and its removal from Blood 1 by phagocytic cells of liver and spleen.

(288)At 4 d after IV administration of 181Hf as citrate to rats, the median concentration
ratios liver:femur and kidney:femur were ~0.5 (MacDonald and Bahner, 1953). At 14 d after
IV administration of 175+181Hf as citrate, the total body, liver, and skeleton contained ~71%,
4.1%, and 29%, respectively, of the administered amount (Taylor et al., 1983). At 4 d after IV
administration of 181Hf mandelate to rats, the median concentration ratios liver:femur and
kidney:femur were ~6 and 1.4, respectively (MacDonald and Bahner, 1953). At 16 d after IV
administration of 181Hf mandelate to rats, the total body, liver, and bone contained ~93%, 45%,
and 13%, respectively, of the administered activity corrected for radioactive decay (Kittle et
al., 1951).

26.1.3.2.Biokinetic model for systemic hafnium

(289)The agespecific biokinetic model for systemic zirconium adopted in Part 1 of this
series orpublicintake of radionuclides (ICRR029) is also applied to hafnium.

(290) The model structure is shownhig. 26.1. The transfer coefficients are listed in Table
26.2.
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2888 Fig.26.1. Structure of the biokinetic model for systemic hafnium.
2889

2890 Table 26.2. Agespecific transfer coefficients for hafnium
Transfer coefficients (8

Pathway 100 d ly 5y 10y 15y Adult
Blood 1 Blood 2 1.82E+00 1.91E+00 1.91E+00 1.91E+00 1.91E+00 2.00E+00
Blood 1 Liver 1 6.84E02 7.17E02 7.17E02 7.17E02 7.17E02 7.50E02
Blood 1 Kidneys 1.14E02 119602 1.19802 1.19602 1.19E02 1.25E02
Blood 1 Other 1 1.82E+00 1.91E+00 1.91E+00 1.91E+00 1.91E+00 2.00E+00
Blood 1 Other 2 3.42E02 3.58E02 3.58E02 3.58E02 3.58E02 3.75E02
Blood 1 UB content 9.12E02 9.56E02 9.56E02 9.56E02 9.56E02 1.00E01
Blood 1 Sl content 228602 2.39E02 2.39E02 2.39E02 2.39E02 2.50E02
Blood 1 Trab surface 5.63E01 4.69E01 4.69E01 4.69E01 4.69E01 3.75E01
Blood 1 Cortsurface 5.63E01 4.69E01 4.6901 4.69E01 4.69E01 3.75E01
Blood 2 Blood 1 4.62E01 4.62E01 4.62E01 4.62E01 4.62E01 4.62E01
Liver 1 Sl content 1.16£01 1.16E01 1.16E01 1.16E01 1.16E01 1.16E01
Liver 1 Liver 2 4.62E01 4.62E01 4.62E01 4.62E01 4.62E01 4.62E01
Liver 1 Blood 1 1.16E01 1.16E01 1.16E01 1.16E01 1.16E01 1.16E01
Liver 2 Blood 1 1.00E02 1.00802 1.00E02 1.00E02 1.00E02 1.00E02
Kidneys Blood 1 1.00E02 1.00802 1.00E02 1.00E02 1.00E02 1.00E02
Other 1 Blood 1 4.62E01 4.62E01 4.62E01 4.62E01 4.62E01 4.62E01
Other 2 Blood 1 2.00E02 2.00E02 2.00E02 2.00E02 2.00E02 2.00E02
Trab surface Blood 1 8.22E03 2.88E03 1.81E03 1.32E03 9.59E04 4.93E04
Trab surface Trab volume 8.22E03 2.88E03 1.81E03 1.32E03 9.59E04 2.47E04
Trab volume Blood 1 8.22E03 2.88E03 1.81E03 1.32E03 9.59E04 4.93E04
Cort surface Blood 1 8.22E03 2.88E03 1.53E03 9.04E04 5.21E04 8.21E05
Cort surface Cortvolume 8.22E03 2.88603 1.53E03 9.04E04 5.21E04 4.11E05
Cort volume Blood 1 8.22E03 2.88E03 1.53E03 9.04E04 5.21E04 8.21E05

2891  UB, urinary bladdeySI, small intestine Cort, cortical; Trab, trabecular
2892 26.1.3.3.Treatment of radioactive progeny

2893 (291)The treatment of radioactive progeny produced in systemic compartments after intake
2894 of aradioisotope of hafnium is described in Section 29.208Rublication151(ICRP, 2022.
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2895 26.2. Dosimetric data for hafnium

2896 Table26.3. Committed effective dose coefficients (SvBdor the inhalation or ingestion of
2897  82Hf compounds.

Effective dose coefficients (Sv B

3m ly 5y 10y 15y Adult

Inhaled particulate materials; (1 um AMAD aerosols)

Type F 3.3E07 3.4E07 2.9E07 2.9E07 3.0E07 3.0E07
Type M, default 1.4E07 1.5E07 1.4E07 1.3E07 1.4E07 1.5E07
Type S 3.0E07 3.2E07 2.7E07 2.2E07 2.3E07 2.4E07
Ingested materials

Hafnium in diet 3.2E08 1.6E08 1.5E08 1.5E08 1.5E08 1.5E08
All other forms 3.2E08 3.5E09 3.1E09 3.1E09 3.1E09 3.0E09

2898 AMAD, activity median aerodynamic diameter
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27. TANTAL (U H7=3

27.1. Routes of Intake
27.1.1. Inhalation

(292)Fortantalum default parameter values were adopted on absorption to blood from the
respiratory tracflCRP, 2015) Absorption parameter values and types, and assotiatallies
for particulate forms afantalumare given infable27.1 [taken from SectioB0 of Publication
151(ICRP, 2022].

27.1.2. Ingestion
27.1.2.1.Adults

(293)Data fromanimal experimentsndicate that the fractional absorption of tantalum is
small, seePublication 151(ICRP, 2022) for detaildn Publications 3072 and 151(ICRP,
1981,19%c, 2023, it was taken as ®for all compounds of tantalum. In thisiblication the
value offa = 103is also used ake default for all forms of tantaluimgested by adult members
of the public

27.1.2.2.Children

(294)In young suckling rats, the absorption was several orders of magnitude greater than in
adults (Rydzynski and Pakulska, 201€pnsistently with the approaadf Publication 56
(ICRP, 1990), arfia = 0.01 is adopted here f8rmonthold infants and the adult value ff=
10-3is used for older children.

Table27.1 Absorption parameter values for inhaled and ingested tantalum.
Absorption parameter valdes

Inhaled particulate materials fr s (d'Y) s (d'Y)
Default parameter valugs

Absorption type

F 1 30 i
MO 0.2 3 0.005
S 0.01 3 1x104

Ingested materials

Age-dependent absorption from the alimentary trict,

Assigned forms 3 months 1 year 5 years 10 years 15 years adult
All compounds 0.01 0.001 0.001 0.001 0.001 0.001

*It is assumed that the bound state can be neglected for tarftaluim= 0). The values o$ for Type F, M and

S forms of tantalum (30, 3 and 3 despectively) are the general default values.

For inhaled material deposited in the respiratory tract and subsequently cleared by particle transport to the
alimentary tract, the defaudl values for inhaled materials are applied. the product of for the absorption type

and thefa value for ingested soluble forms of tantalapplicable to the aggroup of interestd.g.0.001for

adulty.

®efault Type M is recommended for use in the absence of specific information on which the exposure material
can be assigned to an absorption tyeg. if the form is unknown, or if the form is known but there is no
information available on the absorption of that form from the respiratory.tract
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2929  SActivity transferred from systemic compartments into segments of the alimentary tract is assumed to be subject
2930 to reabsorption to blood. The default absorption fracticior the secreted activity is the highest value for any
2931 form of the radionuclidapplicable to the aggroup of intereste.g.0.001).

2932 27.1.3. Systemic distribution, retention and excretion otantalum
2933 27.1.3.1.Biokinetic data

2934 (295)The chemical and physical properties of the Group VB element tantalum (Ta) closely
2935 resemble those of the lighter Group VB element niobium (Nb). These two elements are found
2936 together in nature and are sometimes referred to as geochemical twins due to their nearly
2937 proportional mass ratios across most geological matgtiaénker et al., 2003), attributed to a
2938 common valence state and virtually identical ionic radii.

2939 (296)Ando et al (1989, 1990) studied the distribution and excretion of Ta and Nb following
2940 intravenous administration of these elements as oxalate to -headng rats. Activity

2941 concentrations were measured in blood, bone, ten different soft tissues, and an implanted
2942 sarcoma. Théehaviourof Ta closely followed that of Nb at all studied sites.

2943 (297)In rats administere?PNb and'®?Ta,Os in citrate solution via intramuscular injection,

2944  both radionuclides showed elevated concentrations in liver, kidney, and bone (Durbin, 1960).
2945 At 4 d post injection, cumulative excretion of activity accounted for 48.6% of administered
2946 %Ta and 39.4% of administerédNb. At that time, activity in bone, liver, and kidneys
2947 represented roughly 23%. 14%, and 10%, respectively of ret#ifieal and 27%, 14%, and

2948 5%, respectively, of retain€dNb.

2949 (298)Fleshman et al. (1971) investigated the biokinetic$?® in rats over 106 d after its

2950 oral administration as potassium tantalite to rats. Bone was the dominatgdongepository,

2951 followed by pelt. At 106 d, bone, liver, and kidneys contained about 46%, 3.4%, and 1.2%
2952 respectively, of the totddody content.

2953 27.1.3.2.Biokinetic model for systemic tantalum

2954 (299)In view of the close chemical and physical properties of Ta and Nb and their similar
2955 biokinetics in available comparative studies, the-sgeific biokinetic model for Nb applied
2956 in Part 1 of this series of report€RP 2024) is assigned to the less frequently studied element
2957 Ta.

2958 (300)The structure of the systemic model for Ta is showFign27.1. Transfer coefficients
2959 are listed in Table 27.2.
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2962 Fig.27.1. Structure of the biokinetic model for systemic tantalum.
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2963 Table 27.2. Agespecific transfer coefficients for tantalum
Transfer coefficients (8

Pathway 100d ly S5y 10y 15y Adult
Blood 1 Blood 2 3.15E+00 3.18E+00 3.18E+00 3.18E+00 3.18E+00 3.20E+00
Blood 1 Liver 1 2.36E01 2.38E01 2.38601 2.38E01 2.38601 2.40E01
Blood 1 Kidneys 3.94E02 3.97E02 3.97E02 3.97E02 3.97E02 4.00E02
Blood 1 Other 1 3.15E+00 3.18E+00 3.18E+00 3.18E+00 3.18E+00 3.20E+00
Blood 1 Other 2 1.18601 1.19801 1.19801 1.19801 1.19E01 1.20E01
Blood 1 UB content 8.66E01 8.73E01 8.73E01 8.73E01 8.73E01 8.80E01
Blood 1 Sl content 7.88E02 7.94E02 7.94E02 7.94E02 7.94E02 8.00E02
Blood 1 Trab surface 1.80E01 1.50E01 1.50E01 1.50E01 1.50E01 1.20E01
Blood 1 Cort surface 1.80E01 15001 1.50E01 150601 1.50E01 1.20E01
Blood 2 Blood 1 1.39E+00 1.39E+00 1.39E+00 1.39E+00 1.39E+00 1.39E+00
Liver 1 Sl content 5.78602 5.78E02 5.78E02 5.78E02 5.78E02 5.78E02
Liver 1 Blood 1 5.78602 5.78E02 5.78602 5.78E02 5.78E02 5.78E02
Liver 1 Liver 2 2.31E01 2.31E01 2.31E01 2.31E01 2.31E01 2.31E01
Liver 2 Blood 1 5.00E03 5.00E03 5.00E03 5.00E03 5.00E03 5.00E03
Kidneys Blood 1 5.00E03 5.00E03 5.00E03 5.00E03 5.00E03 5.00E03
Other 1 Blood 1 1.39E+00 1.39E+00 1.39E+00 1.39E+00 1.39E+00 1.39E+00
Other 2 Blood 1 1.00E02 1.00802 1.00802 1.00802 1.00E02 1.00E02
Trab surface Blood 1 8.22E03 2.88603 1.81E03 1.32E03 9.59E04 4.93E04
Trab surface Trab volume 8.22E03 2.88603 1.81E03 1.32E03 9.59E04 2.47E04
Trab volume Blood 1 8.22E03 2.88603 1.81E03 1.32E03 9.59E04 4.93E04
Cort surface  Blood 1 8.22E03 2.88603 1.53E03 9.04E04 5.21E04 8.21E05
Cort surface Cortvolume 8.22E03 2.88E03 1.53E03 9.04E04 5.21E04 4.11E05
Cort volume Blood 1 8.22E03 2.88E03 1.53E03 9.04E04 5.21E04 8.21E05

2964  UB, urinary bladder S|, small intestine RC, right color Cort, cortical; Trab, trabecular
2965 27.1.3.3.Treatment of radioactive progeny

2966 (301)The treatment of radioactive progeny produced in systemic compartments after intake
2967 of aradioisotope of tantalum is described in Section 30.2BRblication151(ICRP, 2022.

2968 27.2. Dosimetric data for tantalum

2969 Table27.3. Committed effective dose coefficients (Sv-Bdor the inhalation or ingestion of
2970 182Ta compounds.

Effective dose coefficients (Sv By

3m ly 5y 10y 15y Adult
Inhaled particulate materials; (1 um AMAD aerosols)
Type F 1.1E08 9.3E09 4.7E09 2.9E09 2.2E09 2.0E09
Type M, default 1.9E08 1.6E08 9.2E09 6.1E09 4.7&09 4.8E09
Type S 2.9E08 2.5E08 1.5E08 1.0E08 7.7E09 8.0E-09

Ingested materials
All compounds 2.4E09 1.9E09 1.1E09 7.6E10 5.3E10 5.0E10

2971 AMAD, activity median aerodynamic diameter
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28. TUNG S T (EZ=)}

28.1. Routes of Intake
28.1.1. Inhalation

(302)Fortungsten default parameter values were adopted on absorption to blood from the
respiratory tracflCRP, 2015) Absorption parameter values and types, and assotiatallies
for particulate forms afungsterare given infable28.1[taken from SectioB1 of Publication
151(ICRP, 2022].

28.1.2. Ingestion
28.1.2.1. Adults

(303)A large fraction of ingested tungsten is absorbed from the gut, with absorption from
tungstic acid being less than from other compoundspPsédication 151(ICRP, 2022) for
more detailsin Publications 3Gand72 (ICRP,1981,1994a) f1 was taken as 0.01 for tungstic
acid and 0.3 for all other compounds of the elemerRulnlication 15]avalue offa = 0.5was
adopted for alforms other than tungstic aciBor ingestion of tungsten by adult members of
the publicthe values adopted here &e= 0.01 for tungstic acid arfd = 0.5 for all other forms
of tungstenincluding tungsten in diet.

28.1.2.2.Children

(304)Consistently with the approaciiPublicatiorb6 (ICRP, 1990)the values offa = 0.02
andfa = 1, respectively, are adopted here for ingestion of tungstic acid and of all other forms
of tungsten, respectively, B/month old infantsThe adult values are used for older children

Table28.1 Absorption parameter values for inhaled and ingested tungsten.
Absorption parameter values

Inhaled particulate materials fr s (d'h s (d'Y)
Default parameter valugs

Absorption type

F 1 30 i
MO 0.2 3 0.005
S 0.01 3 1x104

Ingested materials

Age-dependent absorption from the alimentary triact,

Assigned forms 3 months 1 year 5 years 10 years 15 years adult
Tungstic acid 0.02 0.01 0.01 0.01 0.01 0.01
All other forms 1 0.5 0.5 0.5 0.5 0.5

"It is assumed that the bound state can be neglected for tufigstre 0). The values of for Type F, M and S

forms of tungsten (30, 3 and 8'despectively) are the general default values.

For inhaled material deposited in the respiratory tract and subsequently cleared by particle transport to the
alimentary tract, the defaul values for inhaled materials are applied. the product of for the absorption type

and thefa value for ingested soluble forms of tungségplicable to the aggroup of intereste.g.0.5for adults.

Pefault Type M is recommended for use in the absence of specific information on which the exposure material
can be assigned to an absorption typg. if the form is unknown, or if the form is known but there is no
information available on the absorption of that form from the respiratory.tract
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SActivity transferred from systemic compartments into segments of the alimentary tract is assumed to be subject
to reabsorption to blood. The default absorption fracticior the secreted activity is the highest value for any
form of the radionuclidapplicable to the age group of interéesig.0.5for adultg.

28.1.3.  Systemic distribution, retention and excretion oftungsten
28.1.3.1.Biokinetic data

(305)The biokinetics of tungsten (W) has been studied in a variety of laboratory animals
including: dogs receiving raditungsten by inhalation or injection (Aamodt, 1973, 1975);
swine exposed to radionuclides produced by a nuclear explosion (Chertok and Lake 1971a,
1971b, 1971c); rodents administered ratiogsten by different routes (Scott, 1952; Wase,
1956; Ballou, 1960; Fleshman et al., 1966; Kaye, 1968; Ando et al., 1989); and sheep, pigs,
cows, and goats receiving radiengsten by injection or ingestion (Bell and Sneed, 1970;
Mullen et al., 1976; Ekman et al., 1977). Direct information onbleaviourof absorbed
tungsten in humans consists mainly of measurements of the concentration of tungsten in blood
hair, nails, and excreta of living subjects (Wester 1973, 1974; Brune et al. 1980; Nicolaou et
al. 1987).

(306)Important repositories for tungsten include the liver, kidneys, spleen, and bone.
Results of animal studies indicate that a few percent of absorbed tungsten deposits in bone, a
substantial portion of the deposited amount is retained for an extended period, and
accumulation of tungsten is greater in growing than in mature bone (Fleshman et al., 1966;
Kaye, 1968; Aamodt, 1975; Mullen et al., 1976; Ando et al., 1989). Similarities in the
behaviourof tungstate, molybdate, and phosphate in biological systems have been observed.
Tungsten is deposited and retained in bone, presumably due to substitution of tungstate for
phosphate (Fleshman et al., 1966).

(307)Tungsten is considered a physiological analogue of molybdenum and can produce
deficiency of molybdenum resulting from prevention of incorporation of molybdenum into
certain enzymes (Cardin and Mason, 1976). Membrane transport may not distinguish between
tungsten and molybdenum, although differences in the biokinetics of these elements may result
from the fact that molybdenum compounds are more easily reduced in biological systems
(Callis and Wentworth, 1977). An apparent difference in the systemic kinetics of these two
elements is that the liver appears to accumulate considerably more molybdenum than tungsten.

28.1.3.2.Biokinetic model for systemic tungsten

(308)A biokinetic model for systemic tungsten proposed by Leggett (1997) was adopted in
Publication151(ICRP,2022) for occupational intake of tungsten. That model is applied in this
report to adult members of the public and is extended teaquls ages, primarily by
introduction of agespecific transfer coefficients to and from bone compartments. For ages 15
y and lower, the transfer coefficients from plasma to cortical and trabecular bone surface are
set at 2 times the values for adults. The transfer coefficients from plasma to all other
destinations are decreased by ~6% to yield a removatimffrom plasma of 30 min (the
same as the outflow rate from plasma in the model for adults) for all preadult ages. The age
specific bone model applied to phosphorus in Part 1 of this series is applied to tungsten that
deposits in bone, based on the assumption that accumulation of tungsten in bone is due to
repl acement of phosphate with tungstate. T
coefficients describing outflow from any bone compartment.

(309)The structure of the biokinetic model for tungsten is showhRign 28.1. Transfer
coefficients are listed in Table 28.2.
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3052 Table 28.2. Agespecific transfer coefficients for tungsten
Transfer coefficients (8§

Pathway 100d ly 5y 10y 15y Adult
Plasma RBC 5.48E02 5.48E02 5.48E02 5.48E02 5.48E02 5.82E02
Plasma UB content 8.22E+00 8.22E+00 8.22E+00 8.22E+00 8.22E+00 8.74E+00
Plasma Kidneys 1 493E01 4.93E01 4.93E01 4.93E01 4.93E01 5.24E01
Plasma Kidneys 2 5.48E02 5.48E02 5.48E02 5.48E02 5.48E02 5.82E02
Plasma RC content 5.48E01 5.48E01 5.48E01 5.48E01 5.48E01 5.82E01
Plasma Spleen 5.48E03 5.48E03 5.48E03 5.48E03 5.48E03 5.82E03
Plasma Liver 1 438601 4.38601 4.38E01 4.38E01 4.38E01 4.66E01
Plasma Other 1 4.69E+00 4.69E+00 4.69E+00 4.69E+00 4.69E+00 4.99E+00
Plasma Other 2 247E01 2.47E01 247E01 2.47E01 247E01 2.62E01
Plasma Other 3 2.19E02 2.19E02 2.19E02 2.19E02 2.19E02 2.33E02
Plasma Trab surface  1.04E+00 1.04E+00 1.04E+00 1.04E+00 1.04E+00 5.18E01
Plasma Cort surface  8.28E01 8.28E01 8.28601 8.28E01 8.28E01 4.14E01
RBC Plasma 3.47E01 3.47E01 3.47E01 3.47E01 3.47E01 3.47E01
Kidneys 1 UB content 1.39E+00 1.39E+00 1.39E+00 1.39E+00 1.39E+00 1.39E+00
Kidneys 2 Plasma 1.90E03 1.90E03 1.90E03 1.90E03 1.90E03 1.90E03
Liver 1 Plasma 3.12E01 3.12601 3.12E01 3.12E01 3.12E01 3.12E01
Liver 1 Liver 2 3.47E02 3.47E02 347602 3.47E02 3.47E02 3.47E02
Liver 2 Plasma 1.90E03 1.90E03 1.90E03 1.90E03 1.90E03 1.90E03
Other 1 Plasma 8.32E+00 8.32E+00 8.32E+00 8.32E+00 8.32E+00 8.32E+00
Other 2 Plasma 6.93E02 6.93E02 6.93E02 6.93E02 6.93E02 6.93E02
Other 3 Excreta 1.90E03 1.90E03 1.90E03 1.90E03 1.90E03 1.90E03
Spleen Plasma 1.90E03 1.90E03 1.90E03 1.90E03 1.90E03 1.90E03
Trab surface  Plasma 578601 5.78e01 5.78e01 5.78e01 5.78601 5.78E01
Trab surface Trabvolume 1l 1.16601 1.16601 1.16601 1.16601 1.16E01 1.16E01
Cort surface  Plasma 578601 5.78e01 5.78e01 5.78e01 5.78601 5.78E01

Cortsurface  Cortvolume 1 1.16601 1.16E01 1.16E01 1.16601 1.16E01 1.16E01
Trab volume 1 Trab surface 2.77E03 2.77E03 2.77E03 2.77E03 2.77E03 2.77E03
Trab volume 1 Trab volume 2 4.16E03 4.16E03 4.16E03 4.16E03 4.16603 4.16E03
Cortvolume 1 Cortsurface 2.77E03 2.77E03 2.77E03 2.77E03 2.77E03 2.77E03
Cortvolume 1 Cortvolume?2 4.16603 4.16E03 4.16E03 4.16603 4.16E03 4.16E03
Trab volume 2 Plasma 8.22E03 2.88E03 1.81E03 1.32E03 9.59E04 4.93E04
Cort volume 2 Plasma 8.22E03 2.88E03 1.53E03 9.04E04 5.21E04 8.21E05
3053  UB, urinary bladdeyrRC, right colon Cort, cortical; Trab, trabeculay RBC, red blood cells

3054 28.1.3.3.Treatment of radioactive progeny
3055 (310)The treatment of radioactive progeny produced in systemic compartments after intake

3056 of aradioisotope of tungsten is described in Section 31.2. F3ibication 151(ICRP, 2022)
3057
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3058 28.2. Dosimetric data for tungsten

3059 Table28.3. Committed effective dose coefficients (SvBdor the inhalation or ingestion of
3060 8W compounds.

Effective dose coefficients (Sv B

3m ly 5y 10y 15y Adult

Inhaled particulate materials; (1 um AMAD aerosols)

Type F 1.3E10 8.9E11 4.4E11 2.9E11 1.8E11 1.6E11
Type M, default 8.2E-10 7.0E10 3.8E10 2.5E10 1.8E10 1.8E10
Type S 1.5E09 1.3E09 7.2E10 4.8E10 3.5E10 3.6E10
Ingested materials

Tungstic acid 9.9E11 9.1E11 5.0E11 3.6E11 2.4E11 2.4E11
All other forms 2.6E10 1.4E10 8.1E11 5.4E11 3.8E11 3.2E11

3061 AMAD, activity median aerodynamic diameter
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29. RHE NI \¢ M7=5

29.1. Routes of Intake
29.1.1. Inhalation

(311)Forrhenium default parameter values were adopted on absorption to blood from the
respiratory tracflCRP, 2015) Absorption parameter values and types, and assotiatallies
for particulate forms ofheniumare given infable29.1[taken from SectioB82 of Publication
151(ICRP, 2022].

29.1.2. Ingestion
29.1.2.1.Adults

(312)In Publicatiors 30 and 72 (ICRP, 1980 1995¢, a fractional absorption value of 0.8
was recommended for all chemical forms of rhenium based on the chemical analogy with
technetium. InPublication 134(ICRP, 2016) an fa value of 0.9wasused for all chemical
forms of technetium in the workplacéhe samevalueof fa = 0.9 wasconsequentlyadopted
in Publication151 (ICRP, 2022)or all forms of rheniumin Publication 158ICRP, 2024), a
value offa = 0.5 was adopted for ingestion by adults of technetium in food, while for ingestion
of pertechnetate &a = 0.9 was used. In this publication, value$scf 0.5 for rhenium in food
andfa = 0.9 for all other forms of rhenium are adopted for ingestion by adult members of the
public.

29.1.2.2.Children

(313)The same values as usedPublication158for ingestion of technetium by children
areadoptedor rhenium in this publicatiorSo, or ingestion by dnonthold infants, aria = 1
is usedhere for all forms ofhenium. For older children, the adfitvalues are used.

Table29.1 Absorption parameter values for inhaled and ingested rhenium.
Absorption parameter valdes

Inhaled particulate materials fr s (dh s (d'Y)
Default parameter values

Absorption type

F 1 30 i
MO 0.2 3 0.005
S 0.01 3 1x104

Ingested materials

Age-dependent absorption from the alimentary tract,

Assigned forms 3 months 1 year 5 years 10 years 15 years adult
Rhenium in food 1 0.5 0.5 0.5 0.5 0.5
All other forms 1 0.9 0.9 0.9 0.9 0.9

"It is assumed that the bound state can be neglected for rhéréui= 0). The values of for Type F, M and S

forms of rhenium (30, 3 and 3'despectively) are the general default values.

AFor inhaled material deposited in the respiratory tract and subsequently cleared by particle transport to the
alimentary tract, the defaul values for inhaled materials are applied. the product of for the absorption type

and thefa value for ingested soluble forms of rheniapplicable to the aggroup of interesfe.g.0.9for adults.
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Pefault Type M is recommended for use in the absence of specific information on which the exposure material
can be assigned to an absorption typg. if the form is unknown, or if the form is known but there is no
information available on the absorption of that form from the respiratory.tract
SActivity transferred from systemic compartments into segments of the alimentary tract is assumed to be subject
to reabsorption to blood. The default absorption fracicior the secreted activity is the highest value for any
form of the radionuclidapplicable to the aggroup of intereste.g.0.9for adults.

29.1.3.

Systemic distribution, retention and excretion ofrhenium

29.1.3.1.Biokinetic data

(314)Rhenium (Re) is the heaviest naturally occurring element in Group VIIB of the period
table. It is a close physiological analogue of the Group VIIB element technetium, presumably
due to the combination of the similar ionic radii and chemical properties of these elements
(Deutsch et al., 1986; Dadachova et al., 2002; Zuckier et al., 2004). Rhenium and technetium
have similar coordination chemistry, often resulting in isostructural rhenium and technetium
complexes. These elements become covalently bound with oxide ions to form the structurally
similar anions perrhenate (Rgj0and pertechnetate (Te®in the body, which have medical
applications as physiological analogues of iodide (Dadachova et al., 2002).

29.1.3.2.Biokinetic model for systemic rhenium

(315)The agespecific biokinetic model for systemic technetium applied in Part 1 of this
report series on dose coefficients for members of the public (IC&RB) is also applied to
rhenium. The model structure is shownFig. 29.1. Transfer coefficients are listed in Table
transfer
specific bone turnover rates are assigned to transfers from bone volume compartments to blood.
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3118 Table 29.2. Agespecific transfer coefficients for rhenium
Transfer coefficients (8§

Pathway 100d ly 5y 10y 15y Adult
Blood Thyroid 1 7.00E+00 7.00E+00 7.00E+00 7.00E+00 7.00E+00 7.00E+00
Blood Other 1 7.19E+01 7.19E+01 7.19E+01 7.19E+01 7.19E+01 7.19E+01
Blood Other 2 3.00E+00 3.00E+00 3.00E+00 3.00E+00 3.00E+00 3.00E+00
Blood Other 3 1.80E01 1.80E01 1.80E01 1.80E01 1.80E01 1.80EO1
Blood UB content 1.70E+00 1.70E+00 1.70E+00 1.70E+00 1.70E+00 1.70E+00
Blood S-glands 2.60E+00 2.60E+00 2.60E+00 2.60E+00 2.60E+00 2.60E+00
Blood Stomach wall 4.30E+00 4.30E+00 4.30E+00 4.30E+00 4.30E+00 4.30E+00
Blood Kidneys 1 7.0001 7.00E01 7.00E01 7.00E01 7.00E01 7.00EO1
Blood Kidneys 2 4.00E02 4.00E02 4.00E02 4.00E02 4.00E02 4.00E02
Blood Liver 1 450E+00 4.50E+00 4.50E+00 4.50E+00 4.50E+00 4.50E+00
Blood RC wall 3.40E+00 3.40E+00 3.40E+00 3.40E+00 3.40E+00 3.40E+00
Blood Cort surface 3.50E01 3.50E01 3.50E01 3.50E01 3.50E01 3.50E01
Blood Trab surface 3.50E01 3.50E01 3.50E01 3.50E01 3.50E01 3.50EO01
Thyroid 1 Blood 1.00E+02 1.00E+02 1.00E+02 1.00E+02 1.00E+02 1.00E+02
Thyroid 1 Thyroid 2 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00
Thyroid 2 Blood 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00
Other 1 Blood 5.00E+01 5.00E+01 5.00E+01 5.00E+01 5.00E+01 5.00E+01
Other 2 Blood 4.62E01 4.62E01 4.62E01 4.62E01 4.62E01 4.62E01
Other 3 Blood 3.47E02 3.47E02 3.47E02 3.47E02 3.47E02 3.47E02
S-glands Oral cavity 5.00E+01 5.00E+01 5.00E+01 5.00E+01 5.00E+01 5.00E+01
Stomach wall St content 5.00E+01 5.00E+01 5.00E+01 5.00E+01 5.00E+01 5.00E+01
Kidneys 1 UB content 8.32E+00 8.32E+00 8.32E+00 8.32E+00 8.32E+00 8.32E+00
Kidneys 2 Blood 3.47E02 3.47E02 3.47E02 3.47E02 3.47E02 3.47E02
Liver 1 Blood 8.23E+00 8.23E+00 8.23E+00 8.23E+00 8.23E+00 8.23E+00
Liver 1 Liver 2 8.32E02 8.32E02 8.32E02 8.32E02 8.32E02 8.32E02
Liver 2 Blood 3.47E02 3.47E02 3.47E02 3.47E02 3.47E02 3.47E02
RC wall RC content ~ 1.39E+00 1.39E+00 1.39E+00 1.39E+00 1.39E+00 1.39E+00
Cort surface  Blood 457601 45701 45701 45701 457601 4.57E01
Cort surface  Cortvolume 4.62E03 4.62E03 4.62E03 4.62E03 4.62E03 4.62E03
Trab surface Blood 457601 45701 45701 45701 457601 4.57E01
Trab surface Trab volume 4.62E03 4.62E03 4.62E03 4.62E03 4.62E03 4.62E03
Cort volume  Blood 8.22E03 2.88603 1.53E03 9.04E04 5.21E04 8.21E05
Trab volume Blood 8.22E03 2.88E03 1.81E03 1.32E03 9.59E04 4.93E04

3119 UB, urinary bladderRC, right colon Cort, cortical; Trab, trabeculay S-glands salivary glands

3120 29.1.3.3.Treatment of radioactive progeny

3121 (316) The treatment of radioactive progeny produced in systemic compartments after intake

3122 of aradioisotope of rhenium is described in Section 32.28Rublication151(ICRP, 2022.

3123
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3124 29.2. Dosimetric data for rhenium

3125 Table 29.3. Committed effective dose coefficients (S#)Eqr the inhalation or ingestion of
3126 '8Re compounds.

Effective dose coefficients (Sv B

3m ly 5y 10y 15y Adult

Inhaled particulate materials; (1 um AMAD aerosols)

Type F 3.0E09 2.1E09 8.8E10 5.1E10 3.1E10 2.4E10
Type M, default 2.6E09 1.9E09 9.9E10 6.6E10 4.9E10 4.4E10
Type S 2.4E09 1.8E09 1.0E09 6.9E10 5.3E10 4.8E10
Ingested materials

Rhenium in food 5.6E09 2.3E09 1.2E09 7.2E10 4.8E10 3.7E10
All other forms 5.6E09 3.7E09 1.9E09 1.1E09 7.3E610 5.5E10

3127 AMAD, activity median aerodynamic diameter

3128
3129 Table 29.4. Committed effective dose coefficients (S#)Hqr the inhalation or ingestion of
3130 !%%Re compounds.

Effective dose coefficients (Sv By

3m ly 5y 10y 15y Adult

Inhaled particulate materials; (1 um AMAD aerosols)

Type F 2.5E09 1.8E09 8.1E10 5.1E10 3.2E10 2.4E10
Type M, default 2.0E09 1.4E09 7.0E10 4.9E10 3.4E10 2.8E10
Type S 1.8E09 1.3E09 6.6E10 4.7E10 3.3E10 2.9E10
Ingested materials

Rhenium in food 4.9E09 2.5E09 1.4E09 9.2E10 6.2E10 4.7E10
All other forms 4.9E09 3.6E09 2.0E09 1.2E09 8.4E10 6.2E10

3131 AMAD, activity median aerodynamic diameter

3132
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3133 30. OS M1 UMZ7=F

3134 30.1. Routes of Intake
3135 30.1.1. Inhalation

3136 (317)For osmium default parameter values were adopted on absorption to blood from the
3137 respiratory tracfiCRP, 2015) Absorption parameter values and types, and assotiatellies

3138 for particulate forms obsmiumare given inTable 3.1[taken from SectioB3 of Publication

3139 151(ICRP, 2022]).

3140 30.1.2. Ingestion
3141 30.1.2.1.Adults

3142 (318)In Publicatiors 30, 72 and 151 (ICRP, 1980 1995c, 202p a fractional absorption
3143 value of 0.01 was recommended fogestion ofall forms of osmium based on the chemical
3144 analogy with iridium.The same value dih = 0.01 is adopted here for all chemical forms of
3145 osmiumingested by adult members of the public

3146 30.1.2.2.Children

3147 (319)The same values as usedPblication158 (ICRP,2024) for ingestion of iridium by
3148 children areadoptedor osmium in this publication. So, for ingestion byn®nthold infants,
3149 anfa = 0.02 is used here for all forms aémium. For older children, the adult valuefot
3150 0.01is used.
3151
3152 Table 3.1 Absorption parameter values for inhaled and ingested osmium.

Absorption parameter values

Inhaled particulate materials fr s (d'Y) s (d'Y)
Default parameter valugs

Absorption type

F 1 30 i
MO 0.2 3 0.005
S 0.01 3 1x104

Ingested materials

Age-dependent absorption from the alimentary triact,

Assigned forms 3 months 1 year 5 years 10 years 15 years adult
All compounds 0.02 0.01 0.01 0.01 0.01 0.01

3153 “ltis assumed that the bound state can be neglected for ogimeuim= 0). The values of for Type F, M and S

3154  forms of osmium (30, 3 and 3'despectively) are the general default values.

3155 Aor inhaled material deposited in the respiratory tract and subsequently cleared by particle transport to the
3156 alimentary tract, the defaul values for inhaled materials are appliee. the product of; for the absorption type

3157  and thefa value for ingested soluble forms of osmiapplicable to the aggroup of intereste.g.0.01for adulty.

3158 Default Type M is recommended for use in the absence of specific information on which the exposure material
3159 can be assigned to an absorption tyeg. if the form is unknown, or if the form is known but there is no
3160 information available on the absorption of that form from the respiratory.tract

3161 SActivity transferred from systemic compartments into segments of the alimentary tract is assumed to be subject
3162 to reabsorption to blood. The default absorption fracticior the secreted activity is the highest value for any
3163 form of the radionuclidapplicable to the aggroup of intereste.g.0.01for adulty.
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30.1.3. Systemic distribution, retention and excretion ofosmium
30.1.3.1.Biokinetic data

(320)Osmium (Os) is a member of the platinum group, which also includes platinum,
iridium, ruthenium, rhodium, and palladium. Results of studies on rodents indicate similar
systemicbehaviouracross the platinum group following administration of relatively soluble
forms (Durbin et al., 1957; Durbin, 1960; Moore et al., 1975a, 1975b, 1975c; Weininger et al.,
1990; Jamre et al., 2011). Limited comparative data indicate that the systemic kinetics of
osmium is particularly close to that of platinum. Relatively high concentrations of the platinum
elements are seen in the kidneys and liver at early times after injection (Durbin et al., 1957,
Durbin, 1960; Weininger et al., 1990; Jamre et al., 2011). Excretion is mainly in urine.

30.1.3.2.Biokinetics model for systemic osmium

(321)The biokinetic model for systemic osmium applied to workerBublication 151
(2022) is applied here to adult members of the public. The same model is applied to preadults
except that osmiumeaching a bone volume compartment is assumed to be removed to blood
at the reference agspecific rate of turnover of that bone type (ICRP, 2002).

(322) The model structure is shown kig. 30.1. Transfer coefficients are listed in Table
30.2.

, Other :
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Fig. 30.1. Structure of the biokinetic model for systemic osmiunmsn®dll intestine.
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3184 Table 30.2. Agespecific transfer coefficients for osmium

3185
3186

3187
3188
3189

Transfer coefficients (8

Pathway 100d ly S5y 10y 15y Adult
Blood 1 Sl content 3.00E+00 3.00E+00 3.00E+00 3.00E+00 3.00E+00 3.00E+00
Blood 1 UB content  2.30E+01 2.30E+01 2.30E+01 2.30E+01 2.30E+01 2.30E+01
Blood 1 Liver 1 1.20E+01 1.20E+01 1.20E+01 1.20E+01 1.20E+01 1.20E+01
Blood 1 Kidneys 1 1.07E+01 1.07E+01 1.07E+01 1.07E+01 1.07E+01 1.07E+01
Blood 1 Kidneys 2 3.30E01 3.30E01 3.30E01 3.30E01 3.30E01 3.30E01
Blood 1 Blood 2 2.70E+01 2.70E+01 2.70E+01 2.70E+01 2.70E+01 2.70E+01
Blood 1 Other 1 1.50E+01 1.50E+01 1.50E+01 1.50E+01 1.50E+01 1.50E+01
Blood 1 Other 2 2.50E+00 2.50E+00 2.50E+00 2.50E+00 2.50E+00 2.50E+00
Blood 1 Other 3 2.50E+00 2.50E+00 2.50E+00 2.50E+00 2.50E+00 2.50E+00
Blood 1 Cort surface 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00
Blood 1 Trab surface 3.00E+00 3.00E+00 3.00E+00 3.00E+00 3.00E+00 3.00E+00
Blood 2 Blood 1 6.93E01 6.93E01 6.93E01 6.93E01 6.93E01 6.93E01
Liver 1 Blood 1 9.70E02 9.70E02 9.70E02 9.70E02 9.70E02 9.70E02
Liver 1 Sl content 3.47E02 3.47E02 3.47E02 3.47E02 3.47E02 3.47E02
Liver 1 Liver 2 6.93E03 6.93E03 6.93E03 6.93E03 6.93E03 6.93E03
Liver 2 Blood 1 3.80E03 3.80E03 3.80E03 3.80E03 3.80E03 3.80E03
Kidneys 1 UB content 1.39601 1.39E01 1.39E01 1.39E01 1.39E01 1.39E01
Kidneys 2 Blood 1 3.80E03 3.80E03 3.80E03 3.80E03 3.80E03 3.80E03
Other 1 Blood 1 9.90E02 9.90E02 9.90E02 9.90E02 9.90E02 9.90E02
Other 3 Blood 1 2.31E02 2.31E02 2.31E02 2.31E02 2.31E02 2.31E02
Other 2 Blood 1 9.50E04 9.50E04 9.50E04 9.50E04 9.50E04 9.50E04
Cort surface  Blood 1 7.92E02 7.92E02 7.92E02 7.92E02 7.92E02 7.92E02
Trab surface Blood 1 7.92E02 7.92E02 7.92E02 7.92E02 7.92E02 7.92E02

Cort surface Cortvolume 198602 1.98602 1.98E02 1.98E02 1.98e02 1.98E02
Trab surface Trab volume 1.9802 1.98e02 1.98602 1.98602 1.98E02 1.98E02
Cort volume Blood 1 8.22E03 2.88e03 1.53E03 9.04E04 5.21E04 8.21E05
Trab volume Blood 1 8.22E03 2.88E03 1.81E03 1.32E03 9.59E04 4.93E04

UB, urinary bladderSl, small intestine Cort, cortical; Trab, trabecular
30.1.3.3. Treatment of radioactive progeny

(323)The treatment of radioactive progeny produced in systemic compartments after intake
of a radioisotope of osmium is described in Section 33.28Rublication151(ICRP, 2022.
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3190 30.2. Dosimetric data for osmium

3191 Table30.3. Committed effective dose coefficients (SvBdor the inhalation or ingestion of
3192 1%0s compounds.

Effective dose coefficients (Sv B

3m ly 5y 10y 15y Adult
Inhaled particulate materials; (1 um AMAD aerosols)
Type F 1.7608 1.5E08 8.4E09 5.2E09 4.2E09 3.8E09
Type M, default 6.1E08 5.7E08 3.3E08 2.2E08 1.8E-08 1.8E08
Type S 2.8E07 2.8E07 1.9E07 1.4E07 1.3E07 1.4E07

Ingested materials
All compounds 2.8E09 1.8E09 1.1E09 7.0E10 4.8E10 4.6E10

3193 AMAD, activity median aerodynamic diameter
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31. PLATI NUZNEB

31.1. Routes of Intake
31.1.1. Inhalation

(324)For platinum default parameter values were adopted on absorption to blood from the
respiratory tracflCRP, 2015) Absorption parameter values and types, and assotiatallies
for particulate forms gblatinumare given inTable 3..1[taken from SectioB4 of Publication
151(ICRP, 2022].

31.1.2. Ingestion
31.1.2.1.Adults

(325)The gastrentestinal absorption of soluble platinum in human and animal studies
appears to be in the order of a percent, Reklication 151(ICRP, 2022) for detailsln
Publicatiors 30 and 72 (ICRP, 1981 19959, a fractional absorption value of 0.01 was
recommended for all chemical forms of platinum. The same vedgaisedn Publication151
for soluble forms of platinum. For metallic, oxide and hydroxide platinum comgpund
Publication 15luseda lowerfa = 0.001.The values ofa = 0.01 for soluble forms of platinum
and for platinum in digiandfa = 0.001 for platinum metal, oxide and hydroxide are adopted
here for ingestion by adult members of the public.

31.1.2.2.Children

(326)In a study by Moore et al (1975a), a twice higher retention was observed in suckling
rats than in adult rats only for one day after oral administration. For one week thereafter, the
fractional retention was similar in suckling and adult r@tmsistently with these data and with
the approachof Publication56 (ICRP, 1990), aria = 0.02 is adopted here fargestion of
soluble platinum forms bg-monthold infants while the valuefa = 0.01 is used for older
children.The values ofa = 0.002 anda = 0.001 are used for ingestion of platinum metal,
oxide and hydroxide b$-monthold infants and by older children, respectively.

Table 3.1 Absorption parameter values for inhaled and ingested platinum.
Absorption parameter valdes

Inhaled particulate materials fr s (d'Y) s (d'Y)
Default parameter valugs

Absorption type

F 1 30 i
MO 0.2 3 0.005
S 0.01 3 1x104

Ingested materials

Age-dependent absorption from the alimentary tract,

Assigned forms 3 months 1 year S5years 10years 15years adult
Soluble formsand platinum in diet  0.02 0.01 0.01 0.01 0.01 0.01
Metal, oxide and hydroxide 0.002 0.001 0.001 0.001 0.001 0.001

"It is assumed that the bound state can be neglected for plgiieufii= 0). The values o§ for Type F, M and
S forms of platinum (30, 3 and 3'despectively) are the general default values.
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Aror inhaled material deposited in the respiratory tract and subsequently cleared by particle transport to the
alimentary tract, the defaudl values for inhaled materials are applied. the product of for the absorption type

and thefa value for ingested soluble forms of platinaplicable to the aggroup of intereste.g.0.01for adult.

Pefault Type M is recommended for use in the absence of specific information on which the exposure material
can be assigned to an absorption type. if the form is unknown, or if the form is known but there is no
information available on the absorption of that form from the respiratory.tract

SActivity transferred from systemic compartments into segments of the alimentary tract is assumed to be subject
to reabsorption to blood. The default absorption fracticior the secreted activity is the highest value for any

form of the radionuclidapplicable to the aggroup ofinterest(e.g.0.01for adultg.

31.1.3.  Systemic distribution, retention and excretion ofplatinum
31.1.3.1.Biokinetic data

(327)The chemically similar elements platinum, iridium, ruthenium, rhodium, palladium,
and osmium are found together in nature and are referred to as the platinum group. Biokinetic
studies indicate broadly similar systenbiehaviouracross the platinum group (Durbin et al.,
1957; Durbin, 1960; Moore et al., 1975b; Weininger et al., 1990; Jamre et al., 2011). These
elements typically show a high urinary excretion rate and high deposition in the kidneys and
liver at early times after injection or absorption into blood.

(328)The systemidehaviourof platinum has been studied in laboratory animals and to
some extent in human subjects (Durbin et al., 1957; Durbin, 1960; Lange et al., 1973; Smith
and Taylor, 1974; Litterst et al., 1976; Yoakum et al., 1975; Moore et al., 1975a,b,c; Hirunuma
et al., 1997). Following intravenous administration of rgdatinum to rats, highest
concentrations generally were found in the kidneys, followed by the liver (Durbin et al., 1957,
Moore et al., 1975a,b,c). At 1 mo the rats contained roughly5%0 of the intravenously
injected activity (corrected for decay).

(329)The biokinetics of platinum has been studied in human subjects following
administration of the antitumor agent-8NHs)-Cl. labeled with!**"Pt (Lange et al., 1973;
Smith and Taylor, 1974). The systerbghaviournf the platinum label resembled that of other
forms of platinum administered to laboratory animals. In the study by Smith and Taylor (1974),
about 35% of the injected activity was excreted in urine during the first 8é&cdlexcretion
of the label was estimated as <10% over 4 d. A high rate of urinary excretion also was seen in
the study by Lange et al. (1973). The liver accumulated an estimated 10% of the injected
activity during the first day. The estimated biological Hieifes of the label in the liver and
total body during days-I were 8 d and 10 d, respectively.

31.1.3.2.Biokinetic model for systemic platinum

(8330)The biokinetic model for systemic platinum applied to workerBuiblication151
(ICRP, 2022) is applied here to adult members of the public. The same model is applied to
preadult ages except that platinum reaching a bone volume compartment is assumed to be
removed to blood at the reference agecific rate of turnover of that bone type (ICRP, 2002).
(8331)The model structure is shown fg. 31.1. Transfer coefficients are listed in Table
31.2.
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Fig. 31.1. Structure of the biokinetic model for systemic platinumsi8all intestine.

Table 31.2. Agespecific transfer coefficients for platinum

Transfer coefficients (8

Pathway 100d ly S5y 10y 15y Adult
Blood 1 Sl content 3.00E+00 3.00E+00 3.00E+00 3.00E+00 3.00E+00 3.00E+00
Blood 1 UB content  2.30E+01 2.30E+01 2.30E+01 2.30E+01 2.30E+01 2.30E+01
Blood 1 Liver 1 1.20E+01 1.20E+01 1.20E+01 1.20E+01 1.20E+01 1.20E+01
Blood 1 Kidneys 1 1.07E+01 1.07E+01 1.07E+01 1.07E+01 1.07E+01 1.07E+01
Blood 1 Kidneys 2 3.30E01 3.30E01 3.30E01 3.30E01 3.30E01 3.30E01
Blood 1 Blood 2 2.70E+01 2.70E+01 2.70E+01 2.70E+01 2.70E+01 2.70E+01
Blood 1 Other 1 1.50E+01 1.50E+01 1.50E+01 1.50E+01 1.50E+01 1.50E+01
Blood 1 Other 2 2.50E+00 2.50E+00 2.50E+00 2.50E+00 2.50E+00 2.50E+00
Blood 1 Other 3 2.50E+00 2.50E+00 2.50E+00 2.50E+00 2.50E+00 2.50E+00
Blood 1 Cort surface 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00
Blood 1 Trab surface 3.00E+00 3.00E+00 3.00E+00 3.00E+00 3.00E+00 3.00E+00
Blood 2 Blood 1 6.93E01 6.93E01 6.93E01 6.93E01 6.93E01 6.93E01
Liver 1 Blood 1 9.70E02 9.70E02 9.70E02 9.70E02 9.70E02 9.70E02
Liver 1 Sl content 3.47E02 3.47E02 3.47E02 3.47E02 3.47E02 3.47E02
Liver 1 Liver 2 6.93E03 6.93E03 6.93E03 6.93E03 6.93E03 6.93E03
Liver 2 Blood 1 3.80E03 3.80E03 3.80E03 3.80E03 3.80E03 3.80E03
Kidneys 1 UB content 1.39501 1.39E01 1.39E01 1.39E01 1.39E01 1.39E01
Kidneys 2 Blood 1 3.80E03 3.80E03 3.80E03 3.80E03 3.80E03 3.80E03
Other 1 Blood 1 9.90E02 9.90E02 9.90E02 9.90E02 9.90E02 9.90E02
Other 2 Blood 1 2.31E02 2.31E02 2.31E02 2.31E02 2.31E02 2.31E02
Other 3 Blood 1 9.50E04 9.50E04 9.50E04 9.50E04 9.50E04 9.50E04
Cort surface  Blood 1 7.92E02 7.92E02 7.92E02 7.92E02 7.92E02 7.92E02
Trab surface Blood 1 7.92E02 7.92E02 7.92E02 7.92E02 7.92E02 7.92E02
Cort surface Cortvolume 198602 1.98602 1.98E02 1.98E02 1.98e02 1.98E02
Trab surface Trab volume 1.98E02 19802 198602 1.98602 1.98E02 1.98E02
Cort volume Blood 1 8.22E03 2.88603 1.53E03 9.04E04 5.21E04 8.21E05
Trab volume Blood 1 8.22E03 2.88603 1.81E03 1.32E03 9.59E04 4.93E04

UB, urinary bladder Sl, small intestine Cort, cortical;, Trab, trabecular
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3269 31.1.3.3.Treatment of radioactive progeny

3270 (332)The treatment of radioactive progeny produced in systemic compartments after intake
3271 of aradioisotope of platinum is described in Section 34.28Rublication151(ICRP, 2022.

3272 31.2. Dosimetric data for platinum

3273 Table31.3. Committed effective dose coefficients (Sv-Bdor the inhalation or ingestion of
3274 %Pt compounds.

Effective dose coefficients (Sv By

3m 1y Sy 10y 15y Adult
Inhaled particulate materials (1 ym AMAD aerosols)
Type F 2210 18E10 9.7E11 509E11 4.1E11 4.0E11
Type M, default 5810 5.1F10 2.710 1710 1.2E10 1.1E10
Type S 3.8609 38E09 2.7E09 20E09 2.0E09 2.0E09

Ingested materials
Soluble forms and platinum in diet 3.811 2.3E11 1.2E11 8.1F12 4.8E12 3.5E12

Metal, oxide and hydroxide 20E11 16E11 7.7B12 55E12 3.0E12 1.8E12
3275  AMAD, activity median aerodynamic diameter
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32. GOL D Z7=9

32.1. Routes of Intake
32.1.1. Inhalation

(333)Information is availablefrom experimental studies on the behaviour of gold
nanoparticles (particles with at least one dimension < 100 nm) andadpelied insoluble
particles after deposition in the respiratory tr&ct: details see Section 85Publication151,
ICRP 2022 Absorption parameter values and types, and assodiatedues for particulate
forms of gold are given iable 2.1 [taken from SectioB5of Publication151(ICRP, 2022].

Table 2.1 Absorption parameter values for inhaled and ingested gold.
Absorption parameter values

Inhaled particulate materials fr s (dY) s (d'Y)
Default parameter valugs ©

Absorption type Assigned forms

F I 1 30 )
VH T 0.2 3 0.005
S Elemental gold, 0.01 3 1x10%

gold-labelled Teflon

Ingested materials

Age-dependent absorption from the alimentary triact,

Assigned forms 3 months 1 year 5 years 10 years 15 years adult
Gold in diet 0.4 0.2 0.2 0.2 0.2 0.2
All other forms 0.2 0.1 0.1 0.1 0.1 0.1

“It is assumed that the bound state can be neglected fofigolfi=0). The values o for Type F M, and S

forms of gold (30, 3, and 31l respectively) are the general default values.

Materials €.g. elemental gold) are listed here where there is sufficient information to assign to a default
absorption type, but not to give specific parameter vdsmaSection 3%f Publication151(ICRP 2023].

For inhaled material deposited in the respiratory tract and subsequently cleared by particle transport to the
alimentary tract, the defaudlt values for inhaled materials are applied. the product of for the absorption type

and thefa value for ingested soluble forms of g@gdplicable to the aggroup of interesfe.g.0.1for adults.

SDefault Type M is recommended for use in the absence of specific information on which the exposure material
can be assigned to an absorption type; for exarifpliee form is unknown, or if the form is known but there is

no information available on the absorption of that form from the respiratory tract.

TActivity transferred from systemic compartments into segments of the alimentary tract is assumed to be subject
to reabsorption to blood. The default absorption fracticior the secreted activity is the highest value for any

form of the radionuclidapplicable to the aggroup of interesfe.g.0.2 for adult}.

32.1.2. Ingestion
32.1.2.1.Adults

(334)Based on human and animal studieg, value offa = 0.1was usedor all chemical
forms of goldin Publicatiors 72 (ICRP, 1995cland 151 (ICRP, 2022) In Publication 100
(ICRP, 2006, Table D.23) a value of 0.4 was considered for organic comp@&incks.the
available studies indicate significant variability of gastri@stinal absorption,raintermediate
value offa = 0.2 is adofed here for gold in diet and the valuefof 0.1 is used for all other
forms of gold ingested by adult members of the public.
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32.1.2.2.Children

(335)Applying the approacbf Publication56 (ICRP, 1990)fa = 0.4 is used for ingestion
of dietary gold by infants anid = 0.2 is used for ingestion of other forms of gold by infants.
The adult values are used for older childrigrn= 0.2 for ingestion of dietary gold afg= 0.1
for ingestion of all other chemical forms.

32.1.3. Systemic distribution, retention and excretion ofgold
32.1.3.1.Biokinetic data

(336)The biokinetics of gold has been investigated in human subjects and laboratory
animals in studies related to its medical applications, particularly the use of stable gold for
treating rheumatoid arthritis and shtvied radioactive gold as an imaging agent (Freyberg, et
al., 1942; Block, et al., 1942, 1944; Jeffrey et al., 1958; Lawrence, 1961; Rubin et al., 1967;
McQueen and Dykes, 1969; Mascarenhas et al., 1972; Stiaagama et al., 1975; Gottlieb,
1983; Jellum et al., 1980assarellaandPearlman1987; Andersson et al., 1988; Bacso et al.,
1988; Brihaye and Guillaume, 1990). Other studies have addressed the bidlehaaburof
gold as a radioactive contaminant in the workplace or environment (Durbin, 1960; Fleshman
et al., 1966; Chertok and Lake, 1971a, 1971b, 1971c; Silva et al., 1973).

(337)Development of a representative biokinetic model for systemic gold in the human
body is complicated by the strong dependence in the distribution and residence times on several
factors including mode of administration, chemical form, and administered mass.

(338)For gold administered in low mass and relatively soluble form, it appears that much
of the absorbed or injected amount is excreted in the first week or two, but a nontrivial portion
may be retained up to several months or possibly years. Excretion is primarily in urine. Much
of the retained amount generally is found in the blood, liver, and kidneys. Most of the gold
found in blood is bound to plasma proteins.

32.1.3.2.Biokinetic model for systemic gold

(339)The biokinetic model for systemic gold appliedPimblication30, Part 2 (CRP,1980)
andPublication68 (CRP,1994) depicts a uniform distribution of absorbed gold (other than
an elevated concentration in the urinary bladder content) and a biologicéihtealbf 3 d.
Publication 151 (ICRP, 2022) introduced a more conservative biokinetic model for gold in
view of the widely varying systemic distributions and retention times for gold reported in the
literature. The biokinetic model for gold applied to worker®ublication151 (ICRP,2022)
depicts a nonuniform distribution of absorbed gold with relatively high concentrations in blood,
liver, and kidneys, and a relatively long retention time compared with the previous ICRP model.
For example, for the relatively lodiyed isotope'®®Au (Ti2 = 186.1 d), the modebf
Publication151 predicts a totabody content of about 24% of administered activity 30 d after
injection to blood, with about oré&ird of the retained amount in blood, liver, and kidneys.

(340)The biokinetic model for systemic gold applied to workeBublication151(ICRP,

2022) is applied in this report intake at any age. The structure of the biokinetic model for
systemic gold used in this report is showikig. 32.1. Transfer coefficients are listed in Table
32.2.
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3348 Fig.32.1. Structure of the biokinetic model for systemic gold.
3349

3350 Table 32.2. Agespecific transfer coefficients for gold
Transfer coefficients (8

Pathway 100d ly 5y 10y 15y Adult

Blood 1 Blood 2 1.00E01 1.00E01 1.00E01 1.00E01 1.00E01 1.00E01
Blood 1 Kidneys 1.00E01 1.00E01 1.00E01 1.00E01 1.00E01 1.00E01
Blood 1 Liver 1.00E01 1.00E01 1.00E01 1.00E01 1.00E01 1.00E01
Blood 1 Other 1 1.80E01 1.80E01 1.80E01 1.80E01 1.80E01 1.80E01
Blood 1 Other 2 1.00E01 1.0001 1.00e01 1.00E01 1.00801 1.00E01
Blood 1 UB content 3.00601 3.00E01 3.00801 3.00E01 3.00E01 3.00E01
Blood 1 RC content 1.00E01 1.00E01 1.00801 1.00E01 1.00801 1.00E01
Blood 1 Trab surface 1.00E02 1.00E02 1.00E02 1.00802 1.00E02 1.00E02
Blood 1 Cortsurface 1.00E02 1.00E02 1.00E02 1.00802 1.00E02 1.00E02
Blood 2 Blood 1 1.39801 1.39501 1.3901 1.39501 1.39E01 1.39E01
Kidneys UB content 6.93E02 6.93E02 6.93E02 6.93E02 6.93E02 6.93E02
Liver Blood 1 6.93E02 6.93E02 6.93E02 6.93E02 6.93E02 6.93E02
Other 1 Blood 1 6.93E02 6.93E02 6.93E02 6.93E02 6.93E02 6.93E02
Other 2 Blood 1 1.39E02 1.39602 1.39E02 1.39E02 1.39E02 1.39E02
Trab surface Blood 1 6.93E02 6.93E02 6.93E02 6.93E02 6.93E02 6.93E02
Cort surface  Blood 1 6.93E02 6.93E02 6.93E02 6.93E02 6.93E02 6.93E02

3351  UB, urinary bladdeySI, small intestine Cort, cortical; Trab, trabecular
3352 32.1.3.3.Treatment of radioactive progeny

3353 (341)The treatment of radioactive progeny produced in systemic compartments after intake
3354 of a radioisotope of gold is described in Sec86t2.3.3.0f Publication151(ICRP, 2022.

139



I‘Ri DRAFT REPORT FOR CONSULTATION: DO NOT REFERENCE

3355 32.2. Dosimetric data for gold

3356 Table 2.3. Committed effective dose coefficients (SvBdor the inhalation or ingestion of
3357 1%Au compounds.

Effective dose coefficients (Sv B

3m ly 5y 10y 15y Adult
Inhaled particulate materials (1 um AMAD aerosols)
Type F 1.2E09 7.8E10 3.8E10 2.4E10 1.6E10 1.5E10
Type M, default 3.4E09 2.8E09 1.6E09 1.0E09 7.5E10 7.4E10

Type S, elemental gold, 6.4E09 5.7E-09 3.2E09 2.1E09 1.5E09 1.5E09
gold-labelled Teflon

Ingested materials
Gold in diet 1.8E09 7.3E10 3.9E10 2.6E10 1.7E10 1.5E10

All other forms 9.8£10 4.6E10 2.5E10 1.6E10 1.1E10 1.0E10
3358 AMAD, activity median aerodynamic diameter
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33. ME R C U R YZ8=D

33.1. Routes of Intake
33.1.1. Inhalation

(342)Comprehensive information on the behaviour of inhaled mercury vapauailable
from both volunteer experiments and animal studies. Some information is also available from
experimental studies of volatile organic compounds and particulate forms. Several studies have
been reported following accidental intakes of mercury radioisotopes. For details see Section 36
of Publication151 (ICRP, 2022. Absorption parameter values and Types, and assodjated
values for gas and vapour forms of mercury are giverable 3.1 and for particulate forms
in Table 3.2[both taken from Section 3& Publication151 (ICRP, 2022].

(343)Exposures to both gas/vapour and particulate forms of mercury have occurred, and it
is therefore recommended in this series of documents that 50% particulate and 50% gas/vapour
should be assumed in the absence of informgtoRP, 2002a)

Table 33.1. Deposition and absorption for gas and vapour compounds of mercury.

Percentage deposited (%) Absorptiorf
Chemical form/origin Total ET, ET, BB Bb Al fr s(dh  s(dh
Mercury Vapour 80 0 2 1 2 75 0.94 1000 0.14

Age-dependent absorption from the alimentary triact,

Chemical form/origin 3 months 1 year S5years 10years 15years Adult
Mercury Vapour 0.47 0.094 0.094 0.094 0.094 0.094

ET,, anterior nasal passage;Zposterior nasal passage, pharynx and larynx; BB, bronchial; bb, bronchiolar; Al,
alveolarinterstitial.

*Percentage deposited refers to how much of the material in the inhaled air remains in the body after exhalation.
Almost all inhaled gas molecules contact aingayfaces butisually return to the air unless they dissolve in, or
react with, the surface lining. The distribution between regions is material specific: 2%% BB, 2% bb, and
75% Al

AFor mercury, it is assumed that a bound fraction 0.24 with an uptake rag = 2.1 d* is applied throughout

the respiratory tract except in the H€gion.

For inhaled material deposited in the respiratory tract and subsequently clgapadtitle transport to the
alimentary tract, the default values for inhaled materials are applied: i.e. the produefafthe absorption type

(or specific value where given) and thaevalue for ingested soluble forms of mercieyg.0.1 for adultsand 0.5

for infants.

141



3387

3388
3389
3390
3391
3392
3393
3394
3395
3396
3397
3398
3399
3400
3401
3402

3403
3404

3405
3406
3407
3408
3409
3410
3411
3412
3413
3414
3415
3416
3417
3418

I‘Ri DRAFT REPORT FOR CONSULTATION: DO NOT REFERENCE

Table 3.2 Absorption parameter values for inhaled and ingested mercury.
Absorption parameter valdes

Inhaled particulate materials fr s (d'Y) s (d'Y)
Default parameter valuges ©

Absorption type  Assigned forms

F | 1 30 T
VE Mercuric oxide 0.2 3 0.005
S T 0.01 3 1x104

Ingested materials

Age-dependent absorption from the alimentary triact,

Assigned forms 3 months 1vyear 5 years 10 years 15 years adult
All inorganic forms 0.5 01 01 0.1 0.1 0.1
Methyl mercury 1 1 1 1 1 1
Other organic forms 0.8 04 04 04 04 0.4

and mercury in diet

"For mercury, it is assumed that a bound fracfion 0.24 with an uptake rasg = 2.1 d* is applied throughout

the respiratory tract except in the #€gion. The values ¢ for Type F, M and S forms of mercury (30, 3 and 3

d'* respectively) are the general default values.

Materials €.g.mercuric oxide) are generally listed here where there is sufficient information to assign to a default
absorption type, but not to give specific parameter vdkmsSection 36f Publication151(ICRP, 2022)].

For inhaled material deposited in the respiratory tract and subsequently cleared by particle transport to the
alimentary tract, the defaiflt values for inhaled materials are applied: i.e. the produefafthe absorption type

(or specific value where given) and thevalue for ingested soluble forms of mercapplicable to the aggroup

of interest(e.g.0.1 for adults.

SDefault Type M is recommended for use in the absence of specific information on which the exposure material
can be assigned to an absorption type. if the form is unknown, or if the form is known but there is no
information available on the absorption of that form from the respiratory.tract

TActivity transferred from systemic compartments into segments of the alimentary tract is assumed to be subject
to reabsorption to blood. The default absorption fracticior the secreted activity is the highest value for any

form of the radionuclidepplicable to the aggroup of interesfl).

33.1.2. Ingestion
33.1.2.1.Adults

(344)Conversion to methyl mercury by marine organism is an itapbrstep of the
population exposure to mercury (Nelson et al., 19Ujman and animal studies indicate that
elemental mercury is virtually unabsorbetbrganic salts exhibit absorption in the orderiof 8
15% andthe absorption of methyl mercury from the gastrointestinal tract appears to be almost
complete in humans and animals (Cooper, 1985; Nordberg and Sherfving, 1972; Kojima and
Fujita, 1973, ATSDR, 1999; EFSA, 2012). The fractional absorption of mercuric acetate is
about 0.2 and that of phenyl mercury salts is typically 0.4 or higher. Methyl mercury shows
some absorption from the stomach (Sasser et al., 1978).

(345)In Publication 151(ICRP, 2022)a value ofa = 0.1was usedor all formsof mercury
ingested at the workplackn Publication 72(ICRP, 1995c), fractional absorptions of 0.02, 1
and 0.4 were used respectively for ingestion of inorganic forms of meroetityl mercury
and other organic forms of mercuty.this publication fa valuesof 0.1, 1 and 0.4 are adopted
respectively for ingestion of inorganic forms of mercungthyl mercury and other organic
forms of mercury by adult members of the public.
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33.1.2.2.Children

(346)In oneweek suckling mice, the fractional absorption of mercuric chloride was
increased to 38%, compared with 1% in adults (7% for adult mice fed milk diet; Kostial et al.,
1978). The 1h duodenal absorption of mercuric chloride was also significantly greatet-in 6
old neonatal rats (18.1%) as compared ted2Beanling (7.3%) or mature animd[3.6%;
Walsh, 1982).These data indicate an increase of gastrointestinal absorption of inorganic
mercury in the order of a factor of five at youngest ages. Consistintigiues of 0.5, 1 and
0.8 are adoptekdererespectively for ingestion of inorganic forms of mercumgthyl mercury
and other organic forms of mercury by infants. For older children, the adult valises 0f1,

1 and 0.4espectivelyare adopted.

33.1.3.  Systemic distribution, retention and excretion ofmercury
33.1.3.1.Biokinetic data

(347)This section summarizes data on the systdmeitaviourof three environmentally
important forms of mercury and describes the models applied to these forms in this report:
divalent inorganic mercury (Mg, mercury vapor (Hyvapor), and methyl mercury (GHg",
also written as MeHg. These forms initially exhibit distinct kinetics in the body, bufHg
(always used below to refer to mercury vapor) and Medtg both converted to Kgin the
body. The conversion occurs quickly for Haut over a period of several weeks for MéHg
The biokinetic models for Hgand MeHg depict their initial distributions in systemic
repositories and their subsequent movement into compartments of the systemic modé| for Hg
after which thebehaviourf Hg is governed by the biokinetic model for systemié'Hg

(@) Data for mercury vapor and divalent inorganic mercury

(348)Data on the systemic kinetics of Hand Hg* are discussed together because their
systemicbehavioursare often investigated in the same studies, dstégen up by RBC or
tissues is soon oxidized to Mg

(349)Blood clearance of Hg has been investigated in controlled studies of human subjects
who inhaled Hffor a brief period (Hursh et al., 1976, 1980; Cherian et al., 1978; Sandborgh
Englund et al., 1998; Jonsson et al., 1999) and in studies of workers after their removal from
chronic exposure to HgBarregard et al., 1992; Sallsten et al., 1993). A substantial portion of
inhaled H§ moves rapidly into blood, and a smaller portion is oxidized t&'iHghe lungs,
followed by slower absorption to blood. Hat enters blood is rapidly taken up by red blood
cells (RBC) or tissues, or exhaled (Teisinger and FiseBargerova, 1965; Magos et al.,
1989). The portion entering RBC and tissues is soon oxidized’o Hg

(350)Data for human subjects acutely exposed téugler controlled conditions and data
for workers just removed from exposure to®Hgdicate an initial removal hatfme of Hg*
from blood of about 3 d. A relatively lortgrm component of blood retention (kathe, 18
45 d) has been observed in workers removed from chronic exposure to Hg. Studies of animals
administered Hff salts indicate an initially rapid (minutes to hours) disappearance of mercury
from blood and longer retention of a substantial portion of the amount entering blood (Rothstein
and Hayes, 1960; Clarkson and Rothstein, 1964).

(351)The kidneys have a high affinity for mercury. In laboratory animals exposed briefly
to Hd via inhalation, the kidneys gradually accumulated as much-85%#of the initial body
burden over a period of days. The kidneys initially took up only a few percent of inhdled Hg
but continued to accumulate Hghat was absorbed more slowly from the lungs to blood or
returned from relatively shoterm systemic repositories to blood. External measurements on
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human subjects acutely exposed to°Hy Hg?* compounds also show considerable
accumulation of mercury in the kidneys (Hursh et al., 1976, 1980; Newton and Fry, 1978).
Autopsy data from studies of persons environmentally or occupationally exposed to mercury
showed a much higher concentration of Hg in the kidneys than in the rest of the body (Barregard
et al., 1999; Zhu et al., 2010).

(352)External measurements on human subjects following brief inhalation®dh#igate
a mean biological halime of 52 d (range, 380 d) for mercury in the kidneys (Hursh et al.
1976, 1980). External measurements on subjects accidentally exposed to aerosols of mercury
indicate a mean hatfme of 49 d (range, 380 d) (Newton and Fry, 1978).

(353)In laboratory animals exposed briefly to Hyg air, the liver typically accumulated 3
6% (range, 2L8%) of the initial body burden shortly after intake. The collective data suggest
a slight rise in the liver content over the first few days after inhalation &fHigher initial
uptake by the liver was seen after intravenous injection witii tign after inhalation of Hg
(Hayes and Rothstein, 1962; Magos et al., 1989). Mercury was generally removed from the
liver with a halttime of a few days.

(354)HgP carried in plasma to the brain readily crosses the bbwauh barrier. Hg that
enters the brain is converted to #gwhich moves slowly across the blebrhin barrier to
blood. After acute inhalation of Hdpy squirrel monkeys, rats, mice, rabbits, and guinea pigs,
the peak mercury content in the brain typically w94 of the initial body burden, which is
considerably higher than uptake of circulatingH@erlin et al., 1966, 1969). The subsequent
pattern of uptake and retention by brain is broadly consistent across species, despite the large
variation in brain size as a fraction of tebaldy weight. Data for laboratory animals indicate
a biological haktime on the order of 10 d for the preponderance &f Heposited in the brain.
External measurements over the head in human subjects suggéistésih the range 129
d (Hursh et al., 1976, 1980; Newton and Fry, 1978). Liengn retention of a small portion of
mercury entering the brain could not be dismissed in human or laboratory animal studies.

(355)More than half of H§or Hg* entering blood is deposited in massive soft tissues such
as muscle, skin, and fat. The mercury that accumulates in these tissues declines over days or
weeks as it redistributes largely to the kidneys and to a lesser extent to the liver. After inhalation
of HgP by rats for a period of 5 h, the kidneys and liver accounted for about 20% of retained
mercury at the end of exposure, 40% after 1 d, 50% after 5 d, and 67% after 15 d (Hayes and
Rothstein, 1962). In rats injected with #igkidneys and liver accounted for about 10% of the
systemic burden after 4 h, 40% after 1 d, 70% after 6 d, 88% after 15 d, and 91% after 52 d
(Rothstein and Hayes, 1960). External measurements on human subjects exposedlso Hg
indicate that much of the mercury deposited in soft tissues other than kidneys is removed over
a few weeks.

(356)Urinary mercury appears to originate predominantly from‘istpred in the kidneys
(Barregard, 1993; Clarkson, 1997). In human subjects, the peak concentration of mercury in
urine occurs B weeks after sheterm inhalation of HY(Barregard, 1993), in parallel with
the peak kidney content. Following inhalation of°Hmore than half of absorbed Hgs
removed from the body in urine. Initially, the ratefaécalexcretion is much higher than that
of urinary excretion, but this relation reverses over a few weeks. At times remote from exposure,
daily urinary losses are considerably larger tla@callosses (Hursh et al., 1976, 1980; Newton
and Fry, 1978; Jonsson et al., 1999). Analysis of excretion data for human subjects who inhaled
Hg® for a short period (Jonsson et al., 1999) indicate that cumulédiseal excretion
represented roughly 280% of the initial body burden. Results of animal studies indicate that
faecal excretion of mercury may arise from a combination of biliary secretion and other
secretions across the intestinal wall that are most prominent in the small intestine (Gregus and
Klaassen, 1986; Zalups, 1998).

144



3513
3514
3515
3516
3517
3518
3519
3520
3521
3522
3523
3524
3525
3526
3527
3528

3529

3530
3531
3532
3533
3534
3535
3536
3537
3538
3539
3540
3541
3542
3543
3544
3545
3546
3547
3548
3549
3550
3551
3552
3553
3554
3555
3556
3557
3558
3559
3560

I‘Ri DRAFT REPORT FOR CONSULTATION: DO NOT REFERENCE

(357)In addition to losses in urine afmkeces mercury is removed from the systemic fluids
and tissues by exhalation of Hgnd small amounts are lost through sweat, hair, and other
routes. Exhalation of Hgoccurs over a period of at least several days, either after
administration of mercuric salts or inhalation of°HGlarkson and Rothstein, 1964; Hursh et
al., 1976; Cheria et al., 1978; Berlin, 1986; Jonsson et al., 1999). Hursh et al. (1976) estimated
that approximately 7% of the initial body burden was exhaled in expired air over the first few
days after acute inhalation of Hgy human subjects. The rate of exhalation of mercury was
highest soon after intake and declined with a-hailé of 1-2 d.

(358)Rahola et al. (1972) administered¥grally to 10 healthy adult humans (5 males and
5 females). Two subjects were givéfHg(NOs). in water, and the other eight subjects were
given?®Hg bound to caffiver paste. On average about 15% of the administered activity was
absorbed to blood. The mean biological Hiddf of the absorbed mercury as measured from
about 1015 d to about 70 d post intake was 42 + 3 (SD) d. Estimated medivésih females
and males were 37 + 3d and 48 + 5 d, respectively. Little activity was retained in blood beyond
the first day after intake. During the first 50 d the ratio of the tracer in RBC to that in plasma
was about 0.4.

(b) Data for methyl mercury

(359)Aberg et al. (1969) studied the distribution and excretioff¥fg following its oral
administration as C¥*HgNQO; to three healthy males, ages@# y. Urine andaeceswere
collected up to 10 d from Subject A, 49 d from Subjects B and C, and occasionally from Subject
B from 5071 d post administration. Blood samples were collected occasionally from all three
subjects in the first two days. Hair samples were collected from Subjects B and C at regular
haircuts. External measurements of activity in the total body and selected regions of the body
were performed on all subjects up to ~ 8 mo. The concentration of activity in RBC was roughly
10 times that in blood plasma from 15 min to 24 d post administration. The blood content
peaked at & h. Excretion was primarily vitaecesand represented 13.0, 13.6, and 14.2% of
the administered tracer (adjusted for radioactive decay) through 10 d for the 3 subjects and 33.4
and 34.7% through 49 d for Subjects B and C, respectively. An estimated average of 6% of the
ingested activity was not absorbed to blood or soon secreted back into the intestines. Loss in
urine represented <0.3% of the administered amount through 10 d for the 3 subjects and about
3.3% through 49 d for each of the subjects B and C. A maximum concentration in hair of
0.12% per g hair was found 48D d post ingestion. The liver accumulated roughly half and the
head (including hair) roughly a tenth of the administered amount. Activity was lost more slowly
from the head than other body regions. T-biadly retention after the first few days was closely
fit by a single exponential term for each subject. The indicated biologicdtirals for the 3
subjects were 70.4, 73.7 d, and 74.2 d. The authors pointed out that the obsertistebalf
were consistent with values estimated in studies involvinggi&ing subjects who changed to
diets without fish.

(360)Miettinen et al. (1971) studied the kinetics BfHg-labeled MeHg in 15 healthy
adults (9 males and 6 females, age€l%) over ~8 mo after a single ingestion in fish. During
the first week after intake, daifgecaland urinary excretion averaged about 1.9% and 0.01%,
respectively, of the ingested activity. Activity in blood represented abd0#®of the ingested
amount in the early days after intake, with ~90% of the blood content in RBC. The biological
half-time of?°*Hg in RBC averaged ~50 d in 5 men and 1 woman. Meantioth} halttimes
were 71 d (range, 528 d) for females and 79 d (range;9®d) for males.

(361)Smith et al. (1994) studied the biokinetics of MéHsgparately from that of its
metabolite, H§", over a period of 70 d after intravenous administratiorf®#ig-labeled
MeHg" to 7 healthy young adult males. Activity was measured in ufaeees and blood in
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MeHg' separated chemically from Big Totatbody retention of*Hg representing both KY
and MeHd was measured externally. The mean biologicak-tialé of activity in blood was
~45 d. The mean biological halfme of MeHd in the total body was estimated as 44 d. Over
the 70d study ~31% of the injected activity was excretethacesand ~4% was excreted in
uri ne. The aut hor s-bodyohetld bethaves as & aimgle Rinetico | e
compartment. 0O

(362)Smith and Farris (1996) examined implications of data of Aberg et al. (1969) and
Miettinen et al. (1971) summarized above, considering both @wa@meartment and a two
compartment model of retention and excretion pathways of MaHd its metabolite, Hg.
They concluded that a twaompartment model yielded the better fit to the data, particularly
the rising daily percentage of mercury in urine over time. Using thebamartment model,
they estimated the biological hdiine of wholebody MeHg alone as 51 d based on the data
of Aberg et al. (1969) and 56 d based on the data of Miettinen et al. (1971), compared with the
half-time of 44 d determined by Smith et al. (1994).

33.1.3.2.Biokinetic model for systemic mercury

(363)The biokinetic models for systemic mercury adopted in this report address mercury
entering blood as Hgvapor), Hg*, or MeHd. Inhalation is the only mode of intake of Hg
addressed in this report. Ingestion is the only mode of intake of Matttyessed. The model
for Hg?* is applied to intake of Hg via either ingestion or inhalation.

(364)The models depict initially distinct kinetics of Hddcg?*, and MeHg following their
entry into the systemic circulation but convergence of kinetics over time due to conversion of
Hg® and MeHdg to Hg?*. The conversion is assumed to happen rapidly f8iidover a period
of several weeks for MeHgFor all three forms of mercury, the transfer coefficients developed
for adults are applied to all ages due to a paucity okpgeific biokinetic data.

(365)The models for Hjand Hg* were taken fronPublication151(ICRP,2022) but were
modified by removal of explicitly identified bone compartments, in view of uncertainties in the
level and locations of mercury accumulation in bone (Ciosek et al., 2023; Zafar et al., 2024).
In the present versions of the models fof Higd Hg* (and MeHg), activity in bone is treated
as a mass fraction of AOthero.

(@) Biokinetic models for divalent inorganic mercury and mercury vapor

(366)The structure of the systemic model for divalent inorganic mercury is shokig.in
33.1. The same structure (arranged differently), with an added blood compartment named
Plasmad and several arrows representing flow to or from Pla&nsapplied to mercury vapor
(Fig. 332). Transfer coefficients for divalent inorganic mercury that enters the systemic
circulation are listed in Tabl83.3 Transfer coefficients for mercury vapor that enters the
systemic circulation are listed in Tal#84. The last 18 transfer coefficients in Tal323
(beginning with the transfer from Plashado RBC) are the transfer coefficients for divalent
inorganic mercury listed in Tablg3.3 The models for both forms of mercury were based
primarily on data for human subjects including data on blood clearance, uptake and retention
in major repositories or total body following acute intake of a mercury tracer, and the
distribution of mercury in occupationally or noecupationally exposed persons. The data for
human subjects were supplemented with data for laboratory animals where information for
humans was sparse.

(367)In the model for mercury vapor, blood is divided into three plasma compartments and
a fourth compartment representing red blood cells. Two plasma compartments, calledPlasma
and Plasmd, are used to account for differences in the rates of disappearance of absorbed
mercury vapor and absorbed divalent mercury from plasma and differences in their initial
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distributions. Mercury vapor absorbed from the respiratory tract to blood is assigned to
Plasma), and absorbed divalent mercury absorbed to blood from the respiratory or alimentary

tract is assigned to PlasrhaA third compartment, called Plasais used to account for a

relatively longterm component of retention of divalent inorganic mercury in plasma associated

with binding to plasma proteins.

(368)The fractions of inhaled mercury vapor that are assumed to enter the systemic
circulation as mercury vapor and as divalent inorganic mercury are described in terms of two
absorption parameters,(highly mobile activity) andsf( ibound o
Human Respiratory Tract Model. The fraction of inhaled mercury vapor that is absorbed
rapidly into blood isfx (1-fp). This fraction enters the systemic circulation as mercury vapor

activity)

depositing in the compartment named Pla®m&he bound fractionyfand another slowly
absorbed fraction, () x (1-fp), enter the systemic circulation as#gy depositing in the
compartment named Plasma 1; these two fractions represent divalent inorganic mercury formed
in lung tissues by oxidation of mercury vapor.
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| A

Excreta
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L

W I
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Fig. 33.1. Structure of the systemic biokinetic model for mercury inhaled or ingested as divalent
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3627
3628 Fig. 332. Structure of the systemic biokinetic model for mercury inhaled as vapor. Absorbed

3629 activity is assigned to PlasaRBC red blood cellsUB, urinary bladderSl, small intestine.

3630

3631 Table 33.3. Transfer coefficients for mercury inhaled or ingested as divalent inorganic mercury
Transfer coefficients (8

Pathway 100d ly 5y 10y 15y Adult
Plasmal RBC 4.80E01 4.80E01 4.80E01 4.80E01 4.80E01 4.80E01

Plasma 1l Plasma 2 2.40E+00 2.40E+00 2.40E+00 2.40E+00 2.40E+00 2.40E+00
Plasma 1 Kidneys 7.20E+00 7.20E+00 7.20E+00 7.20E+00 7.20E+00 7.20E+00
Plasma 1 Liver 4.80E+00 4.80E+00 4.80E+00 4.80E+00 4.80E+00 4.80E+00
Plasma 1l Brain 1 4.80E02 4.80E02 4.80E02 4.80E02 4.80E02 4.80E02
Plasma 1 Other 1 5.23E+00 5.23E+00 5.23E+00 5.23E+00 5.23E+00 5.23E+00
Plasma 1 Other 2 7.26E01 7.26E01 7.26E01 7.26E01 7.26E01 7.26E01
Plasma 1l Slcontent 1.92E+00 1.92E+00 1.92E+00 1.92E+00 1.92E+00 1.92E+00
Plasma 1 Excreta 1.20E+00 1.20E+00 1.20E+00 1.20E+00 1.20E+00 1.20E+00
RBC Plasma 1 3.30E01 3.30E01 3.30E01 3.30E01 3.30E01 3.30E01
Plasma 2 Plasmal 6.00E01 6.00E01 6.00E01 6.00E01 6.00E01 6.00E01
Kidneys UB content 1.98E02 1.98E02 1.98E02 1.98E02 1.98E02 1.98E02
Liver Sl content 1.73E01 1.73E01 1.73E01 1.73E01 1.73E01 1.73E01
Brain 1 Plasma 1 3.29E02 3.29E02 3.29E02 3.29E02 3.29E02 3.29E02
Brain 1 Brain 2 1.73E03 1.73E03 1.73E03 1.73E03 1.73E03 1.73E03
Brain 2 Plasma 1 3.80E04 3.80E04 3.80E04 3.80E04 3.80E04 3.80E04
Other1 Plasmal 3.47E02 3.47E02 3.47E02 3.47E02 3.47E02 3.47e02
Other2 Plasmal 6.93E03 6.93E03 6.93E03 6.93E03 6.93E03 6.93E03

3632 RBC, red blood cellsUB, urinary bladder Sl, small intestine

3633
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3634 Table 33.4. Transfer coefficients for mercury inhaled as vapor
Transfer coefficients (8

Pathway 100d ly S5y 10y 15y Adult
Plasma 0 RBC 1.00E+02 1.00E+02 1.00E+02 1.00E+02 1.00E+02 1.00E+02
Plasma O Brain 1 2.00E+01 2.00E+01 2.00E+01 2.00E+01 2.00E+01 2.00E+01
Plasma 0 Kidneys 1.00E+02 1.00E+02 1.00E+02 1.00E+02 1.00E+02 1.00E+02
Plasma O Liver 6.00E+01 6.00E+01 6.00E+01 6.00E+01 6.00E+01 6.00E+01
Plasma 0 Other 1 6.50E+02 6.50E+02 6.50E+02 6.50E+02 6.50E+02 6.50E+02
Plasma 0 Excreta 7.00E+01 7.00E+01 7.00E+01 7.00E+01 7.00E+01 7.00E+01
Plasmal RBC 4.80E01 4.80E01 4.80E01 4.80E01 4.80E01  4.80E01
Plasma 1 Plasma 2 2.40E+00 2.40E+00 2.40E+00 2.40E+00 2.40E+00 2.40E+00
Plasma 1 Kidneys 7.20E+00 7.20E+00 7.20E+00 7.20E+00 7.20E+00 7.20E+00
Plasma 1 Liver 4.80E+00 4.80E+00 4.80E+00 4.80E+00 4.80E+00 4.80E+00
Plasmal Brain 1l 4.80E02 4.80E02 4.80E02 4.80E02 4.80E02  4.80E02
Plasmal Other1 5.23E+00 5.23E+00 5.23E+00 5.23E+00 5.23E+00 5.23E+00
Plasmal Other 2 7.26601 7.26E01 7.26E01 7.26E01 7.26E01  7.26E01
Plasmal Slcontent  1.92E+00 1.92E+00 1.92E+00 1.92E+00 1.92E+00 1.92E+00
Plasmal Excreta 1.20E+00 1.20E+00 1.20E+00 1.20E+00 1.20E+00 1.20E+00
RBC Plasma 1 3.30E01 3.30E01 3.30E01 3.30E01 3.30E01 3.30E01

Plasma 2 Plasma 1 6.00E01 6.00E01 6.00E01 6.00E01 6.00E01 6.00E01
Kidneys  UBcontent 1.98E02 1.98E02 1.98E02 1.98E02 1.98E02 1.98E02

Liver S| content 1.73E01 1.73E01 1.73E01 1.73E01 1.73E01 1.73E01
Brain 1 Plasma 1 3.29E02 3.29E02 3.29E02 3.29E02 3.29E02  3.29E02
Brain 1 Brain 2 1.73E03 1.73E03 1.73E03 1.73E03 1.73E03 1.73E03

Brain 2 Plasma 1 3.80E04 3.80E04 3.80E04 3.80E04 3.80E04 3.80E04

Other 1 Plasma 1 3.47e02 3.47E02 3.47E02 3.47E02 3.47E02 3.47E02

Other 2 Plasma 1 6.93E03 6.93E03 6.93E03 6.93E03 6.93E03 6.93E03
3635 RBC, red blood cellsUB, urinary bladdey Sl, small intestine

3636 (b) Biokinetic model for systemic methyl mercury

3637 (369)The structure of the biokinetic model for methyl mercury following its absorption to
3638 blood is shown irFig. 33.3. Transfer coefficients are listed in Table-BigThe last 18 transfer

3639 coefficients in Tabl&3.5(beginning with the transfer from Plashdo RBC) are the transfer
3640 coefficients for systemic Hg listed in Table33.3 The transfer coefficients describing the
3641 behaviounf absorbed MeHgin the body, before it is converted to #igare set for reasonable
3642 agreement with the generally consistent results of the human studies for ingested or
3643 intravenously injected MeHgummarized above. These data include tr&&iq) studies of

3644 totalbody retention, blood clearance, systemic distribution, urinaryssulexcretion rates,

3645 cumulative excretion estimates, and levels of accumulation in hair for periods up to ~8 months
3646 following oral administration to a total of 18 healthy adult human subjects (Aberg et al., 1969;
3647 Miettinen et al. (1971); and a &Dstudy of the kinetics of MeHgseparately from that of its

3648 metabolite, H§", following intravenous administration to 7 healthy adult subjects (Smith et al.,
3649 1994; Smith and Farris, 1996).

3650
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3651
3652 Fig.33.3 Structure of the systemic biokinetic model for mercury inhaled or ingested as methyl

3653 mercury. RBCred blood cellsUB, urinary bladderSlI, small intestine.
3654
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3655 Table 33.5. Transfer coefficients for mercury inhaled or ingested as methyl mercury
Transfer coefficients (8

Pathway 100d ly S5y 10y 15y Adult
Plasma3 Brain 3 1.60E+01 1.60E+01 1.60E+01 1.60E+01 1.60E+01 1.60E+01
Plasma3 RBC 2 2.00E+01 2.00E+01 2.00E+01 2.00E+01 2.00E+01 2.00E+01
Plasma3 Plasma 4 2.00E+00 2.00E+00 2.00E+00 2.00E+00 2.00E+00 2.00E+00
Plasma3 Other 3 2.40E+01 2.40E+01 2.40E+01 2.40E+01 2.40E+01 2.40E+01
Plasma3 Liver 3 1.50E+01 1.50E+01 1.50E+01 1.50E+01 1.50E+01 1.50E+01
Plasma3 Liver 2 9.50E+01 9.50E+01 9.50E+01 9.50E+01 9.50E+01 9.50E+01
Plasma3 Kidneys2  2.00E+01 2.00E+01 2.00E+01 2.00E+01 2.00E+01 2.00E+01
Plasma3 Skin 8.00E+00 8.00E+00 8.00E+00 8.00E+00 8.00E+00 8.00E+00
Plasma4 Plasmal 1.40E02 1.40E02 1.40E02 1.40E02 1.40E02 1.40E02
Brain 3 Brain 1 1.40E02 1.40E02 1.40E02 1.40E02 1.40E02 1.40E02
RBC 2 Plasma 1 1.40E02 1.40E02 1.40E02 1.40E02 1.40E02 1.40E02
Kidneys 2 Kidneys 1.40E02 1.40E02 1.40E02 1.40E02 1.40E02 1.40E02
Other 3 Other 1 1236802 1.23E02 1.23E02 1.23E02 1.23E02 1.23E02
Other 3 Other 2 1.70E03 1.70E03 1.70E03 1.70E03 1.70E03  1.70E03
Liver 2 Liver 1.40E02 1.40E02 1.40E02 1.40E02 1.40E02 1.40E02
Liver 3 Slcontent  2.31E01 2.31E01 2.31E01 2.31E01 2.31E01 2.31EO1
Skin Excreta 5.00E02 5.00E02 5.00E02 5.00E02 5.00E02 5.00E02
Plasmal RBC 4.80E01 4.80E01 4.80E01 4.80E01 4.80E01 4.80E01

Plasmal Plasma 2 2.40E+00 2.40E+00 2.40E+00 2.40E+00 2.40E+00 2.40E+00
Plasma1l Kidneys 7.20E+00 7.20E+00 7.20E+00 7.20E+00 7.20E+00 7.20E+00

Plasma 1 Liver 4.80E+00 4.80E+00 4.80E+00 4.80E+00 4.80E+00 4.80E+00
Plasma1l Brain1l 4.80E02 4.80E02 4.80E02 4.80E02 4.80E02 4.80E02
Plasmal Other1 5.23E+00 5.23E+00 5.23E+00 5.23E+00 5.23E+00 5.23E+00
Plasmal Other 2 7.26E01 7.26E01 7.26E01 7.26E01 7.26E01 7.26E01
Plasmal Slcontent 1.92E+00 1.92E+00 1.92E+00 1.92E+00 1.92E+00 1.92E+00
Plasmal Excreta 1.20E+00 1.20E+00 1.20E+00 1.20E+00 1.20E+00 1.20E+00
RBC Plasma 1 3.30E01 3.30E01 3.30E01 3.30E01 3.30E01 3.30E01

Plasma2 Plasmal 6.00E01 6.00E01 6.00E01 6.00E01 6.00E01 6.00E01
Kidneys UB content 1.98E02 1.98E02 1.98E02 1.98E02 1.98E02 1.98E02

Liver Slcontent 1.73801 1.73E01 1.73E01 17301 1.73E01 1.73E01
Brain 1 Plasma 1 3.29E02 3.29E02 3.29E02 3.29E02 3.29E02 3.29E02
Brain 1 Brain 2 173603 1.73E03 17303 1.73E03 1.73E03 1.73E03

Brain 2 Plasma 1 3.80E04 3.80E04 3.80E04 3.80E04 3.80E04 3.80E04
Other 1 Plasma 1 3.47E02 3.47E02 3.47E02 3.47E02 3.47E02 3.47E02
Other 2 Plasma 1 6.93E03 6.93E03 6.93E03 6.93E03 6.93E03 6.93E03

3656 RBC, red blood cells, UBurinary bladderSl, small intestine.
3657 “Excreta is primarily loss in hair.

3658 33.1.3.3.Treatment of radioactive progeny

3659 (370)The treatment of radioactive progeny produced in systemic compartments after intake
3660 of a radioisotope of mercury is described in Section 36.2.3Ruldfcation 151(ICRP, 2022)
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3661 33.2. Dosimetric data for mercury

3662 Table 3.6. Committed effective dose coefficients (SvBdor the inhalation or ingestion of
3663 2“Hg compounds.

Effective dose coefficients (Sv B

Inhaled gases or vapours 3m ly 5y 10y 15y Adult
Mercury vapour 1.0E08 7.6E-09 4.2E09 2.6E09 1.8E09 1.7E09

Inhaled particulate materials (1 um AMAD aerosols)

Type F 4.8E-09 2.5E-09 1.3E-09 8.1E-10 5.6E-10 5.6E-10
Type M (default), mercuric 5.0E-09 3.8E-09 2.2E-09 1.4E-09 1.1E-09 1.1E-09
oxide

Type S 6.0E09 5.0E09 2.8E-09 1.9E09 1.5E09 1.5E09

Ingested materials
All inorganic forms 6.4E09 1.2E09 7.0E10 4.5E10 3.2E10 3.0E10
Methyl mercury 1.9E-08 1.4E-08 8.1E-09 5.5E-09 3.7E-09 3.6E-09

Other organidorms and 1.6E-08 6.1E-09 3.4E-09 2.3E-09 1.6E-09 1.5E-09
mercury in diet
3664 AMAD, activity median aerodynamic diameter
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3665 34. THALI UN z8)

3666 34.1. Routes of Intake
3667 34.1.1. Inhalation

3668 (371)For thalium, default parameter values were adopted on absorption to blood from the
3669 respiratory tracfiCRP, 2015) Absorption parameter values and types, and assotiatellies

3670 for particulate forms afhallium are given inTable 3.1 [taken from Section 3@f Publication

3671 151(ICRP, 2022]).

3672 34.1.2. Ingestion

3673 (372)Thallium is readily absorbed from the gastrointestinal traeePublication 151
3674 (ICRP, 2022) for detaildn Publications72 (ICRP, 1995chand15], a fractional absorption of
3675 1 was usedor all compounds of the element. In tipigblication fa = 1 isalsoadopted as the
3676 default for all chemical forms of thallium ingestey members of the public of any age
3677
3678 Table 3.1 Absorption parameter values for inhaled and ingested thallium.

Absorption parameter values

Inhaled particulate materials fr s (d'Y) s (d'Y)
Default parameter valugs

Absorption type

F 1 30 i
MO 0.2 3 0.005
S 0.01 3 1x104

Ingested materials

Age-dependent absorption from the alimentary triact,

Assigned forms 3 months 1 vyear 5 years 10 years 15 years adult
All compounds 1 1 1 1 1 1

3679 ’ltis assumed that the bound state can be neglected for thélkufp= 0). The values o§ for Type F, M and S

3680 forms ofthallium (30, 3 and 3 'd respectively) are the general default values.

3681 “For inhaled material deposited in the respiratory tract and subsequently cleared by particle transport to the
3682 alimentary tract, the defaul values for inhaled materials are appliee. the product of; for the absorption type

3683  and thefa value for ingested soluble forms thiallium applicable to the aggroup of interesfl).

3684  Default Type M is recommended for use in the absence of specific information on which the exposure material
3685 can be assigned to an absorption tyeg. if the form is unknown, or if the form is known but there is no
3686 information available on the absorption of that form from the respiratory.tract

3687  SActivity transferred from systemic compartments into segments of the alimentary tract is assumed to be subject
3688 to reabsorption to blood. The default absorption fracticior the secreted activity is the highest value for any
3689  form of the radionuclidapplicable to the aggroup of interesf1).

3690 34.1.3. Systemic distribution, retention and excretion ofthallium
3691 34.1.3.1.Biokinetic data

3692 (373)The biokinetics of thallium has been investigated extensively in human subjects and
3693 laboratory animals due to the importance of ratialium in nuclear medicine and its uses as
3694 a poisonous substance (Gettler and Weiss, 1943; Barclay et al., 1953; Lie et al., 1960; Gehring
3695 and Hammond, 1967; Potter et al., 1971; Bradmore et al., 1975; Strauss et al., 1975;
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Atkins et al., 1977; Suzuki et al., 1978; Berger et al., 1983; Nakamura et al., 1985; Gregus and
Klaassen, 1986; Krahwinkel et al., 1988; Lathrop et al., 1989; Blanchardon et al., 2005;
Thomas et al., 2005). Its systeriehaviourresembles that of the alkali metals potassium and
rubidium (Gehring and Hammond, 1967; Strauss et al.,, 1975), but the residence time of
thallium in the body is less than that of potassium or rubidium due to a higher rate of clearance
from plasma to excretion pathways. Most reported removaitinadfs of thallium from the

adult human body are in the rangdl® d (Atkins et al., 1977; Krahwinkel et al., 1988;
Blanchardon et al., 2005). Chen et al. (1983) reported two components of retention of thallium:
7d for 63% and 28 d for 37% of the injected amount. It appears that faecal excretion typically
represents more than half of cumulative excretion of thallium over a period of weeks following
its acute intake, although some relatively sitertn human studies have suggested that
excretion of thallium is primarily in urine (Barclay et al., 1953; Lathrop et al., 1975; Atkins et
al., 1977; Blanchardon et al., 2005).

34.1.3.2.Biokinetic model for systemic thallium

(374)The biokinetic model for systemic thallium applied to worker$ublication 151
(ICRP,2022) is applied in this report to all ages. The model structure is showg. i87.1.

The transfer coefficients are listed in Table 37.3.

(375)It is assumed that thallium leaves the central blood compartment (Plasma) with a half
time of 5 min and is distributed as follows: 2.5% goes to red blood cells (RBC), 0.75% to the
urinary bladder content, 1.75% to the right colon content, 5% to kidneys, 5% to the liver, 7.5%
to trabecular bone surface, 7.5% to cortical bone surface, and 70% to the remaining tissues
(Other). Thallium is assumed to return from RBC to plasma at the rate arfddrom tissue
compartments to plasma at the rate 2'5 d

Other
‘Benee. . = = (Plosma
| | :
: Cortical surface || L IVer
| |
| |
| |
: Trabecular surface ||
L : T J/
RBC Colon content
Urinary | | Kidneys d’
Urine [« bladder Faeces
content

Fig. 37.1. Structure of the biokinetic model for systemic thallium.
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3723 Table 34.2. Agespecific transfer coefficients for thallium
Transfer coefficients (§

Pathway 100d ly 5y 10y 15y Adult

Plasma Liver 1.00E+01 1.00E+01 1.00E+01 1.00E+01 1.00E+01 1.00E+01
Plasma Kidneys 1.00E+01 1.00E+01 1.00E+01 1.00E+01 1.00E+01 1.00E+01
Plasma RBC 5.00E+00 5.00E+00 5.00E+00 5.00E+00 5.00E+00 5.00E+00
Plasma Trab surface 1.50E+01 1.50E+01 1.50E+01 1.50E+01 1.50E+01 1.50E+01
Plasma Cort surface 1.50E+01 1.50E+01 1.50E+01 1.50E+01 1.50E+01 1.50E+01
Plasma Other 1.40E+02 1.40E+02 1.40E+02 1.40E+02 1.40E+02 1.40E+02
Plasma UB content 1.50E+00 1.50E+00 1.50E+00 1.50E+00 1.50E+00 1.50E+00
Plasma RC content  3.50E+00 3.50E+00 3.50E+00 3.50E+00 3.50E+00 3.50E+00
RBC Plasma 3.70E+00 3.70E+00 3.70E+00 3.70E+00 3.70E+00 3.70E+00
Liver Plasma 2.50E+00 2.50E+00 2.50E+00 2.50E+00 2.50E+00 2.50E+00
Kidneys Plasma 2.50E+00 2.50E+00 2.50E+00 2.50E+00 2.50E+00 2.50E+00
Trab surface Plasma 2.50E+00 2.50E+00 2.50E+00 2.50E+00 2.50E+00 2.50E+00
Cort surface Plasma 2.50E+00 2.50E+00 2.50E+00 2.50E+00 2.50E+00 2.50E+00
Other Plasma 2.50E+00 2.50E+00 2.50E+00 2.50E+00 2.50E+00 2.50E+00

3724 RBC, red blood cellsUB, urinary bladdeyrRC, right color Cort, cortical; Trab, trabecular

3725 34.1.3.3.Treatment of radioactive progeny

3726 (376) The treatment of radioactive progeny produced in systemic compartments after intake
3727 of aradioisotope of thallium is described in Section 37.203 Bublication151(ICRP, 2022.

3728 34.2. Dosimetric data for thallium

3729 Table 34.3. Committed effective dose coefficients (S#)Hqr the inhalation or ingestion of
3730 2°°TI compounds.

Effective dose coefficients (Sv By

3m ly 5y 10y 15y Adult

Inhaled particulate materials (1 um AMAD aerosols)

Type F 5.5E10 4.0E10 2.0E10 1.4E10 8.6E11 8.3E11
Type M, default 7.6E10 6.0E10 3.0E10 2.2E10 1.4E10 1.4E10
Type S 8.0E10 6.4E10 3.2E10 2.3E10 1.5E10 1.5E10
Ingested materials

All compounds 1.1E09 7.9E10 4.7E10 3.1E10 2.2E10 2.1E10

3731 AMAD, activity median aerodynamic diameter

3732
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3733 Table 34.4. Committed effective dose coefficients (S#)Eqr the inhalation or ingestion of
3734 29| compounds

Effective dose coefficients (Sv B

3m ly 5y 10y 15y Adult

Inhaled particulate materials (1 um AMAD aerosols)

Type F 3.1E10 2.1E10 9.5E11 5.9E11 3.7E11 3.3E11
Type M, default 4.7E10 3.5E10 2.0E10 1.3E10 1.1E10 9.8E11
Type S 5.1E10 3.8E10 2.2E10 1.5E10 1.2E10 1.1E10
Ingested materials

All compounds 5.8E10 3.9E10 2.0E10 1.2E10 8.3E11 7.2E11

3735 AMAD, activity median aerodynamic diameter

3736
3737 Table 34.5. Committed effective dose coefficients (S#)Hqr the inhalation or ingestion of
3738 2°?T] compounds.

Effective dose coefficients (Sv By

3m ly 5y 10y 15y Adult
Inhaled particulate materials (1 um AMAD aerosols)
Type F 1.2E09 9.4E10 4.7E10 3.1E10 2.0E10 1.9E10
Type M, default 1.4E09 1.1E09 5.9E10 4.1E10 2.8E10 3.0E10
Type S 1.5E09 1.2E09 6.4E10 4.4E10 3.1E10 3.4E10

Ingested materials
All compounds 2.4E09 1.8E09 1.0E09 6.7E10 4.8E10 45E10

3739  AMAD, activity median aerodynamic diameter
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35. ASTAT I( L&D

35.1. Routes of Intake
35.1.1. Inhalation

(377)For astatine default parameter values were adopted for the absorption to blood from
the respiratory tradiCRP, 2015) Absorption parameter values and types, and assodiated
values for gas and vapour formsastatineare given infable 3.1 and for particulate forms in
Table ¥.2[both taken from Section 38 Publication151(ICRP, 2022]). By analogy with the
halogen iodine, considered in detail Publication 137 (ICRP, 2017) default Type Fis
recommended for particulate forms in the absence of specific information on which the
exposure material can be assigned to an absorption type.

(378)For astatine, and the other halogens, intakes could be in both particulate and gas and
vapour forms, and it is therefore assumed that inhaled astatine is 50% particulate and 50%
gas/vapour in the absence of information (ICRP, 2002b).

Table 3.1 Deposition and absorption for gas and vapour compounds of astatine.

Percentage deposited (%) Absorptiorf
Chemical Absorption from the
form/origin  Total ET: ET> BB bb Al Type alimentary tractfa™
Unspecified 100 0 20 10 20 50 F 1.0

ETi, anterior nasal passage; Zposterior nasal passage, pharynx and larynx; BB, bronchial; bb, bronchiolar; Al,
alveolarinterstitial.

"Percentage deposited refers to how much of the material in the inhaled air remains in the body after exhalation.
Almost all inhaled gas molecules contact airway surfaces, but usually return to the air unless they dissolve in, or
react with, the surface lining. The default distribution between regions is assumed: 20490% BB, 20% bb,

and 50% Al.

At is assumed that the bound state can be neglectedtimei.e. fp = 0).

For inhaled material deposited in the respiratory tract and subsequently cleared by particle transport to the
alimentary tract, the defaulf values for inhaled materials are appliée. the product of; for the absorption

Type (or specific value where given) and thealue for ingested soluble forms adtating(1)].

The value ofs = 0.094is applicable to all aggroups.

Table 3.2 Absorption parameter values for inhaled and ingested astatine.
Absorption parameter valdes

Inhaled particulate materials fr s (d'Y) s (d'Y)
Default parameter values

Absorption type

Fo 1 30 T
M 0.2 3 0.005
S 0.01 3 1x104

Ingested materials

Age-dependent absorption from the alimentary tract,
Assigned forms 3 months 1 year 5 years 10 years 15 years adult
All compounds 1 1 1 1 1 1

*It is assumed that the bound state can be neglectagtiting(i.e. f, = 0). The values o$ for Type F, M and S
forms ofastating30, 3 and 3 'd respectively) are the general default values.
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3770 “For inhaled material deposited in the respiratory tract and subsequently cleared by particle transport to the
3771 alimentary tract, the defaulf values for inhaled materials are applied. the product of for the absorption type

3772  and thefa value for ingested soluble forms astatineapplicable to the aggroup of interest (1).

3773 Default Type Fis recommended for use in the absence of specific information on which the exposure material
3774 can be assigned to absorption typde.g.if the form is unknown, or if the form is known but there is no
3775 information available on the absorption of that form from the respiratory.tract

3776  SActivity transferred from systemic compartments into segments of the alimentary tract is assumed to be subject
3777 to reabsorption to blood. The default absorption fracticior the secreted activity is the highest value for any
3778  form of the radionuclidapplicable to the aggroup of interest (1).

3779 35.1.2. Ingestion

3780 (379)There appears to be no data on the gastrointestinal absorption of astatine. In
3781 Publications72 and151 (ICRP,1995¢ 2022, the fractional absorptiowas taken to be 1 for

3782 all compounds of astatine by analogy with the lighter halides, chlorine, bromine and iodine.
3783 The same value dih = 1 is adoptedin this publicationfor all chemical forms of astatine
3784 ingested by members of the public of any.age

3785 35.1.3. Systemic distribution, retention and excretion ofastatine
3786 35.1.3.1.Biokinetic data

3787 (380)Astatine (At) is the heaviest member of the halogen group of elements (Group VIIA
3788 of the periodic table). Its kinetics resembles that of the next heaviest halogen, iodine in several
3789 ways, particularly regarding selective uptake by the thyroid gland and stomach wall, blood
3790 clearance rates, and excretion patterns. A notable difference between astatine and iodine is that
3791 accumulation of astatine in the thyroid is generally much lower than that of iodine, as indicated
3792 by data for human subjects, monkeys, guinea pigs, rats, and mice (Hamilton et al., 1953;
3793 Shellabarger and Godwin, 1954; Cobb et al., 1988; Garg et al., 1990). Also, astatine shows
3794 longer retention than iodine in the stomach wall and in most other soft tissues (Hamilton et al.,
3795 1953; Garg et al., 1990).

3796 (381)Following parenteral administration to guinea pigs, the thyroidal content and
3797 cumulative urinary and faecal excretion at 4 h represented 8.5%, 12%, and 0.8%, respectively,
3798 of the administered amount of iodine, and 3.4%, 8.8%, and 0.4%, respectively, of administered
3799 astatine (Hamilton and Soley, 1940). Corresponding values at 18 h were 17%, 37%, and 17%
3800 foriodine and 5.4%, 36%, and 13% for astatine.

3801 (382)Hamilton et al. (1953) compared the biokinetics of intravenously administered

3802 and?'®Y in rats. Plasma clearance was rapid for both radionuclides, with clearaft® of
3803 slightly faster than that df!At. At 24 h, plasma contained about 0.9% of injecfédt and

3804 0.6% of injected®} (after correction for radioactive decay). At 1 h the thyroid and stomach
3805 wall contained on average 5.6% and 6.1%, respectively, of injéttednd 1.1% and 5.2%

3806 respectively, of injectet'At. The stomach content 6l decreased steadily to about 0.5% of
3807 the injected amount at 24 h, while the stomach contehtAtfincreased to 9.9% of the injected

3808 amount at 4 h and then decreased gradually to 5.9% at 24 h. The thyroid content of both
3809 radionuclides peaked at 24 h, at which time the thyroid contained about 1.5% of iffj&ted

3810 and 12% of injectetfl. The2!At content of the thyroid decreased by about a factor of 2 from
3811 24-48 h and showed little if any change fromZBd. The'l content decreased more slowly
3812 than that of''At after 24 h, declining by about ofieurth from 2472 h. Nonthyroidal tissues

3813 generally contained a larger portion of injectEdt than injected®Y from 4-24 h. For example,

3814 the meart!!At content (% injected activity) of the liver, kidneys, and muscle were, respectively,
3815 about 4.6, 5.6, and 3.6 times the conteritbf
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(383)Hamilton et al. (1953, 1954a, 1954b) observed higher thyroidal accumulatidatof
in limited studies on monkeys and human subjects than was observed in rats. In two monkeys,
the thyroid contained 9 and 20% of administefédt at 24 h. In human subjects with various
forms of thyroid pathology, 4-67.8% of administered astatine was contained in the thyroid at
24 h, compared with 120% of administere#!l (Hamilton et al., 1954a).

(384)Harrison and Royle (1984) measured the conteft'at in blood, thyroid, kidneys,
and testes of mice over the first 28.5 h after intravenous injection. The blood content (corrected
for decay) declined to ~0.5% of the injected amount by ~12 h post injection and remained at
that level through 28.5 h. The thyroid content peaked at ~3.5% of the injected amount within
3-4 h post injection, declined to roughly 40% of the peak content 612, and remained
near that level through 28.5 h. The pattern of uptake and retention by the testes was broadly
similar to that of the thyroid. The kidneys contained abeb¥®of the injected amount at 8.5
1h,3% at 4 h, and 1.01.5% from 1228.5 h.

(385)Larsen et al. (1998) compared the biokinetics of intravenously administered
[**Y)iodide and F*'AtJastatide in mice. Activity concentrations were determined in 12 tissues
and in blood. High concentrations '6fl were measured in thyroid and stomach at 1 and 4 h,
with relatively low concentrations found in other tissues at 4 h. The thyroid showed high
concentrations of*'At at 1 and 4 h but only about chalf of that of**} at 1 h and ondourth
at 4 h. The two radionuclides showed similar uptake by the stomach wall at 1 h. By 4 h the
concentration of*l in the stomach had decreased considerably whilé'thAe concentration
showed little change. On average, tht concentration in individual tissues (% dosag@ g
was 2.2 and 3.0 times th& concentration at 1 h and 4 h, respectively.

35.1.3.2.Biokinetic model for systemic astatine

(386)The biokinetic model for systemic astatine applied in this report to all ages is the
model for astatine applied to workersRuablication151 (ICRP,2022). The model structure
for astatine is shown iRig. 35.1 Transfer coefficients are listed in TaBig.3

(387)The biokinetic model for astatine in adults is based on observed similarities and
differences in the systemic behaviours of astatine and iodine. The structure of the model for
iodine is simplified in some ways for application to astating, by representing each of the
tissues |iver, kidneys, and fAOthero as singl
tissues are treated explicitly in the astatine model based on apparent differences of the level of
accumulation of iodine and astatine or its progeny in these tissues. Flow rates from plasma to
urinary bladder content, right colon content, and all other excretion pathways combined are
assumed to be the same for astatine and iodine. Fractional uptake of astatine from plasma to
the thyroid is assumed to be 40% of the value for iodine. A greater accumulation of astatine
than iodine in tissues of laboratory animals other than thyroid is assumed to result from slower
return of astatine from these tissues to plasma.
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Fig. 35.1. Structure of the biokinetic model for systemic astatine.

Table 35.3. Agespecific transfer coefficients for astatine

Transfer coefficients (8

Pathway 100d ly 5y 10y 15y Adult
Blood Thyroid 1 2.90E+00 2.90E+00 2.90E+00 2.90E+00 2.90E+00 2.90E+00
Blood UB content 1.186+01 1.18E+01 1.18E+01 1.18E+01 1.18E+01 1.18E+01
Blood Salivary glands 5.16E+00 5.16E+00 5.16E+00 5.16E+00 5.16E+00 5.16E+00
Blood Stomach wall 8.60E+00 8.60E+00 8.60E+00 8.60E+00 8.60E+00 8.60E+00
Blood Kidneys 2.50E+01 2.50E+01 2.50E+01 2.50E+01 2.50E+01 2.50E+01
Blood Liver 5.00E+01 5.00E+01 5.00E+01 5.00E+01 5.00E+01 5.00E+01
Blood Lung tissue 5.00E+01 5.00E+01 5.00E+01 5.00E+01 5.00E+01 5.00E+01
Blood Spleen 1.30E+01 1.30E+01 1.30E+01 1.30E+01 1.30E+01 1.30E+01
Blood Other 5.06E+02 5.06E+02 5.06E+02 5.06E+02 5.06E+02 5.06E+02
Thyroid 1 Blood 3.60E+01 3.60E+01 3.60E+01 3.60E+01 3.60E+01 3.60E+01
Thyroid 1 Thyroid 2 9.50E+01 9.50E+01 9.50E+01 9.50E+01 9.50E+01 9.50E+01
Thyroid 2 Blood 2.31E01 2.31E01 2.31E01 2.31E01 2.31E01 2.31E01
Salivary glands Oral cavity 2.50E+01 2.50E+01 2.50E+01 2.50E+01 2.50E+01 2.50E+01
Stomach wall  Stomach content 2.50E+01 2.50E+01 2.50E+01 2.50E+01 2.50E+01 2.50E+01
Kidneys Blood 5.00E+01 5.00E+01 5.00E+01 5.00E+01 5.00E+01 5.00E+01
Liver Blood 5.00E+01 5.00E+01 5.00E+01 5.00E+01 5.00E+01 5.00E+01
Lung tissue Blood 5.00E+01 5.00E+01 5.00E+01 5.00E+01 5.00E+01 5.00E+01
Spleen Blood 5.00E+01 5.00E+01 5.00E+01 5.00E+01 5.00E+01 5.00E+01
Other Blood 5.00E+01 5.00E+01 5.00E+01 5.00E+01 5.00E+01 5.00E+01

UB, urinary bladderRC, right colon
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3859 35.1.3.3.Treatment of radioactive progeny

3860 (389)The treatment of radioactive progeny produced in systemic compartments after intake
3861 of a radioisotope of astatine is described in Section 38.2f&blication151 (ICRP, 2022.

3862 35.2. Dosimetric data for astatine

3863 Table 3.4. Committed effective dose coefficients (Sv-Bdor the inhalation or ingestion of
3864 21°9At compounds.

Effective dose coefficients (Sv By

Inhaled gases and vapours 3m ly 5y 10y 15y Adult
Unspecified 9.2E08 7.3E08 4.0E08 2.4E08 1.1E08 7.5E09

Inhaled particulate materials (1 um AMAD aerosols)

Type F,default 3.9E08 3.1E08 1.5E08 8.9E09 3.7E09 2.6E09
Type M 2.6E08 2.1E08 1.2E08 7.8E09 5.3E09 4. 709
Type S 3.1E08 2.7E08 1.6E08 1.0£08 7.9E09 7.4E09

Ingested materials
All compounds 8.6E08 6.8E08 3.7E08 2.2E08 1.0E08 6.9E09

3865 AMAD, activity median aerodynamic diameter

161



I‘Ri DRAFT REPORT FOR CONSULTATION: DO NOT REFERENCE

3866 36. FRANCI| (UZ8=y

3867 36.1. Routes of Intake
3868 36.1.1. Inhalation

3869 (390)For francium, default parameter values were adopted on absorption to blood from the
3870 respiratory tracfiCRP, 2015) Absorption parameter values and types, and assotiatellies
3871 for particulate forms of francium are givenTiable 3.1 [taken from Section 38f Publication
3872 151(ICRP, 2022]).
3873
3874 Table 3.1 Absorption parameter values for inhaled and ingested francium.
Absorption parameter valdes

Inhaled particulate materials fr s (d'Y) s (d'h)

Default parameter values

Absorption type

F 1 30 i
MO 0.2 3 0.005
S 0.01 3 1x104

Ingested materials

Age-dependent absorption from the alimentary trict,

Assigned forms 3 months 1 year 5 years 10 years 15 years adult
All compounds 1 1 1 1 1 1

3875 “ltis assumed that the bound state can be neglected for fratigufin= 0). The values o for Type F M and

3876 S forms of francium (30, 3 and 3'despectively) are the general default values.

3877 Aor inhaled material deposited in the respiratory tract and subsequently cleared by particle transport to the
3878 alimentary tract, the defauk values for inhaled materials are appliee. the product of for the absorption type

3879  and thefa value for ingested soluble forms of franciamplicable to the aggroup of interest (1).

3880 DefaultType Mis recommended for use in the absence of specific information on which the exposure material
3881 can be assigned to an absorption tyeg. if the form is unknown, or if the form is known but there is no
3882 information available on the absorption of that form from the respiratory.tract

3883  SActivity transferred from systemic compartments into segments of the alimentary tract is assumed to be subject
3884  to reabsorption to blood. The default absorption fracticior the secreted activity is the highest value for any
3885  form of the radionuclidapplicable to the aggroup of interest (1).

3886 36.1.2. Ingestion

3887 (8391)There appear to be no data on the gastrointestinal absorption of francium. In
3888 Publications72 and151 (ICRP,1995¢ 2022, the fractioral absorptionwas taken to be 1 for
3889 all compounds of francium, by analogy with potassium, rubidium and caesium. In this
3890 publication fa = 1 is also applied to all chemical forms of franciimgested by members of
3891 the public of any age

3892 36.1.3. Systemic distribution, retention and excretion offrancium
3893 36.1.3.1.Biokinetic model for systemic francium

3894 (392)Francium is the heaviest member of the alkali metal family. Its systeshiaviour
3895 has not been determined but is assumed to resemble that of caesium, which is located just above
3896 francium in the periodic table. A much simpler biokinetic model is applied to francium than to
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radi

3897 caesium (ICRP, 2017), however, in view of the shorthalff e of fr anci22 m
3898 min) and uncertainty in the accuracy of the caesium analogy.
3899 (393)At all ages, francium is assumed to leave blood at the rate20@lf-time ~5 min),
3900 with 5% going to the urinary bladder content, 1% going to the right colon content, and 94%
3901 uniformly distributed in all tissues. Francium deposited in tissues is assumed to transfer to
3902 blood at the rate 0.1d The same model was applied to worker®imlication151 (ICRP,
3903 2022).
3904 (394)Transfer coefficients for francium are listed in Table 36.2.
3905
3906 Table 36.2. Agespecific transfer coefficients for francium
Transfer coefficients (8

Pathway 100d ly 5y 10y 15y Adult

Blood  Other 1.88E+02 1.88E+02 1.88E+02 1.88E+02 1.88E+02 1.88E+02

Blood UBcontent 1.00E+01 1.00E+01 1.00E+01 1.00E+01 1.00E+01 1.00E+01

Blood RCcontent 2.00E+00 2.00E+00 2.00E+00 2.00E+00 2.00E+00 2.00E+00

Other  Blood 1.00E01  1.00e01 1.00E01 1.00e01  1.00E01  1.00E01
3907 UB, Urinary bladderSI, Small intestine
3908 36.1.3.2.Treatment of radioactive progeny
3909 (395)The treatment of radioactive progeny produced in systemic compartments after intake
3910 of aradioisotope of francium is described in Section 39.28Rublication151(ICRP, 2022.
3911 36.2. Dosimetric data for francium
3912 Table %.3. Committed effective dose coefficients (Sv-Bdor the inhalation or ingestion of
3913  22%Fr compounds.

Effective dose coefficients (Sv By
3m ly 5y 10y 15y Adult

Inhaled particulate materials (1 um AMAD aerosols)

Type F 385809 15809 59E10 3.8E10 3.3E10 1.5E10

Type M, default 17608 1.2E08 7.6E09 50E09 4.3E09  3.8E09

Type S 2008 15E08 95E09 6.3E09 5.3E09  4.8E09

Ingested materials

All compounds 6.2E09 1.9809 8.3E10 5.3E10 4.8E10 1.5E10

3914  AMAD, activity median aerodynamic diameter
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