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This paper summarizes the biokinetic database for iodine in
the human body and proposes a biokinetic model for systemic
iodine for use in dose assessments for internally deposited
radioiodine. The model consolidates and extends existing
physiological systems models describing three subsystems of
the iodine cycle in the body: circulating inorganic iodide,
thyroidal iodine (trapping and organic binding of iodide and
synthesis, storage and secretion of thyroid hormones), and
extrathyroidal organic iodine. Thyroidal uptake of inorganic
iodide is described as a function of stable iodine intake (Y,
pg day ') and thyroidal secretion of hormonal iodine (S,
ng day '). Baseline parameter values are developed for reference
adults with typical iodine intake. Compared with the current
systemic biokinetic model of the International Commission on
Radiological Protection (ICRP) for occupational intake of
radioiodine, the proposed model predicts higher absorbed doses
to the thyroid per unit uptake to blood for very short-lived iodine
isotopes, similar absorbed doses to thyroid for iodine isotopes
with half-life of at least a few hours, and substantially higher
estimates of absorbed dose to stomach wall, salivary gland and
kidneys for most iodine isotopes. Absorbed dose estimates for
intravenous administration of radioiodine-labeled thyroid hor-
mones based on the proposed model differ substantially in some

cases from current ICRP values. © 2010 by Radiation Research Society

1. INTRODUCTION

Iodine is an essential component of the thyroid
hormones thyroxine (T,) and triiodothyronine (T5),
which regulate metabolic processes and are critical to
growth and development (/-3). Several tens of micro-
grams of inorganic iodide are trapped daily by the
human thyroid and used for synthesis of T, and Ts.
Hormonal iodine is largely reduced to inorganic iodide
and recycled by the body after use of T, and T; by
tissues, but the body’s iodine supply must be supple-
mented with dietary iodine due to obligatory losses in
excreta. A number of physiological systems models have
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been developed to describe quantitative aspects of the
iodine cycle in the human body (4-14).

Radioiodine is of concern as an environmental
contaminant, but it has a number of beneficial uses in
medicine, research and industry. lodine-131 (half-life,
8.02 days) typically is the main contributor to absorbed
dose from internally deposited activity from a few days
to several weeks after an incident involving release of
fresh fission products to the environment. The shorter-
lived isotopes "**I (2.3 h), '*I (20.8 h), **I (52.5 m), and
%] (6.57 h) may add significantly to absorbed doses in
the first few days after release of fresh fission products
(15) and may be more effective per unit absorbed dose
than "'l in producing adverse effects on the thyroid (76,
17). Beneficial applications of radioiodine resulting in
intended or potentially accidental intakes include the use
of P'T in the diagnosis and treatment of thyroid disease
and in biological and biochemical research, '**I (13.3 h)
and ' (4.18 days) in positron emission tomography,
and '’ (59.4 days) in medicine, biology, agriculture,
geology and hydrology.

A three-compartment model developed by Riggs (5)
for use in physiological and clinical studies has been
applied for many years by the International Commission
on Radiological Protection (ICRP) as its primary
biokinetic model for occupational or environmental
intake of radioiodine (Fig. 1) (I8, 19). The compart-
ments and transfers in the Riggs model represent
absorption of dietary iodine to blood as inorganic
iodide; competition between thyroidal and renal clear-
ance for circulating inorganic iodide; production,
storage and secretion of hormonal iodine by the thyroid;
deiodination and recycling of secreted hormonal iodine;
and fecal loss of some iodine in hormone metabolites.

Variations of the Riggs model and more detailed
biokinetic models for iodine have been developed for
special applications in radiation protection, including
age-specific dosimetry of internally deposited radioio-
dine for application to environmental exposures (20-22),
estimation of absorbed doses to patients from medical
applications of radioiodine (/2, 23-27), absorbed dose
to the embryo/fetus or nursing infant from intake of
radioiodine by the mother (28-31), and reduction of
absorbed dose to thyroid from radioiodine by adminis-
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FIG. 1. Biokinetic model for iodine introduced by Riggs (5) and
widely used in radiation protection, with the ICRP’s current
parameter values for workers (/8, 19).

tration of potassium iodide (32-34). A model of
Berkovski (28-30) for the pregnant or nursing mother
and a model of Johannsson er al (27) designed for
applications in nuclear medicine provide additional
details of the early biokinetics of inorganic iodide aimed
at improving the dosimetry of short-lived radioiodine.

The ICRP is updating its reports on occupational
intakes of radionuclides and subsequently will revisit its
models and dose coefficients for members of the public.
The updated reports continue a trend toward more
physiologically realistic and flexible biokinetic models
that can be adapted to a variety of problems in radiation
protection. In contrast to many of the specialized
biokinetic models previously used in ICRP documents,
all of the biokinetic models used in the updated reports
on occupational intakes of radionuclides are intended as
bioassay models as well as dosimetric tools. Also, the
structures of the updated models are intended for later
extension to different age groups by adjustment of
model parameters and to pregnant or nursing women
and nursing infants by addition of suitable compart-
ments and associated parameter values.

This paper reviews information on the biokinetics of
iodine in adult humans and proposes a physiologically
descriptive biokinetic model for systemic iodine that is
designed for application to a variety of problems in
radiation protection. The model accounts for the
influence of dietary stable iodine and the level of thyroid
hormone secretion on the biokinetics of iodine and
provides a relatively detailed description of the early
biokinetics of absorbed iodine aimed at improving
radiation dose estimates for short-lived isotopes of
iodine. Baseline parameter values are developed for
reference workers or adult members of the public with
typical iodine intake and thyroid hormone secretion
rate.

Section 2 reviews published biokinetic data and
models for each of the three main subsystems of the
iodine cycle in the human body and assigns baseline

exchange rates between the main iodine pools within
each of these subsystems on the basis of the review.
Section 3 consolidates the quantitative models of the
three subsystems developed in Section 2 to form the full
biokinetic model for systemic iodine proposed in this
paper. Section 4 compares model predictions with
observations of radioiodine biokinetics in human
subjects. Section 5 compares dose coefficients for
intravenous injection, inhalation or ingestion of selected
radioisotopes of iodine based on the proposed model
with values based on current ICRP models.

2. QUANTITATIVE ASPECTS OF THE IODINE CYCLE
IN THE HUMAN BODY

2.1. Dietary intake of stable iodine

The World Health Organization (WHO) recommends
daily intake of 150 pg of iodine by adults and 200 pg
during pregnancy and lactation to ensure adequate
production of thyroid hormones and prevention of
goiter and hypothyroidism (35, 36). Survey data show
large regional variations in dietary iodine, ranging from
severely deficient (less than 20 ug day™!) to two orders of
magnitude greater than the recommended level (2, 37—
41). The global median or mean intake by adults is of the
order of 150-175 pg day'. Intake typically is 30-40%
lower in women than in men (42-47). The following
reference values are selected for dietary intake of iodine
by adults worldwide: 130 pg day! for women,
190 pug day ! for men, and 160 ug day ' as a sex-
averaged value.

2.2. Absorption of ingested iodine

Iodine occurs in foods mainly as inorganic iodide.
Other forms are reduced to iodide in the alimentary tract
before absorption (48, 49). Absorption is primarily from
the small intestine but may occur at other sites along the
alimentary tract (5, 48, 50). Absorption is rapid and
nearly complete in most cases. The absorption rate in
fasted subjects was about 5% min~! (57). Absorption
was slower when iodide was ingested with food but was
virtually complete after about 3 h (57). More than 99%
of iodine administered orally as potassium iodide was
absorbed to blood in normal subjects (52, 53). In the
present model, absorption of iodine from the alimentary
tract is assumed to occur only in the small intestine. A
baseline absorption fraction of 0.99 is applied.

2.3. Biokinetics of circulating inorganic iodide

Absorbed iodide is distributed rapidly throughout the
extracellular fluids (ECF). Most of the iodide that leaves
blood returns within an hour (5, 54, 55). The iodide ion
is largely excluded from most cells but rapidly traverses
the red blood cell (RBC) membrane in both directions,
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resulting in rapid equilibration between iodide in plasma
and RBC water (5, 56). For purposes of biokinetic
modeling it is reasonable to treat blood iodide as a well-
mixed pool (7).

Hays and Wegner (7) estimated rates of exchange of
iodide between blood and extravascular spaces based on
computer fits to measurements of activity in tissues and
fluids of nine healthy young adult male subjects during
the first 3 h after intravenous injection of carrier-free *'l
in normal saline. They estimated that iodide leaves
blood at a rate of more than 0.4 blood volumes per
minute. Equilibrium between blood and a large extra-
cellular space occurred within 10 min. Equilibrium
between blood and a more slowly diffusible tissue space
was virtually complete within 1 h. Roughly one-fourth
of the injected activity was excreted in urine during the
first 3 h, and a greater quantity was secreted in saliva
and gastric juices and largely recycled to blood during
that time. The thyroid accumulated about 13% of the
injected amount on average during the first 3 h.

Circulating iodide is concentrated in the salivary
glands and stomach wall by active transport (3). It is
subsequently secreted into the alimentary tract contents
in saliva and gastric juice and nearly completely
reabsorbed to blood over the next few hours. The
concentration of iodide in these secretions typically is
20-40 times its concentration in plasma. As a central
estimate the rate of clearance of plasma iodide in saliva
plus gastric secretions is about 43 ml/min (range, 36—
49 ml/min) (7, 55, 57, 58). Harden et al. (58) estimated
that gastric secretion represented about two-thirds of
total salivary plus gastric clearance of activity from
blood at 40-70 min after intravenous injection of '*?I
into seven adult male subjects. There is a delay of about
20 min between uptake of iodine by the salivary glands
and stomach wall and appearance in the stomach
contents and a delay of about 30 min between the peak
concentration in plasma and the peak concentration in
secretions into the alimentary tract (5, 7).

The thyroid and kidneys are in competition for blood
iodide and hence for the body’s supply of iodide due to
the rapid recycling of total-body iodide through blood.
Normally more than 90% of the loss of iodine from the
body is due to renal clearance of iodide. Little inorganic
iodide is lost in feces. Fecal excretion of iodine arises
primarily from biliary secretion of organic iodine as T,
that has been inactivated in the liver (25). Sweat does not
appear to be an important mode of loss of iodide except
perhaps in areas with low dietary iodine, in hot climates,
or in athletes or other persons who exercise vigorously
and frequently (54, 59).

Iodide in blood plasma is filtered by the kidneys at the
glomerular filtration rate. About 70% of the filtered
1odide is reabsorbed to blood, and the rest enters the
urinary bladder contents and is excreted in urine (60,
61). Renal clearance expressed as the volume of plasma

iodide or blood iodide cleared per unit time is nearly
constant over a wide range of plasma concentrations for
a given age and sex. As a central estimate, renal
clearance is about 37 ml plasma/min for euthyroid adult
males (54, 55, 62). Renal clearance of iodide expressed as
milliliters of plasma per minute appears to be about 25—
30% lower on average in women than in men, but
fractional loss of total-body iodide in urine per unit time
is similar for men and women (54, 63).

The concentration of radioiodide in the kidneys may
exceed that in most extrathyroidal tissues for a brief
period after acute input into blood. In rats the peak
concentration in the kidneys occurred about 15 min after
intravenous injection (64, 65), at which time the kidneys
contained a few percent of the injected amount (64). In
rats and mice, the concentration of radioiodine in the
kidneys was similar to that in the salivary glands during
the early hours after intravenous or intraperitoneal
injection (65, 66). Data on laboratory animals generally
indicate that the concentration of radioiodide in the
kidneys declines rapidly and is not much greater than
that in most other organs by a few hours after
administration (67-69). Using imaging data for '**I
(generally derived at 4-44 h after administration as
iodide) as a tracer for "*'I in patients with thyroid cancer,
Kolbert et al. (70) estimated that the absorbed dose to
kidneys from "'l was on average roughly half of the
absorbed dose to the salivary glands.

Data on uptake of radioiodide by the liver are
variable. Animal data suggest that the liver accumulates
a few percent of radioiodide soon after ingestion or
intravenous administration but much less per gram of
tissue than do the kidneys (64, 66, 69).

Typical transfer coefficients for inorganic iodide
between major pools, as indicated by the information
summarized above, are shown in Fig. 2. A transfer
coefficient 1s defined as fractional transfer of the
contents of the source compartment per unit time. The
model in Fig. 2 builds on a model developed by Hays
and Wegner (7) based on bioassay and external
measurements of 'l in young adult males during the
first 3 h after intravenous injection. The present model
modifies some transfer coefficients in the Hays-Wegner
model to reflect central data from collected studies and
to account for a difference in the assumed size of the
blood iodide pool. A compartment representing iodide
in kidneys is included to model the elevated activity in
kidneys observed soon after entry of inorganic radioio-
dide into blood. A compartment representing inorganic
iodide in liver is added for completeness, in that the liver
is addressed explicitly in the model because it is an
important repository for organic iodine rather than
inorganic iodide. The transfer coefficients from blood to
kidneys and to liver shown in Fig. 2 are consistent with
the limited information for laboratory animals and
human subjects summarized above.
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FIG. 2. Estimated rates of exchange of inorganic iodide between major pools. A model of Hays and Wegner
(7) based on measurements on healthy young adult males was used as a starting point, but data from a number

of other studies are reflected.

The following description of the basis for the transfer
coefficients shown in Fig. 2 is for a reference adult male
(71) insofar as anatomical or physiological features are
required in the derivations. For reasons discussed in a
later section, the derived transfer coefficients are
expected to apply equally well to adult females.

Blood iodide represents iodide in blood plasma plus
iodine in RBC water and is treated as a well-mixed pool.
Transfer coefficients reported in the literature in units of
milliliters of plasma per minute are assumed to apply to
total blood iodide. For a reference adult male the
effective volume of the compartment called Blood iodide
is estimated as 4500 ml, based on 3000 ml of plasma and
1500 ml of RBC water. The transfer coefficient
describing renal clearance of iodide from blood is based
on clearance of 37 ml plasma/min indicated earlier as a
central estimate for adult males: (37 ml min™') X
(1440 min day ')/(4500 ml) = 11.84 day'. The sum of
transfers from Blood iodide to Salivary glands and
Stomach wall is based on a central estimate of 43 ml
plasma/min for the total rate of secretion of iodide in
saliva plus gastric secretions. Division of flow between
Salivary glands and Stomach wall is based on reference
values (71) for daily secretions in saliva (1200 ml) and
gastric juice (2000 ml). For example, Stomach wall is
assumed to receive 100% X 2000/(1200 + 2000) =
62.5% of the total flow to these compartments, so that
the transfer coefficient from Blood iodide to Stomach
wall is 0.625 X 43 ml min day™' X 1440 min day '/

(4500 ml) = 8.6 day'. A transfer coefficient of 50 day!
from Salivary glands or Stomach wall to Stomach
contents (Fig. 2) is based on an assumed removal half-
time of 20 min in each case. The baseline transfer
coefficients describing emptying of the stomach and
small intestine (SI) are reference values for total diet
from the ICRP’s Human Alimentary Tract Model
(HATM) (72); alternate values may be appropriate in
specific cases. The transfer coefficient from SI contents
to Blood iodide is derived from the baseline absorption
fraction of 0.99. The transfer coefficients associated with
Other tissue are essentially the values derived by Hays
and Wegner (7) by a computer fit to measurements on
young adult males. The transfer coefficient from Blood
iodide to Other tissue was increased moderately to
improve fits to some data sets addressed later. The
transfer coefficients associated with the kidneys and liver
were set to give a peak radioiodide content in these
organs of ~5% and ~3%, respectively, of the adminis-
tered amount (assuming no decay) at about 15 min after
intravenous injection, followed by a relatively fast
decline in the concentration in each case (a biological
half-time of 10 min).

2.4. Behavior of inorganic iodide and organic iodine in the
thyroid
2.4.1. Functional unit of the thyroid

The basic unit of cellular organization within the
thyroid is the follicle, a spherical structure that is
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FIG. 3. Diagram of a thyroid follicle showing main steps in synthesis and secretion of T, and T; (steps
described in main text). I" = iodide, I° = neutral iodine, NIS = sodium-iodide symporter, Tg = thyroglobulin,
Tyr = tyrosine, MIT = monoiodotyrosine, DIT = diiodotyrosine.

typically a few hundredths of a millimeter in diameter.
Each follicle is composed of a single layer of epithelial
cells enclosing a lumen filled with a viscous material
called colloid (Fig. 3). The colloid consists mainly of
thyroglobulin (Tg), a protein synthesized by follicular
cells and secreted into the lumen. Thyroglobulin serves
as a matrix for production and storage of T, and T; (73).

2.4.2. Regulation of thyroid hormone production
and secretion

Production and secretion of T, and T; are regulated
mainly by a feedback mechanism involving thyroid-
stimulating hormone (TSH), which is produced and
secreted by the pituitary gland. Secretion of TSH is
inhibited or accelerated by small increases or decreases,
respectively, in plasma T, and T; concentrations. TSH
stimulates uptake (trapping) of plasma iodide passing
through the thyroid, conversion of trapped iodide to T,
and T;, and release of T, and T; into the bloodstream
3.

The thyroid also has some capacity to autoregulate
accumulation and organification of iodide and secretion
of hormones in response to changes in availability of
iodide. Thyroid autoregulation may involve an iodide
concentration-dependent control of production of hy-
drogen peroxide (H,0O,), which is generated in follicular
cells and required for thyroid hormone synthesis (73).
Generation of H,O, is limited by a high intracellular
concentration of iodide and stimulated by a low
intracellular concentration of iodide. Acute intake of a

large mass of iodine may result in nearly complete
inhibition of H,O, generation and temporary blockade
of synthesis of thyroid hormone. There is gradual escape
from acute blockade as the iodide concentration in
follicular cells becomes too low to maintain the
inhibitory effect (73). During prolonged intake of high
levels of iodine the thyroid gland often is able to escape
the blocking effect and resume production of thyroid
hormone (74).

2.4.3. Thyroidal uptake of iodide and synthesis
of hormones

Iodide is actively transported from blood plasma into
thyroid follicular cells at the plasma membrane by a
protein molecule called the sodium-iodide symporter
(NIS), which is also present in substantial quantities in
gastric mucosa and salivary glands (3). A normal
thyroid can concentrate the iodide ion to 20-40 times
its concentration in plasma. Some of the iodide entering
the thyroid leaks back into blood, but most of it diffuses
across the follicular cell and enters the lumen, where it is
converted to organic iodine.

Berson and Yalow (75) studied the kinetics of
thyroidal “trapping” (uptake from blood) and ‘“‘bind-
ing” (organification) of intravenously injected "*'I by the
thyroid in 24 hyperthyroid and three euthyroid subjects,
first with no inhibition of binding and later with
administration of a drug that inhibited binding. The
investigators concluded that the rate of binding of
trapped iodide is substantially greater than the rate of
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return of trapped iodide to blood. When iodide binding
was blocked before administration of '*'l, activity in the
thyroid reached a peak at times varying from several
minutes to an hour or more after injection. In ~80% of
the cases the rate of loss of trapped '*'I from the blocked
thyroid was in the range 0.015-0.047 min' (22—
68 day ).

Robertson et al. (76) estimated the rate of binding of
trapped iodide by the thyroid and the rate of return of
trapped iodide to plasma (exit rate) in 15 hyperthyroid
and seven euthyroid subjects by kinetic analysis of time-
dependent plasma concentrations and thyroid accumu-
lation of intravenously injected '*'I. The binding rate
was significantly greater in hyperthyroid subjects than in
euthyroid subjects, but no significant difference was
found in the exit rate in the two groups. The mean exit
rate (+ standard deviation) for all 22 subjects was 0.025
+ 0.013 min~" (36 = 19 day'). The binding rate
averaged 0.110 = 0.042 min~' (160 = 60 day™') in the
hyperthyroid subjects and 0.066 = 0.039 min~' (95 *
56 day™') in the euthyroid subjects.

After diffusing across the follicular cell, iodide is
transported across the luminal membrane into the
follicular lumen by a protein called pendrin. Iodide
entering the lumen is oxidized at the cell-colloid interface
in a reaction requiring H,O, and the enzyme thyroid
peroxidase (TPO). The resulting neutral iodine atoms
are bound within Tg to specific residues of the amino
acid tyrosine (Tyr). Some Tyr residues gain one iodine
atom, forming monoiodotyrosine (MIT), and others
gain two iodine atoms, forming diiodotyrosine (DIT)
(Fig. 4). T, and T; are formed within Tg in reactions also
requiring H,O, and TPO. T, is formed by the coupling of
two DIT molecules and hence has four iodine atoms. T,
is formed by coupling of one MIT molecule to one DIT
molecule and hence has three iodine atoms (Fig. 4).
Iodine comprises 65% and 59% of the mass of T, and
T, respectively. Tg typically contains 10-15 times more
T, than T, but the ratio of T, to T; varies with the
level of iodine in diet. A small amount of reverse T,
(rT;), an inactive variant of T, with a different
configuration of iodine atoms, may also be produced
by coupling of MIT and DIT molecules. Typically, less
than 40% of the total iodine in Tg is contained in T,, T;
and rT; and the rest is contained in uncoupled MIT and
DIT (2, 3, 73, 77).

T, is produced only in the thyroid. Approximately
20% of the circulating T; normally is produced in the
thyroid, and the rest is produced from T, in extrathy-
roidal tissues by removal of an iodine atom from the
outer ring of T, by the same deiodinating enzyme found
in the thyroid (77, 78).

The thyroid adapts to prolonged reductions or
increases in iodine intake by adjusting its rate of uptake
of iodide from blood. Equilibration of thyroidal uptake
of iodide to an altered mean iodine intake requires

I

HO —<:> CH,- KIZH —COOH
NH,

Monoiodotyrosine (MIT)

I

HO —<:> CH, = GH - COOH
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HO~<:>— O—O CH, - CuiH - COOH
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FIG. 4. Structure of the thyroid hormones and precursors [after
refs. (3, 77)]. The structure of tyrosine is that of MIT minus the iodine
atom. The structure of reverse T; (rT;) is that of T; with the inner and
outer rings reversed; i.e., the outer ring of rT; has two iodine atoms
and the inner ring has one.

several weeks in adult humans (79). For example, if
iodine intake is reduced over an extended period, there is
a gradual increase in the number of transport molecules
(NIS) in the plasma membranes of thyroid follicular
cells (3) and a gradual increase in thyroid vascularity
and mass. If these adjustments are insufficient to replace
secreted hormonal iodine, the thyroid eventually de-
creases its synthesis of T, while maintaining a normal
level of synthesis of the more active T;, and there is an
increase in fractional conversion of T, to T; in
extrathryoidal tissues (3, 78, 80). Because conversion
to T; normally accounts for only 35-40% of the
clearance of T, from extrathyroidal tissues (87), this
homeostatic mechanism can provide a sufficient supply
of thyroid hormones to tissues at relatively low levels of
dietary intake of iodine. These adaptive mechanisms
may allow the thyroid to produce an adequate supply of
hormones even if average dietary iodine remains well
below recommended intake levels. With severe and
prolonged dietary iodine deficiency, however, the supply
of thyroid hormones may fall below the level required to
maintain normal functions (hypothyroidism) as obliga-
tory losses in excreta deplete the body of iodine. The
adverse effects of iodine insufficiency are variable but
may include enlargement of the thyroid, reduced
metabolic rate, cold intolerance, weight gain and mental
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TABLE 1
Relationship of 24-h Uptake of Ingested Radioiodine by Thyroid (U) and Average Daily Urinary Excretion of Stable
Iodine (E) in the Same Group of Adult Subjects

Observed values”

Study No. of subjects” E (ug day™) U< (%)
Choufoer et al. (82), New Guinea 304 4103 88.5 £ 1.2
Adams et al. (83), New Guinea 6 53 0.7 89.3 =44
Stanbury et al. (84), Argentina 6 16.5 (6.2-23.5) 71.6 (68.8-74.5)
25 23.6 69.1

Ermans et al. (85), Central Africa 4 27.5 (16.2-47) 82.8 (72-90)
Ingbar and Freinkel (86), Massachusetts, U.S. 2 73.9 = 23.0 394 = 7.0

3 167 += 18.5 244 =238
Colard et al. (87), Belgium 7 78 =13 46 (32-52)
DeGroot (88), Massachusetts, U.S. 4 128 + 33 27.1 £ 2.6
Stanbury et al. (84), Massachusetts, U.S. 2 145 = 1 29.8 = 1.8

1 335 15.2
Ohtaki et al. (89), Japan 7 175 23.2 (13.2-32.3)
Nagataki et al. (90), Japan S 210 (100-379) 19 (14.8-24.3)
Nelson et al. (91), California, U.S. 132 303 + 41 17.6 (2-37)
Caplan et al. (92), Wisconsin, U.S. 44 351 £ 6.8 12.1 = 0.9

7 385 = 60 9.6 = 0.7

2 966 = 160 5714
Hooper et al. (93), New Mexico, U.S. 20 410 = 55 112 1.2
Pittman et al. (94), Alabama, U.S. 53 680 = 13 154 = 1.1
Nagataki et al. (90), Japan 4 1132 (878-1690) 12.5 (10.2-15.8)
Ohtaki et al. (89), Japan 7 1523 = 356 16.7 (9.5-26.6)
Nagataki et al. (90), Japan 2 15,540 (13,780-17,300) 5.1 (2.6-7.5)

“ Refers to subjects in which U was determined; E was sometimes determined in a subgroup.

® Mean and standard error or range when available.
¢ Observed values for radioiodine corrected for radioactive decay.
4 Includes 12 teenagers (ages 13-18 years).

sluggishness, which in severe cases can result in
psychoses and if uncorrected in institutionalization.

Adaptation of thyroidal clearance of iodide to dietary
intake results in an inverse relationship between U and
E, where U is fractional uptake of ingested radioiodine
by the thyroid at 24 h and E (ug day™') is the rate of
urinary excretion of stable iodine (Table 1). The value U
also depends on the rate S (ug day~') of hormonal iodine
secretion by the thyroid. Stanbury et al. (84) derived the
formula U = S/(S + E), based on the assumption that
daily accumulation of organic iodine by the thyroid is in
mass balance with daily secretion S of hormonal iodine.
They derived a central estimate for S of 57 ug day ' from
measurements of E and U in a relatively large study
group, primarily young adult females, with generally low
rates of urinary excretion of stable iodine and high
incidence of goiter. The formula U = 57/(57 + E) is still
widely used to estimate thyroidal uptake of radioiodine
on the basis of urinary iodide. This formula is
reasonably consistent with data for populations with
iodine intake up to a few hundred micrograms per day
(95).

Zvonova (96) compiled regional data on dietary
intake or urinary excretion of stable iodine, thyroidal
uptake of radioiodine, and mass of the thyroid in adult
humans. Data were collected for populations in Argen-
tina, West Germany, Russia, Denmark, Scotland,
Hungary, West New Guinea and seven regions in the

U.S. Estimated dietary intake of stable iodine ranged
from 5-10 pg day ' in West New Guinea to 250—
700 ug day ' in some regions of the U.S. The mean
fractional uptake U of ingested radioiodine by the
thyroid at 24 h was estimated as 0.14-0.15 for
populations with stable iodine intake greater than
400 pg day', 0.16-0.27 for intake of 250-330 ug day',
0.41-0.45 for intake of 80-85 pg day', 0.54-0.59 for
intake of 40-54 pg day™', and about 0.9 for intake of 5—
10 pug day'. The mean thyroid mass varied inversely
with stable iodine intake Y. Zvonova derived the
relationship U = 85/(85 + Y) based on an assumed
balance of thyroidal production and secretion of
hormones. The value S = 85 ug day~' was derived by
fitting the collected data for Y and U.

The formulas for thyroidal uptake of radioiodine
derived by Stanbury et al. (84) and Zvonova (96) both
provide reasonable approximations to reported radioio-
dine uptake in populations with stable iodine intake up
to a few hundred micrograms per day but underestimate
uptake in populations on an iodine-rich diet. The
underestimates presumably arise because the assumption
of balance of thyroidal uptake and hormonal secretion
of iodine involves large errors at high levels of dietary
stable iodine. Although the rate of accumulation of
organic iodine by the thyroid and the rate of loss of
iodine from the thyroid both appear to increase at high
levels of iodine intake, the mass of iodine secreted as
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FIG. 5. Rate of secretion of hormonal iodine as T, in adult male
humans. Data from refs. (/07) (open circles) and (43, 53, 111, 115,
116) (shaded circles).

thyroid hormones appears to remain unchanged (53, 79,
89, 90, 97, 98).

2.4.4. Storage and secretion of thyroid hormones

Iodinated Tg is stored within the lumen of thyroid
follicles. In adults on an iodine-sufficient diet the
thyroid typically stores 5-15 mg of hormonal iodine
(5, 99-103).

In response to demand for thyroid hormone secretion,
iodinated Tg 1is internalized by follicular cells by
pinocytosis and digested in lysosomes. Freed T, and T;
are released to blood, and freed MIT and DIT are
deiodinated within the follicular cells by an enzyme
called iodotyrosine deiodinase. The iodide released from
MIT and DIT presumably exchanges to some extent
with the pool of iodide that has been transported from
blood into the follicular cell by NIS, but dual-isotope
studies on human subjects indicate that these two
sources of iodide in follicular cells do not form a well-
mixed pool (/104). Part of the iodide released from MIT
and DIT is transferred back to the follicular lumen for
further hormone synthesis, and part of it leaks into
blood (3, 73, 104, 105). The fraction of iodide leaked
into blood is variable, resulting in daily fluctuations in
the total mass of iodine released by the thyroid to blood
despite the nearly constant rate of release of hormonal
iodine (/04). The leak may be small compared with
released hormonal iodine for moderate to low dietary
intake of iodine but large for high intake.

The estimated rate S of secretion of hormonal iodine
by the thyroid in individual euthyroid adult humans
ranges from less than 30 to more than 150 pug day™' (5,
53,79, 84, 86, 96, 106-108). Reference values for S in
adults given in reviews and textbooks generally are in
the range 55-85 ug day~' (5, 10, 11, 77, 79, 96, 109, 110).
As illustrated in Fig. 5, thyroid hormone secretion

declines with increasing adult age, at least after the fifth
or sixth decade (53, 107, 111-114). The secretion rate is
about one-third lower on average in women than in
men, although there is some overlap in individual
measurements for women and men (53, 86, 111). The
following reference values of S for adults through age
65 years (hence applicable to workers) are based on
collected data on thyroidal secretion of iodine as T, at
ages 18-65 years and the assumption that T, represents
90% of total secretion of hormonal iodine: 52 ug day™!
for females, 76 pug day ™' for males, and 64 ug day ' as a
sex-averaged value.

There appears to be some early secretion of newly
formed T, and T;, but this represents less than 5% of
the organified tracer (8, 11). Most of the iodinated
Tg is retained in the follicular lumen for weeks or
months. For practical applications it generally suffices
to treat iodinated Tg in the thyroid as a well-mixed
pool.

Fractional transfer of iodine from thyroid stores to
blood per unit time and the corresponding biological
half-time of organic iodine in the thyroid depend on the
size of current stores, the rate of thyroidal secretion of
hormonal iodine (S, pg day™!), and the extent of leakage
of iodide from MIT and DIT deiodinated in follicular
cells. For example, assuming first-order kinetics and no
leakage of iodide from MIT and DIT, the calculated
single-passage biological half-time is 54 days based on
thyroidal stores of 5 mg of iodine and S = 64 ug day!,
91 days based on stores of 10 mg and S = 76 pg day!,
and 130 days based on stores of 15 mg and S =
80 ug day'. The apparent (externally measured) half-
time is longer than the single-passage half-time due to
recycling of secreted iodine back to the thyroid. The
difference in the single-passage and apparent half-time
for a given subject depends on the period of observation
after acute intake of radioiodine and the level of
thyroidal uptake of blood iodide. Reported apparent
half-times in adults vary from about 3 weeks to about
1 year and average about 85 days (20, 22, 117-119).
Most reported apparent half-times have been based
on short-term (typically, 2 week) external measurements
of "'l disappearance from the thyroid (20, 22).
Long-term measurements (up to ~5 months) on five
workers acutely exposed to I vapor indicated a mean
apparent half-time of about 130 days (range, 106—
186 days) (119).

A rounded single-passage biological half-time of
90 days is consistent with central estimates of thyroidal
iodine stores and hormonal secretion of iodine, e.g.,
stores of 10 mg and S = 76 ug day! in an adult male,
and is adopted here as a baseline value. The corre-
sponding apparent half-time calculated from the pro-
posed model with baseline parameter values is about
120 days, assuming a S5-month observation period
starting at the time of peak activity in the thyroid.
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FIG. 6. Schematic of the movement of iodine between blood and
the thyroid and within the thyroid. Baseline values of the transfer
coefficients determined for adults are A, = 7.26 day ', A, = 36 day ',
A = 95 day !, A, = 0.0077 day ', and As = 0 day .

2.4.5. Summary: Typical biokinetics of thyroidal iodine
in adults

A schematic of the net movement of inorganic iodide
and organic iodine within the thyroid and between blood
and the thyroid is shown in Fig. 6. The schematic
reduces the earlier diagram of the steps in synthesis,
storage and secretion of thyroid hormones (Fig. 3) to a
first-order model. Blood and thyroid are each divided
into compartments representing inorganic iodide (Blood
1 and Thyroid 1, respectively) and organic iodine (Blood
2 and Thyroid 2, respectively).

As depicted in Fig. 6, inorganic iodide is transferred
from Blood 1 to Thyroid 1 at a rate A, (volumes of the
source compartment transferred per day) that depends
on dietary intake Y of stable iodine (ug day™') and
thyroidal secretion S of hormonal iodine (ug day') as
described later. Thyroid 1 leaks iodide back to Blood 1
at the rate A, and transfers iodide to Thyroid 2 at the
rate A;. The rates A, and A, are set at 36 day ' and
95 day!, respectively, based on measurements by
Robertson et al (76) discussed earlier. Thyroid 2
converts inorganic iodide to organic iodine instanta-
neously, transfers organic iodine to Blood 2 at the rate
A, and, as a by-product of the transfer, leaks inorganic
iodide into Blood 1 at the rate As. The rate A, is assigned
the baseline value 0.0077 day~' corresponding to a
biological half-time of 90 days. The leak of inorganic
iodide from Thyroid 2 to Blood 1 represents the net
result of transfer of iodinated Tg from the thyroid
follicular lumen into the follicular cell, digestion of Tg in
lysosomes, transfer of released T, and T; to blood,
deiodination of released MIT and DIT in the follicular
cell, recycling of most of the freed iodide to the follicular
lumen, and leakage of the rest to blood. The transfer

coefficient As is assumed to be nonzero only for an
1odine-rich diet, as described later.

For dietary stable iodine up to a few hundred
micrograms per day (the precise value depends on S) it
is assumed that A; = 0 (i.e., all iodide released in
follicular cells from deiodination of MIT and DIT is
reused to produce thyroid hormones) and that thyroidal
uptake of iodide is in mass balance with hormonal
secretion of iodine. Under these assumptions plus the
assumption that intake and excretion of stable iodine are
in balance, the transfer coefficient A, from Blood 1 to
Thyroid 1 can be expressed as a function of dietary
stable iodine (Y) and thyroidal secretion of hormonal
iodine (S). Based on the transfer coefficients from
Thyroid 1 to Blood 1 (36 day™') and Thyroid 1 to
Thyroid 2 (95 day™!), the mass of iodide transferred
from Blood 1 to Thyroid 1 each day must equal S X
(36495)/95 ng =1.38S ug to achieve transfer of S
ug day!' to Thyroid 2. This means that A, = (1.385/X)
day~!, where X (ug) is the mass of iodide in Blood 1 at
equilibrium. Daily loss of iodide in urine is 11.84X (ug),
where 11.84 (day™') is the transfer coefficient from
Blood 1 to Urinary bladder contents (Fig. 2). Daily loss
of iodide in urine is also equal to daily intake Y minus
daily fecal excretion. Daily fecal excretion of iodine is
approximately 0.02Y + 0.2S, where 0.02Y is the
approximate fecal excretion of inorganic iodide resulting
from incomplete absorption of the initially ingested
amount (1% loss) and incomplete reabsorption of
secreted iodide (an additional ~1% loss), and (as
described in a later section) 0.2S represents daily fecal
excretion of hormonal iodine. Therefore, 11.84X =Y —
0.02Y — 0.2S, or X = (0.98Y — 0.2S)/11.84. It follows
that

Ja=1.388/X =1.385/[(0.98Y —0.25)/11.84] day ",
A1 =16.345/(0.98Y —0.2S), (1)

A =16.34/[0.98(Y/S) —0.2] day . (2)

Thus 2, is determined by the quotient Y/S. The value of
Y/S based on gender-averaged reference values for ages
20-65 years (representing workers) is 160 pg day '/
64 ng day ! = 2.5. The same value is derived from
reference values for either sex: Y/S = 190 ug day '/
76 ug day ' (males) = 130 ug day '/52 ug day!
(females) = 2.5. The corresponding transfer coefficient
based on Eq. (2) is A, = 16.34/[(0.98 X2.5) — 0.2] day !
= 7.26 day~!, which is adopted as the baseline value for
M. Equation (1) can also be rewritten as

A =16.34S/E, (3)

where E is the rate (ug day™') of urinary excretion of
stable iodine.
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Equations (1-3) are applicable to any combination of
Y and S that gives a transfer coefficient of at least
2.5 day'. For lower derived values, the transfer
coefficient A, from Blood 1 to Thyroid 1 is set at
2.5 day™', which gives a 24-h thyroid content of about
12% of the ingested amount. This appears to be a
reasonable average value for dietary stable iodine in
the range 400-2000 ug day' (89, 90, 92-94) but may
overestimate average uptake in populations with
dietary stable iodine substantially greater than
2000 pg day'.

The 90-day biological half-time for iodine in Thyroid
2 is applied to all levels of dietary iodine, but for high
intake the outflow from Thyroid 2 is divided between
Blood 2 and Blood 1 because the leak of iodide from
Thyroid 2 to Blood 1 is assumed to be nonzero in this
case. The mass of iodine removed daily from Thyroid 2
in excess of hormonal iodine secretion is assumed to be
inorganic iodide and is assigned to Blood 1. This is
accomplished mathematically by reducing 2, to give a
transfer to Blood 2 of S ug day™' and assigning a non-
zero transfer coefficient As from Thyroid 2 to Blood 1
that accounts for the difference in total outflow from
Thyroid 2. The transfer coefficient from Thyroid 2 to
Blood 2 becomes S/C, where C (ug) is the mass of iodine
in Thyroid 2. The transfer coefficient A5 from Thyroid 2
to Blood 1 becomes (0.0077 — S/C) day ™.

In the proposed model, thyroid blocking is viewed as
interference with organification of iodide by the thyroid
and represented mathematically as a reduction of the
transfer coefficient A; from Thyroid 1 to Thyroid 2. For
complete blocking, A; = 0.

2.5. Behavior of extrathyroidal T, and T;
2.5.1. T, as a precursor of T; and rT;

T, exerts most of the effects of the thyroid hormones
in the body. T, has little intrinsic biological activity and
serves mainly as a long-lived precursor to the more
active and shorter-lived T;. T, can be converted to T,
outside the thyroid when increased thyroid hormone
activity is required or to inactive r'T; when excess thyroid
activity is present. Much of the extrathyroidal conver-
sion of T, to T; occurs in the liver and kidneys.
Approximately 80% of T, secreted by the thyroid is
metabolized by conversion to either T; (typically 35—
40%) or rT; (40-45%) (78, 81).

2.5.2. Summary of the biokinetic database

Upon secretion by the thyroid into blood, T, and Ts
are rapidly and almost completely bound to plasma
proteins. Little if any enters the RBC. Reported
concentrations of protein-bound iodine in blood
plasma of euthyroid subjects generally are in the range
3-8 ug/100 ml and cluster about 5-6 pug/100 ml (9, 120-
124).

A number of investigators have studied the kinetics of
radiolabeled T, after intravenous injection into human
subjects (5, 9, 86, 107, 121, 125-131). Blood clearance
kinetics follows a multi-exponential function with half-
times ranging from about 1 h to about 1 week. Rapid
early disappearance from plasma may represent mainly
distribution throughout the extracellular fluids plus
uptake by hepatocytes. A slower decline at later times
may represent uptake by cells and binding to intracel-
lular proteins throughout the body, reduction to
inorganic iodide due to use of the hormones by cells,
and biliary secretion followed by fecal excretion of part
of the organic iodine entering the liver. External
measurements together with liver biopsy data indicate
that the liver accumulates roughly 35% (22-52%) of
injected T, during the first 3-4 h after administration
and contains roughly 25% (14-40%) of extrathyroidal T,
at equilibrium (9, 121, 128, 131).

The kinetics of labeled T; has been difficult to
determine with much precision, in large part due to
interference of iodoproteins generated by metabolism of
the injected tracer material (/24, 13/). Human studies
indicate high initial uptake of labeled T; by the liver but
a shorter hepatic retention time than that of T, (132).
The liver content at equilibrium has been estimated as 5—
21% of the total extrathyroidal T; pool (25, 132).

A portion of T, or T; entering the liver is secreted into
the small intestine in bile (77). The secreted form is
poorly absorbed to blood and is largely excreted in feces
(25). This accounts for about one-fifth of the loss of
organic iodine from extrathyroidal tissues, and reduc-
tion to iodide and return to the blood iodide pool
accounts for the rest (82, 86, 106, 122, 130, 133, 134).
Endogenous fecal excretion of organic iodine can
become a major source of loss of iodine during periods
of low intake of iodine (82, 135, 136).

Animal studies indicate that the concentration of
organic iodine in the kidneys is at least as high as that
in the liver. For example, in rats receiving daily
injections of Na'*l over a 3-week period, the con-
centration of labeled T, in kidneys was similar to that in
the liver, about seven times that in muscle, and more
than twice that in heart (/37). The concentration of
labeled T; in kidneys was nearly twice that in the liver,
eight to nine times that in muscle, and four times that in
heart.

Most estimates of the mass of extrathyroidal organic
iodine at equilibrium are in the range 500-1000 pg. Most
estimates of the biological half-life of T, in normal
subjects are in the range 5-9 days (9, 26, 86, 107, 121,
125, 129-131, 134). The half-life of T; is about 1 day (3,
122, 124, 130, 131, 138, 139) and that of reverse T; (r'T5)
is a few hours (/30). Measurements on 73 euthyroid
males of ages 18-91 years indicate that the rate of T,
production as well as its turnover rate, representing the
combined rate of deiodination and fecal excretion,
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FIG. 7. A model of transfer of extrathyroidal T, between major pools, modified from Nicoloff and Dowling

(9). ECF = extracellular fluid.

decrease with age starting some time before age 50 years
(107). The half-life of labeled T, was estimated as
6.6 days in young adult males and 89 days after the
fifth decade of life (/07). In 165 healthy subjects in
the age range 18-86 years, measured rates of deiodin-
ation of T, were similar in male and female subjects
in the same age groups (/34). The half-time of
deiodination of T, increased with age from about 8 days
in the third decade of life to about 13 days in the sixth
decade (134).

The typical biokinetics of organic iodine in extra-
thyroidal tissues, as estimated primarily from measure-
ments of labeled T,, is summarized as a compartment
model in Fig. 7. This is a modification of a model
developed by Nicoloff and Dowling (9) from bioassay
and external measurements of "*'I after intravenous
injection of "'I-labeled T, into 13 healthy adult human
subjects. The present model adds a compartment
representing kidneys and assumed to have the same rate
of exchange with blood plasma per gram of tissue as
does the liver. Transfer coefficients reported by Nicoloff
and Dowling for one of their most extensively studied
subjects were modified so that the model yields the
following typical values suggested by data from collected
studies: the removal half-time of thyroid hormone from
the system (i.e., from extrathyroidal tissues and fluids) is
7 days; fecal excretion represents 20% of the loss of
thyroid hormones from the system, and return of
inorganic iodide to the blood iodide pool represents
the other 80%; and the liver and blood plasma each
contain one quarter of the extrathyroidal hormones at

equilibrium. The following changes in the transfer
coefficients of Nicoloff and Dowling were required to
reproduce those values: transfer from Liver to Blood
plasma was changed from 22 to 21 day'; transfer from
Liver to Feces was changed from 0.14 to 0.08 day!; and
transfer from Blood plasma to ECF was reduced from
19 to 15 day~! to maintain approximately the same total
outflow rate from plasma after the addition of Kidneys.
The transfer coefficient from Other tissue to Blood
iodide (0.14 day ') was assumed to apply also to transfer
from Liver or Kidneys to Blood iodide.

The transfer coefficients in Fig. 7 are used in the full
biokinetic model for iodine (described in the next
section) as transfer coefficients for extrathyroidal
organic iodine. The same rates may be applied in the
dosimetry of radiolabeled T, because the rates are based
mainly on T, studies. These rates do not apply to
radiolabeled T; or rT;, both of which have substantially
faster exchange rates and shorter half-lives than T,.
Transfer coefficients for T, and rT; intended for
dosimetry of radiolabeled T; or rT; are listed in Table 2.
Transfer coefficients for T; were derived by adjusting the
values for T, to achieve reasonable agreement with the
more limited biokinetic database for T; summarized
above. This was achieved by essentially doubling the
relatively fast transfer coefficients for T, (those between
Blood plasma and ECF, Liver or Kidneys), increasing
slower transfers other than ECF to Other tissue by
roughly a factor of five, and increasing the transfer from
ECF to cells (Other tissue) by about a factor of 40.
Transfer coefficients for rT; were derived by modifying
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FIG. 8. Plasma disappearance curves generated from the derived
transfer coefficients for T,, T; and rT; (see Fig. 7 and Table 2)
compared with mean observations (/30) for 10 healthy adult subjects
after intravenous injection with radiolabeled T, T; or rTs.

(increasing) transfer coefficients for T, to achieve
reasonable agreement of model predictions of plasma
disappearance of rT; with reported data for rTs. This
was achieved by tripling the rates for T except for Other
tissue to ECF, for which the value for T; was increased
by 50%. Plasma disappearance curves generated by the
models for T,, T; and rT; are compared in Fig. 8 with
the data of Chopra (/30) for 10 healthy subjects (six men
and four women, ages 19-41 years) receiving radiola-
beled T,, T, or r'T; by intravenous injection.

TABLE 2
Baseline Parameter Values for Iodine Entering
Blood Plasma as T,, T; or rT5*

Transfer coefficient (day ')

Pathway T, T, T,
Plasma to ECF 15 30 90
ECF to Plasma 21 40 120
ECF to Other tissue 1.2 50 150
Other tissue to ECF 0.62 3.0 4.5
Other tissue to Blood iodide 0.14 0.75 2.2
Plasma to Kidneys 3.6 7.0 21
Kidneys to Plasma 21 40 120
Kidneys to Blood iodide 0.14 0.75 2.2
Plasma to Liver 21 40 120
Liver to Plasma 21 40 120
Liver to Blood iodide 0.14 0.75 2.2
Liver to Feces” 0.08 0.5 1.5

“ Transfer coefficients shown for T, are the same as the values for
all extrathyroidal organic iodine shown in Fig. 7.

b Represented as a feed from the liver to small intestine to right
colon with negligible residence time in the small intestine.

3. PROPOSED IODINE MODEL
3.1. Model structure and baseline parameter values

The proposed biokinetic model for iodine is formed
by consolidating the model of circulating inorganic
iodide shown in Fig. 2, the model of thyroidal iodine
shown in Fig. 6, and the model of extrathyroidal organic
iodine shown in Fig. 7. The structure of the full model is
shown in Fig. 9. Baseline transfer coefficients for a
reference adult are listed in Table 3; these values apply

Salivary lodide
lands in blood lodide
¢ (Blood 1)
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Stomach Stomach | iodine 2
contents wall Organic
iodine
I in blood el g
Smal (Blood 2) :
intestine L
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Colon
contents
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B ;:. bladder
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Feces =| Organic \l/
L l iodine 2
T Urine

FIG. 9. Structure of the proposed biokinetic model.
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TABLE 3
Baseline Parameter Values for the Proposed
Biokinetic Model for Systemic Iodine,
Applicable to a Reference Adult

Pathway Transfer coefficient (day ")
Blood 1 to Thyroid 1 7.26°
Blood 1 to Urinary bladder contents 11.84
Blood 1 to Salivary glands 5.16
Blood 1 to Stomach wall 8.60
Blood 1 to Other 1 600
Blood 1 to Kidneys 1 25
Blood 1 to Liver 1 15
Salivary glands to Stomach contents 50
Stomach wall to Stomach contents 50
Thyroid 1 to Thyroid 2 95
Thyroid 1 to Blood 1 36
Thyroid 2 to Blood 2° 0.0077
Thyroid 2 to Blood 1 0
Other 1 to Blood 1 330
Other 1 to Other 2 35
Other 2 to Other 1 56
Kidneys 1 to Blood 1 100
Liver 1 to Blood 1 100
Blood 2 to Other 3 15
Other 3 to Blood 2 21
Other 3 to Other 4 1.2
Other 4 to Other 3 0.62
Other 4 to Blood 1 0.14
Blood 2 to Kidneys 2 3.6
Kidneys 2 to Blood 2 21
Kidneys 2 to Blood 1 0.14
Blood 2 to Liver 2 21
Liver 2 to Blood 2 21
Liver 2 to Blood 1 0.14
Liver 2 to Right colon contents 0.08
Stomach contents to SI contents 20.57
SI contents to Colon contents 6.0
SI contents to Blood 1 594
Urinary bladder contents to Urine 12

“ Depends on the ratio Y/S, where Y (ug day ') is dietary intake of
stable iodine and S (ug day™') is the rate of secretion of hormonal
stable iodine by the thyroid.

® For high intake of stable iodine the outflow from Thyroid 2 is
split between Blood 2 and Blood 1 as described in the text.

¢ Non-zero only for high dietary stable iodine. See text.

to both men and women. The inorganic iodide
compartments Other 1 and Other 2 in Fig. 9 are the
compartments in Fig. 2 labeled Rapid exchange and
Slow diffusion. The organic iodine compartments Other
3 and Other 4 in Fig. 9 are the compartments in Fig. 7
labeled ECF and Other tissue. Blood 1 in Fig. 9 is the
compartment in Fig. 2 labeled Blood iodide. Blood 2 in
Fig. 9 is the compartment in Fig. 7 labeled Blood
plasma.

3.2. Applicability of a common set of parameter values to
men and women

Although some quantities used in the derivations of
transfer coefficients described earlier are sex dependent,
differences in these quantities between average adult
males and average adult females tend to offset one

another in the calculation of fractional transfers per unit
time between compartments. For example, the volume
of blood in an adult female typically is about three-
fourths of that in a male of the same age, based on
reference volumes for blood plasma and RBC given in
ICRP Publication 89 (71). On average, renal clearance of
iodide, expressed in units of ml blood min~', in adult
females also appears to be roughly three-fourths of that
in adult males. Thus the derived transfer coefficient from
Blood 1 to Urinary bladder contents for an adult female
should be similar to that for an adult male because the
rate is calculated as blood volumes of iodide cleared in
urine each day divided by the blood iodide volume.

More nearly direct determinations of biokinetic
quantities for iodine generally do not reveal significant
differences with sex in transfer coefficients. For example,
an analysis of data for 1420 euthyroid subjects observed
by 32 groups of investigators indicated that thyroidal
clearance of plasma iodide was independent of the sex
and age of the subjects (/40). Also, sex differences in the
rate of deiodination of radioiodine-labeled T, were not
evident in a study involving large numbers of men and
women (/34). A study used in this paper as the primary
basis of transfer coefficients for extrathyroidal organic
iodine compartments involved both male and female
subjects (9), and sex differences are not apparent in the
turnover Kinetics reported for that study.

The transfer coefficient from Blood 1 to Thyroid 1 is
determined by the ratio Y/S, where Y is dietary stable
iodine (ug day') and S is the rate of thyroidal secretion
of stable iodine (ug day'). Both Y and S are related to
energy requirements, and both are estimated to be about
one-third lower on average for adult females than adult
males. Thus the ratio Y/S and hence the transfer
coefficient from Blood 1 to Thyroid 1 derived for adult
males should apply reasonably well to adult females.

4. MODEL PREDICTIONS

Model predictions of the distribution of radioiodine in
the first few hours after intravenous injection into adult
humans, using the baseline transfer coefficients (Ta-
ble 3), are compared with observations in Figs. 10-13.
The open circles in all four figures represent means for
nine healthy young adult males (55); variability of
measurements was reported as mean coefficients of
variation, which were approximately 12%, 78%, 19%
and 23% for blood plasma, salivary plus gastric
secretions, urine and thyroid, respectively. The close
agreement in Figs. 10-12 between predictions and
observations represented by open circles is to be
expected because the transfer coefficients dominating
model predictions in these cases were based in part on
these observations. The triangles in Fig. 10 represent
median values determined from data plots for 5-13
individual euthyroid patients (62); individual measure-
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FIG. 10. Model predictions of disappearance of intravenously
injected radioiodine from plasma compared with central values
determined in three studies (11, 55, 62).

ments varied by less than 15% from the estimated
medians. The plus signs in Figs. 10 and 13 were
determined from graphs of mean values for 9-10
euthyroid subjects (//); variability of measurements
was not reported. The closed circles in Figs. 12 and 13
represent means for 34 euthyroid patients (/47); vertical
lines through the circles represent standard deviations.

The model predictions shown in Fig. 10 are for total
blood iodide. The comparison with observed values
assumes equilibration between blood plasma and RBC
water. The model simulation in Fig. 11 assumes no
reabsorption of secreted '*'I to blood because the
measurements required removal of salivary and gastric
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FIG. 11. Model predictions of cumulative secretion of intrave-
nously injected *'I in saliva and gastric juice compared with means of
observed values for a group of healthy young adult males (55). The
model simulation was based on the assumption that there was no
absorption of salivary or gastric secretions to blood because
observations required removal of these secretions from the body.
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FIG. 12. Model predictions of cumulative urinary excretion of *'I
after intravenous injection compared with mean values determined
for two study groups (55, 141).

secretions through a nasogastric tube. In Fig. 12, the
predicted cumulative urinary excretion of 'l at a given
time includes the amount in the urinary bladder
contents.

In Fig. 13 the observations are compared with model-
generated curves based on three different values of the
transfer coefficient from Blood 1 to Thyroid 1. This
transfer coefficient is derived from Eq. (2) and depends
on the ratio Y/S, where Y is dietary stable iodine
(ug day~') and S is daily secretion of hormonal iodine by
the thyroid (ug day™'). Estimates of Y and S were not
reported for the three study groups addressed in the
figure. The group represented by plus signs (//) was
from a region with relatively low dietary iodine,
suggesting a ratio Y/S less than the baseline value 2.5.
The transfer coefficient based on the ratio Y/S = 2 yields

- = Model, Y/S=2
20 F — Model, Y/S=2.5 (baseline)
== Model, Y/S=3

+ Alexander et al. (11)

O Hays and Solomon (55)
15 @ Wagneretal. (141)

Activity in thyroid (%)

0 30 60 20 120 150 180

Time after intravenous injection (min)

FIG. 13. Model predictions of thyroidal uptake of intravenously
injected "*'I compared with mean values of external measurements for
three study groups (71, 55, 141).
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FIG. 14. Model predictions and observations of 24-h uptake of
radioiodine by thyroid (U) as a function of daily urinary excretion of

stable iodine (E). Values for E and U in same study group are from
Table 1. Regional estimates of E and U are from refs. (2, 96).

reasonable agreement with thyroidal uptake data for
that group as well as data for the healthy young adult
male subjects of Hays and Solomon (55) (open circles).
Short-term urinary data for the third group, represented
by the single closed circle, indicate mean iodine intake of
the order of 200 pg day !, suggesting a ratio Y/S greater
than 2.5. The transfer coefficient based on the ratio Y/S
= 3 is consistent with the mean 2-h thyroidal uptake for
that group.

Model predictions of the percentage of ingested
radioiodine in the thyroid at 24 h after intake (U)
assuming no radioactive decay are compared in Fig. 14
with observed values for subjects with different levels of
stable iodine in urine (E). The measurements of E and U
in the same study groups are from Table 1, and regional
comparisons are from reviews by Zvonova (96) and
Delange and Dunn (2). Model predictions are based on
the transfer coefficients in Table 3 except that the
transfer coefficient from Blood 1 to Thyroid 1 was
varied with E as described by Eq. (3), down to a
minimum value of 2.5 day'. For this comparison the
value S was set at the sex-averaged reference value of
64 ug day'.

The model with baseline parameter values (Table 3)
predicts that the thyroid contains about 29% of ingested
or intravenously injected iodine at 24 h after intake,
assuming no radioactive decay. The content of the
thyroid is predicted to peak at about 30% of the ingested
or injected amount during the period 24-48 h after
intake.

Model predictions of the equilibrium content of
iodine in the thyroid, concentration of inorganic iodide
and organic iodine in blood, and total extrathoracic
contents of inorganic iodide and organic iodide are listed
in Table 4 for different combinations of dietary iodine Y
and thyroidal secretion rate S. The predicted values are

R. W. LEGGETT

TABLE 4
Model Predictions of Mass or Concentration of
Stable Iodine in Tissues and Fluids at Equilibrium

Dietary iodine (ug day ')/thyroidal
secretion of organic iodine (ug day™"')

Quantity 130/52¢  160/64«  190/76*  300/100”

Iodine in thyroid (ug) 6750 8310 9870 13,000
Iodide in blood plasma

(ng dl™) 0.22 0.27 0.32 0.51
Total extrathyroidal

inorganic iodide (ug) 58 71 84 135
Organic iodine in blood

plasma (ug dl™") 4.3 5.2 6.2 8.2
Total extrathyroidal

organic iodine (ug) 520 640 760 1000

“ Baseline transfer coefficient describing thyroidal uptake

(7.26 day™") is applied because the ratio of daily intake of iodine Y
to daily thyroidal secretion S is 2.5.

b Transfer coefficient from Blood iodide to Thyroid iodide is
5.96 day ! based on Eq. (2).

within the ranges of reported values for euthyroid
subjects.

5. COMPARISON OF DERIVED DOSE COEFFICIENTS
WITH ICRP VALUES

Dose coefficients for selected iodine isotopes based on
the proposed model were compared with values based
on the models and methods of ICRP Publication 68,
Dose Coefficients for Intakes of Radionuclides by
Workers (18). A dose coefficient is an absorbed dose
per becquerel (Bq) intake by intravenous injection,
inhalation or ingestion (I Bq = 1 disintegration per
second). The derivations of the alternate sets of dose
coefficients differed only with regard to the systemic
biokinetic model applied, i.e., the current ICRP systemic
model for occupational intake of radioiodine (Fig. 1) or
the proposed systemic model for iodine (Fig. 9 and
Table 3). The respiratory model used in ICRP Publica-
tion 68 was applied in both sets of calculations of
inhalation dose coefficients, and the gastrointestinal
transit model used in ICRP Publication 68 was applied
in both sets of calculations of injection, inhalation or
ingestion dose coefficients. Absorbed dose estimates
were made using the DCAL (Dose and Risk Calcula-
tion) software (/42), which has been used since the early
1990s for calculation or quality assurance of the ICRP’s
dose coefficients for occupational and environmental
intake of radionuclides. Intravenously injected activity
was assumed to be in the form of inorganic iodide,
inhaled activity was assumed to be in the form of
elemental iodine [see respiratory model on page 22 of
ref. (18)], and ingested radioiodine was assumed to be in
soluble form and to be absorbed from the small intestine
to blood as inorganic iodide. A gastrointestinal absorp-
tion fraction of 0.99 was applied in all cases.
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TABLE 5
Comparison of Absorbed Dose per Unit Intake of Radioiodine by an Adult Male Based on the Proposed Model and the
ICRP’s Current Systemic Model for Workers (18, 19)

Ratio of absorbed doses, proposed model:current ICRP model

Isotope Half-life Thyroid  Stomach wall ~ Salivary glands Kidneys Liver Other (mean)
Intravenous injection of iodide
1221 3.63 min 32 5.1 5.4 5.7 1.1 1.1
2T 4.18 days 1.0 8.3 24 39 1.5 1.0
1251 59.4 days 1.1 3.1 1.8 4.5 43 0.8
| 1.6 X 107 years 1.2 1.7 1.1 5.4 5.2 0.7
BT 8.02 days 1.0 9.7 2.4 5.1 2.3 1.0
1321 23h 1.2 12 8.5 5.3 1.2 1.1
3L 52.5 min 1.5 9.9 8.5 5.6 1.2 1.1
Inhalation of elemental iodine
121 3.63 min 3.0 1.1 2.8 43 1.1 1.0
1247 4.18 days 1.0 4.1 2.3 3.8 1.5 1.0
1251 59.4 days 1.1 2.5 1.8 4.5 43 0.8
1297 1.6 X 107 years 1.2 1.6 1.1 5.4 5.2 0.7
BT 8.02 days 1.0 4.6 2.4 5.0 2.2 1.0
1321 23h 1.2 2.6 7.0 4.8 1.2 1.0
3T 52.5 min 1.5 1.8 6.4 4.7 1.2 1.0
Ingestion in soluble form
121 3.63 min 32 1.0 2.6 1.5 1.0 1.0
1247 4.18 days 1.0 2.1 24 3.6 1.5 1.0
1251 59.4 days 1.1 1.8 1.8 4.5 43 0.8
1291 1.6 X 107 years 1.2 1.4 1.1 5.4 5.2 0.7
BT 8.02 days 1.0 22 24 4.8 22 1.0
1321 23h 1.2 1.3 7.7 3.8 1.1 1.0
3T 52.5 min 1.5 1.1 7.0 3.1 1.1 1.1

Results of the comparisons are illustrated in Table 5.
The absorbed dose to the tissue identified as “Other” in
Table 5 was calculated as the average of derived absorbed
doses to adrenals, urinary bladder wall, bone surface,
brain, breasts, small intestine wall, colon, muscle, ovaries,
pancreas, red marrow, skin, spleen, testes, gallbladder
wall, heart wall, uterus and lung. Compared with the
ICRP’s current model, the proposed model yields similar
estimates of absorbed dose to the thyroid for isotopes
with half-life of at least a few hours but generally higher
estimates (up to a factor of 3.2) for shorter-lived isotopes.
For most iodine isotopes the proposed model yields
substantially higher estimates of absorbed dose to
stomach wall, salivary glands and kidneys than does the
ICRP model. The two models yield broadly similar
absorbed dose estimates for remaining tissues, including
liver, for isotopes with half-life up to a few days. The
proposed model yields noticeably higher estimates of
absorbed dose to liver for relatively long-lived iodine
isotopes, particularly '**I and '*I. This is because a long
radiological half-life is required for significant thyroidal
release of activity to blood as thyroid hormones, which
are depicted in this model as having high uptake by liver.

Dose coefficients for intravenous injection of "!'I-
labeled T,, T; or rT; based on the proposed model were
compared with values for the adult listed in ICRP
Publication 53, Radiation Dose to Patients from Radio-
pharmaceuticals (26), for the case of complete blocking of

the thyroid. Recall that complete blocking is represented
in the proposed model as prevention of transfer from
Thyroid 1 to Thyroid 2 rather than prevention of entry
into the thyroid as assumed in ICRP Publication 53. The
transfer coefficients in the proposed model that describe
the movement of extrathyroidal organic iodine are based
on data for the relatively long-lived T,, which represents
the preponderance of extrathyroidal organic iodine.
Thus, for application of the model to the case of
intravenous injection of labeled T, it is not necessary to
adjust any of the baseline transfer coefficients. In this case
the model is implemented by assigning 1 Bq of the label to
Blood 2 (organic iodine in blood) at time zero and
tracking the activity associated with extrathyroidal
organic iodine, including the activity gradually released
to the blood iodide pool due to deiodination of thyroid
hormones. The biokinetics of each of the shorter-lived
hormones T, and rT; differs from that of T, and hence is
not well represented by the baseline transfer coefficients
describing the movement of extrathyroidal organic
iodine. For the case of intravenous injection of labeled
T; or r'T; it is necessary to append additional blood, liver,
kidney, ECF and other tissue compartments to the model
structure and assign associated transfer coefficients
specific to T; or rT;. For example, these additional
compartments could be called Blood 3, Liver 3, Kidney 3,
Other 5 and Other 6, respectively. The transfer coeffi-
cients associated with these additional compartments are
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TABLE 6
Comparison of Absorbed Dose Coefficients for
Intravenous Injection of '*'I-Labeled T,, T; or
rT; into an Adult Male Based on the Proposed
Model with Values Listed in ICRP Publication
53 (26)*
Absorbed dose coefficient based on proposed model as
multiple of value listed in ICRP Publication 53

Stomach  Salivary Red
Form Thyroid  wall glands® Kidneys Liver marrow
T, 3.6 1.2 0.91 7.1 7.8 0.89
T, 20 4.0 29 3.1 2.5 0.85
T, 69 11 7.9 39 2.7 1.1

“ Assuming blocked thyroid, implemented in the proposed model
by assigning transfer coefficient of zero from inorganic iodide to
organic iodine compartment of thyroid (Thyroid 1 to Thyroid 2) and
in ICRP Publication 53 by assuming no entry of "*'I into the thyroid.

b Salivary glands not addressed explicitly in ICRP Publication 53.

listed in Table 2. The proposed model is implemented in
the case of injection of labeled T or r'T; by assigning 1 Bq
of the label to the Blood 3 pool at time zero. Once the
activity reaches Blood 1 or Colon contents, it is assumed
to follow the kinetics defined in Table 3.

Results of the comparison of dose coefficients for
intravenous injection of T,, T; or rT; are shown in
Table 6. Comparisons are in terms of ratios of dose
coefficients based on the proposed model to correspond-
ing values in Publication 53. The dose coefficients based
on the present model are substantially higher than values
in Publication 53 for thyroid, kidneys and liver for all
three forms of "*'I and for stomach wall and salivary
glands for "'I-labeled T; and rT;. The reasons for the
differences from values in Publication 53 are not entirely
clear, because the biokinetic model used in that
document is not fully explained. The model used in
Publication 53 is said to be similar to that of Hays (25),
but the uniformity of dose coefficients in Publication 53
indicates that activity was assumed to be uniformly
distributed in all tissues, whereas Hays assigned greater
activity concentrations to liver and kidneys than to other
tissues. The differences in dose coefficients for stomach
wall and salivary glands appear to be due to a detailed
tracking of activity released to blood iodide in the
present model but not in the model of Publication 53.
The differences in dose coefficients for thyroid are also
due in part to the more detailed tracking of inorganic
iodide in the present model but, more importantly, to
the different representations of thyroid blocking in the
two models. In the present model the blocked thyroid
accumulates inorganic iodide and retains it briefly,
returning it to blood at the rate 36 day '. In the
model of ICRP Publication 53, thyroid blocking is
interpreted as a lack of entry of inorganic iodide into the
thyroid.

SUMMARY

The proposed biokinetic model for iodine consoli-
dates and extends existing physiological systems models
describing three subsystems of the iodine cycle in the
human body: (1) circulating inorganic iodide; (2)
thyroidal iodine, including trapping and organic binding
of iodide and synthesis, storage, and secretion of thyroid
hormones; and (3) extrathyroidal organic iodine. The
proposed model accounts for the influence of dietary
stable iodine as well as the level of thyroid hormone
secretion on the biokinetics of iodine, provides a
relatively detailed description of the early biokinetics
of absorbed iodine aimed at improving radiation dose
estimates for short-lived isotopes of iodine, and provides
a model of the thyroid intended for dosimetry of
radioiodine during thyroid blocking. The model may
be adapted to a number of special problems in radiation
protection by modification of the baseline transfer
coefficients or addition of compartments that exchange
inorganic iodide or organic iodine with blood. For
example, a compartment representing mammary glands
could be added to address transfer of radioiodine from
the lactating mother to the nursing infant. Compart-
ments representing the fetus could be added to address
fetal doses due to transfer of radioiodine from the
mother to the fetus.

Baseline transfer coefficients are provided in this
paper for reference workers or adult members of the
public with typical iodine intake and thyroid hormone
secretion rate. Compared with the ICRP’s current iodine
model for workers (Fig. 1), the proposed model yields
similar estimates of absorbed dose to thyroid per unit
uptake to blood for relatively long-lived iodine iso-
topes but noticeably higher estimates of thyroid dose
for short-lived iodine isotopes. For most iodine iso-
topes the proposed model yields substantially higher
estimates of absorbed dose to stomach wall, salivary
glands and kidneys per unit uptake to blood than does
the current ICRP model. The proposed model and
current ICRP model yield broadly similar absorbed dose
estimates for remaining tissues for most iodine isotopes.
Exceptions are '*’I and '?I, which have sufficiently long
half-lives that the proposed model’s projection of a
relatively high accumulation of thyroid hormones in
liver results in elevated estimates of absorbed dose to
liver.

Dose coefficients for intravenous injection of "'I-
labeled thyroid hormones based on the proposed model
are substantially higher than values in ICRP Publication
53 (26) for the thyroid, kidneys, liver, stomach wall and
salivary glands for adult patients with blocked thyroid.
The differences in dose coefficients for the non-thyroidal
organs are due to the more detailed tracking of
extrathyroidal organic iodine and released inorganic
iodide in the present model. The differences in coeffi-
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cients for the blocked thyroid are due in part to the more
detailed tracking of activity in the present model but,
more importantly, to a different representation of
thyroid blocking. In the present model the blocked
thyroid accumulates inorganic iodide and retains it
briefly. In the model of ICRP Publication 53, thyroid
blocking is interpreted as a lack of entry of inorganic
iodide into the thyroid.

The proposed model was developed as part of a study
by the U.S. Nuclear Regulatory Commission (NRC) of
the influence of dietary stable iodine on doses from intake
of radioiodine.” Analyses to this point support
the widely held view that the absorbed dose to the
thyroid from "'l or longer-lived iodine isotopes is not
strongly sensitive to the level of stable iodine in diet, at
least for levels of dietary stable iodine reported for the
U.S. in recent years. Subsequent publications are planned
to address this issue as well as the age-specific biokinetics
of iodine and dose reduction due to thyroid blocking.
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