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MINI-REVIEW

Modeling principles of protective thyroid blocking

Alexis Rumpa , Stefan Edera, Cornelius Hermanna, Andreas Lamkowskia, Manabu Kinoshitab ,
Tetsuo Yamamotoc, Junya Taked, Michael Abenda, Nariyoshi Shinomiyae, and Matthias Porta

aInstitut f€ur Radiobiologie der Bundeswehr, M€unchen, Germany; bDepartment of Immunology and Microbiology, National Defense Medical
College, Tokorozawa, Japan; cNBC Countermeasure Medical Unit, Japan Ground Self Defense Force, Tokyo Japan; dDepartment of Pediatrics,
National Defense Medical College, Tokorozawa, Japan; eNational Defense Medical College, Tokorozawa, Japan

ABSTRACT
Purpose: In the case of a nuclear incident, the release of radioiodine must be expected.
Radioiodine accumulates in the thyroid and by irradiation enhances the risk of cancer. Large doses
of stable (non-radioactive) iodine may inhibit radioiodine accumulation and protect the thyroid
(‘thyroid blocking’). Protection is based on a competition at the active carrier site in the cellular
membrane and an additional temporary inhibition of the organification of iodide (Wolff-Chaikoff
effect). Alternatively, other agents like e.g. perchlorate that compete with iodide for the uptake
into the thyrocytes may also confer thyroidal protection against radioiodine exposure.
Purpose: Biokinetic models for radioiodine mostly describe exchanges between compartments by
first order kinetics. This leads to correct predictions only for low (radio)iodide concentrations.
These models are not suited to describe the kinetics of iodine if administered at the dosages rec-
ommended for thyroid blocking and moreover does not permit to simulate either the protective
competition mechanism at the membrane or the Wolff-Chaikoff effect. Models adapted for this
purpose must be used. Such models may use a mathematical relation between the serum iodide
concentration and a relative uptake suppression or a dependent rate constant determining total
thyroidal radioiodine accumulation. Alternatively, the thyroidal uptake rate constant may be mod-
eled as a function of the total iodine content of the gland relative to a saturation amount. Newer
models integrate a carrier-mechanism described by Michalis-Menten kinetics in the membrane
and in analogy to enzyme kinetics apply the rate law for monomolecular irreversible enzyme reac-
tions with competing substrates to model the competition mechanism. An additional total iodide
uptake block, independent on competition but limited in time, is used to simulate the Wolff-
Chaikoff effect.
Conclusion: The selection of the best model depends on the issue to be studied. Most models
cannot quantify the relative contributions of the competition mechanism at the membrane and
the Wolff-Chaikoff effect. This makes it impossible or exceedingly difficult to simulate prolonged
radioiodine exposure and the effect of repetitive administrations of stable iodine. The newer thy-
roid blocking models with a separate modeling of competition and Wolff-Chaikoff effect allow bet-
ter quantitative mechanistic insights and offer the possibility to simulate complex radioiodine
exposure scenarios and various protective dosage schemes of stable iodine relatively easily.
Moreover, they permit to study the protective effects of other competitors at the membrane car-
rier site, like e.g. perchlorate, and to draw conclusions on their protective efficacy in comparison
to stable iodine.
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Objective of thyroid blocking

Nuclear fission processes release a large number of different
fission products, including radioactive iodine nuclides.
Uranium-235 usually splits asymmetrically and radio-
ioiodine(s) fall(s) in one of the favored mass number regions
of the fission products (peaks between 90–100 and
130–140). The main radioactive iodine isotopes formed by
fission are iodine-131 (physical half-life, T1/2 ¼ 8.02 d), iod-
ine-129 (T1/2 ¼ 1.57 107 y) and iodine-132 (T1/2 ¼ 2.3 h;
from Te-132) (ICRP 2017). Among the different iodine iso-
topes, iodine-131 is of particular importance (Blum and

Eisenbud 1967). Iodine is characterized by its high volatility
compared to most other fission products. In the case of
nuclear incidents, e.g. nuclear power plant accidents or the
detonation of a nuclear weapon, it must be expected that
radioiodine will be released and also carried over greater
distances (Verger et al. 2001; Chabot 2016). Radioiodine is
quickly absorbed into the organism both by inhalation and
via ingestion (Geoffroy et al. 2000; Verger et al. 2001). From
a practical point of view, intake through contaminated
drinking water and food probably plays the decisive role
(Blum and Eisenbud 1967).
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After being absorbed into the blood, like natural iodine,
radioiodine is quickly absorbed into the thyroid gland where
it accumulates. The absorption into the gland takes place via
an active transport mechanism (sodium iodide symporter,
NI-symporter), which is a saturable process (Eskandari et al.
1997; Darrouzet et al. 2014). The uptake fraction of the total
amount of iodine absorbed in the body into the gland shows
a high variability from 10 to 40% in healthy euthyroid peo-
ple (Kovari 1994; Geoffroy et al. 2000; Verger et al. 2001)
and may even reach 80% in patients with Grave’s hyperthy-
roidism (Horn-Lodewyk 2019). At the same time as it is
absorbed into the gland, iodide is eliminated from plasma
unchanged via not saturable renal excretion. The accumula-
tion of radioiodine in the thyroid leads to radiation expos-
ure of the gland, which is associated with an increased risk
of the occurrence of tumors (stochastic radiation damages),
especially in children and adolescents (Kazakov et al. 1992;
Cardis et al. 2005). In addition, radioiodine uptake may
result in hypothyroidism, which at lower radiation doses
may be the indirect consequence of autoimmune thyroiditis
or, at higher radiation doses, the result of cell necrosis or
apoptosis (Reiners et al. 2020).

Children are particularly prone to develop thyroid dys-
functions after radioiodine exposure. After the reactor acci-
dent in Chernobyl 1986, an enhanced incidence of
malignant thyroid tumors was observed in the population
exposed to radioiodine as a child (Lomat et al. 1997;
Henriksen et al. 2014). After the nuclear weapon test acci-
dent on the Marshall Islands in 1954 (Castle Bravo test on
the Bikini Atoll), with the inhabitants of the surrounding
islands exposed to highly radioactive early local fallout, it
was shown that the thyroid gland was a tissue that had
absorbed a higher radiation dose from internal compared to
external irradiation (Simon et al. 2010). In the following
years, an increased incidence of hypothyroidism cases
was observed.

The thyroid can be protected against the accumulation of
radioiodine by administering a large dose of stable (nonra-
dioactive) iodine shortly before or shortly after radioiodine
exposure (‘thyroid blocking’) (Geoffroy et al. 2000; Verger
et al. 2001; Reiners and Schneider 2013; Rump et al. 2016;
WHO 2017). This is recommended in case of radioiodine
exposure by the World Health Organization (WHO 2017) as
well as by many national guidelines (e.g. in France or
Germany) (ASN 2008; SSK 2018). The officially recom-
mended dosages may slightly vary (e.g. once 100mg iodine,
i.e. 130mg potassium iodide in Germany; 76mg iodine, i.e.
100mg potassium iodide in Japan) (Yoshida et al. 2014; SSK
2018). For prolonged radioiodine exposure scenarios, as
expected in case of power plant accidents as shown in
Chernobyl or Fukushima (with much lower releases in the
latter case) (Imanaka et al. 2015), there is still a lack of clear
cut guidance, although it is acknowledged that repetitive
thyroid blocking may be required.

Another pharmacological agent that inhibits the accumu-
lation of iodine in the gland is perchlorate that could be an
alternative to stable iodine (Harris et al. 2009; H€anscheid
et al. 2011). Quite similarly to iodine, it is rapidly absorbed

from the gut with a high systemic bioavailability (95%) and
eliminated virtually unchanged by renal excretion with a
half-time in the range of 8 h to 12 h (ATSDR 2008; Lorber
2009; BAuA 2016). After the report of several cases of fatal
aplastic anemia in the 1960s, its use became very limited in
many countries. Meanwhile, there is a resurgence of use in
some countries, in particular for the treatment of amiodar-
one induced thyroid dysfunction, and there are no reports
of serious side effects (Wolff 1998; Suwansaksri et al. 2018)
that would justify excluding its use for thyroidal protection
against iodine-131. However, in official recommendations, it
is mostly considered as a second choice agent and moreover
perchlorate has no official approval as a medication or is
not marketed in all countries (e.g. it is not available any-
more in the US or in Japan) (Reference.md 2020).
Nevertheless, it seems that it may be advantageous in some
scenarios like prolonged radioiodine exposure (Eder
et al. 2020).

Mechanisms of thyroid blocking

Thyroid blocking by large amounts of stable iodine is the
result of two mechanisms. As iodide is transported through
the basolateral membrane of the thyrocytes by an active sat-
urable transport (NI- symporter), there is a displacement of
radioiodide by the excess amount of stable iodide at the car-
rier site, inhibiting the entry into the cells (Geoffroy et al.
2000; Rump et al. 2019). Meanwhile, the non saturable renal
elimination is going on unchanged, rapidly reducing the
radioiodide content in plasma.

In addition, there is a second mechanism contributing to
thyroidal protection that is known as Wolff-Chaikoff effect
and described as a thyroidal uptake block becoming effective
when the iodine amount in the gland reaches a saturation
level (Geoffroy et al. 2000; Rump et al. 2019, 2021).
Actually, this effect is not yet fully elucidated mechanistic-
ally. It seems that a reduction of peroxidase activity in the
thyrocytes may be involved, resulting in an inhibition of the
hormonal synthesis and integration of iodide into thyro-
globulin (Wolff 1969; Leung and Braverman 2014). The
intracellular concentration of free intracellular iodide would
be expected to increase, which is compatible with the view
of a ‘saturation’ effect, and it can be speculated that this
might accelerate the amount of iodide flowing back out of
the thyrocytes by passive diffusion. Iodide may use the same
channels and transporters as chloride that are common to
many epithelia and that are also present in the membrane of
thyrocytes (Simchowitz 1988; Fong 2011). Thus, the net iod-
ide flow through the basolateral thyrocyte membrane into
the gland would come to a standstill, corresponding to a
complete net uptake block. This latter effect can be expected
to add to the decreased accumulation of radioiodine in the
gland. There are indications that the competition at the car-
rier site is the main protective mechanism (2/3 of protective
efficacy) with the Wolff-Chaikoff effect contributing in a
second place (1/3) (Rump et al. 2019). However, at the dif-
ference from competition for the membrane transport, the
Wolff-Chaikoff effect is a temporary effect described to last
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about 24 to 48 h (Geoffroy et al. 2000; Verger et al. 2001;
Leung and Braverman 2014). This limitation in time must
be taken into account, in particular when assessing the pro-
tective efficacy of stable iodine in prolonged radioiodine
exposure that must not be extrapolated from empirical val-
ues gained from short-term exposures.

The NI-symporter in the basolateral thyrocyte membrane
is not selective for iodide, but shows affinity for several
related monovalent anions, among them perchlorate (Wolff
1964, 1998). Perchlorate has even a higher affinity for the
NI-symporter than iodide (Wolff 1998; Eder et al. 2020).
Therefore, similarly to stable iodine, perchlorate displace
radioiodine from the carrier site and thus reduces radio-
activity accumulation in the thyroid gland. However, there
are no indications that perchlorate interferes with the organ-
ification of iodide after its intracellular uptake as in the case
of iodine with the Wolff-Chaikoff effect (Wolff 1998). That’s
why, despite its higher affinity to the carrier, perchlorate has
a lower protective potency (i.e. a higher median effective
dose) and to reach a very high protection level as offered by
100mg stable iodine a larger dose of 1000mg is required
(H€anscheid et al. 2011; Eder et al. 2020). This dosage is
however in a range as officially approved in Germany for
the initial treatment of hyperthyroidism (Gelbe Liste 2019).
From a theoretical point of view, the simple competition
mechanism involved in thyroid blocking by perchlorate may
be advantageous as the uncertainties associated with the
temporary Wolff-Chaikoff effect are avoided (Eder
et al. 2020).

General aspects of biokinetic models for
internal dosimetry

In pharmacology and toxicology, kinetic models are used to
describe the concentration over time curve of pharmaco-
logical or toxic agents in compartments that are accessible
for analysis (e.g. blood). The objective is not necessarily to
create an image of the anatomical-physiological reality and
an assignment of the compartments (usually 1, 2 or 3

compartments) to individual organs or tissues is not clearly
possible. In the context of pharmacokinetic-pharmacody-
namic (PKPD) modeling, an effect compartment can be
added to the kinetic model in order to establish a relation
between the concentration of an active agent and the inten-
sity of an acute effect based on a pharmacodynamic model
(e.g. for muscle relaxants, opioids etc.) (Sheiner et al. 1979;
L€otsch 2005).

In internal dosimetry, physiologically-oriented models,
mostly based on a circulatory model, with the clearest pos-
sible assignment of the compartments to organs and tissues,
must be used. This type of models is also used successfully
in toxicology and are of particular importance in case of
summation poisons, i.e. when effects are not only dependent
on concentrations (like e.g. muscle relaxants, opioids), but
on the area under the concentration-time curve (Krishnan
and Peyret 2009). When setting up such a model, first, the
target organs of the toxic effect are modeled, if necessary by
defining several (sub)compartments. In a further step, the
uptake and elimination paths are shown, followed by the
modeling of further tissues, which should be kept as simple
as possible.

Exchange processes between compartments are often
based on passive diffusion processes and thus best described
by first-order kinetics with a system of differential equations
(Derendorf and Garrett 1987). In the case of radionuclides,
it must be taken into account that the radioactive exponen-
tial decay represents an additional discharge from the com-
partment that must be mathematically included. The
number of radioactive disintegrations (time integrated activ-
ity, cumulated activity) in the different compartments is
moreover the base to calculate the radiation and energy
emitted and at the same time absorbed in the same (e.g.
alpha particles with a short range) or also in other compart-
ments (gamma-emitters, use of SAF specific absorbed frac-
tions) (MIRD formalism) (Loevinger et al. 1991; Wessels
et al. 2006). The specific absorbed fraction (SAF) is the frac-
tion of emitted energy resulting from radioactive disintegra-
tion in a source organ that is absorbed per unit mass of a
target organ (Asl et al. 2017). The energy dose permits to

Figure 1. Simple three-compartment biokinetic model developed by Riggs (1952) and adopted for many years by the ICRP. For simplification, compartments
related to the inhalational absorption or ingestion are omitted. The central compartments contain all the iodide or organic iodine in the body, except the amount
in the thyroid. All exchange processes between compartments or describing elimination are first order kinetics. Adapted and modified from ICRP (1997).
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determine the equivalent dose absorbed by the different tis-
sues and organs by multiplication with a factor characteriz-
ing the type of radiation and moreover, by applying tissue
weights related to the sensitivity for stochastic damages and
adding the values for the different tissues, the resulting
effective dose absorbed by the body. Physiologically-oriented
models are easy to imagine, but on the other hand deter-
mining valid parameters (transfer rates between compart-
ments) for humans may be a challenge. Moreover, the
mathematical manageability of the model is important, but
fortunately special software packages are available for calcu-
lations in internal dosimetry (e.g. Integrated Modules for
Bioassay Analysis, IMBA) (Birchall et al. 2007).

The International Commission on Radioprotection pro-
vides several biokinetic models for internal dosimetry.
Generic models were set up for a larger group of elements,
such as the model of the respiratory tract (ICRP 1994a), the
gastrointestinal tract (ICRP 1979) or the wound model
(Guilmette et al. 2007; NCRP 2007). The systemic models
that describe the disposition of radionuclides after their
transition into the blood, on the other hand, show a stron-
ger differentiation depending on the respective element. By
combining the appropriate sub-models (absorption by inhal-
ation and/or ingestionþ systemic), it is possible to construct
a comprehensive model for the disposition of a radionuclide
corresponding to the concrete situation to study.

Radioiodine biokinetic models

Different physiological models of various complexity have
been developed to describe the systemic disposition of iod-
ine (Riggs 1952; ICRP 1994b, 1997; Leggett 2010; ICRP
2017). A simple three-compartment biokinetic model devel-
oped by Riggs (1952) was adopted for many years by the
ICRP to describe radioiodine intake and disposition in occu-
pational and environmental settings (ICRP 1994b, [ICRP]
International Commission on Radiological Protection 1997)
(Figure 1). Following absorption, the model describes the
uptake of iodide (inorganic iodine) from the ‘blood’ (central
compartment) into the thyroid as well as its renal elimin-
ation out of the body. Moreover, the secretion of organic
iodine (thyroid hormones) and its further disposition (elim-
ination through feces, deiodination and release into the iod-
ide pool) is represented. As iodine is rapidly and completely
absorbed by inhalation or ingestion, it seems legitimate for
kinetic simulations to enter radioiodine directly into the
central compartment like for an intravenous injection with-
out modeling in addition the absorption process through the
lungs or the gastrointestinal tract. It is worth mentioning
that the secretion of organic iodine out of the thyroid is a
very slow process (0.0086625 d�1, T1/2 ¼ 80 d) compared to
thyroidal iodide uptake from the central iodide compart-
ment (rate constant 0.8316 d�1, T1/2 ¼ 20 h). Organic iodine
release from the gland is also a relatively slow process in
comparison to the physical decay of iodine-131 (T1/2 ¼
8 days). To simplify computations, for practical purposes it
seems therefore legitimate to perform dosimetric calculations
using the model without taking into account the hormonal

secretion out of the gland (Rump et al. 2019; Eder et al.
2020). The error by this omission can be viewed as negli-
gible, all the more since the thyroid clearance shows a very
high physiological variability.

Although the three-compartment model described above
should be considered as very useful for practical purposes,
the disposition of inorganic and organic iodine seems to be
actually more complex. This led to the development of mod-
els using several interconnected compartments to represent
the thyroid permitting to better understand iodine trapping
by organification in the gland (Hays 1978). A more elabor-
ate biokinetic model including additional tissue compart-
ments and an exchange with the gastrointestinal tract that
was originally developed by Leggett (2010) was meanwhile
adopted by the ICRP (2017). For the sake of completeness,
it should be mentioned that other models intended for spe-
cial subpopulations have been developed, e.g. to describe the
age-dependent iodine disposition in children (Leggett 2017)
or in pregnant or breastfeeding women, including the possi-
bility to assess the dose absorbed by the thyroid of the
embryo/fetus depending on the gestational age or the nurs-
ing infant (Berkovski 2002).

All the mentioned models use first order kinetics with
given invariable rate constants to describe exchange proc-
esses between compartments. This is correct when describ-
ing a flux driven by diffusion, but only legitimate as an
approximation in the case of saturable processes (e.g. carrier
mediated transport) when substrate concentrations are very
low. A carrier-mediated transport can be described in ana-
logy to enzyme reactions by Michaelis-Menten kinetics
(Equation (1)). Only if the concentration of the substrate is
very low in comparison to the Michaelis-Menten (affinity)
constant Km, the use of first order kinetics may be used as
an approximation (Equation 2, rate constant k¼Tmax/Km):

T ¼ Tmax � Cð Þ= Km þ Cð Þ (1)

T ¼ ðTmax�CÞ=ðKmþ CÞ
¼ ðTmax�CÞ=Km

¼ ðTmax=KmÞ�C ¼ k � C
(2)

T (mmol�l�1�d�1) is the transport capacity through the mem-
brane at the time when C (mmol�l�1) is the concentration of
iodide in the extracellular space. The Michaelis-Menten con-
stant (Km) (mmol�l�1) and the maximum transport capacity
(Tmax) (mmol�l�1�d�1) are the parameters of the equation. If
C is very small compared to Km, so that the process can be
approximated to first order kinetics, the quotient Tmax/Km

corresponds to the first order rate constant k (d�1).
In the case Michaelis-Menten kinetics are used to

describe an exchange process between two compartments, it
may be convenient to use molar substance amounts instead
of concentrations. This requires to know the volume of dis-
tribution of the source compartment (Vs in l). In that case
C becomes m (¼ C�Vs in mmol), Km becomes Km

# (¼
Km

�Vs in mmol). T and Tmax are also multiplied by Vs and
Tmax

# expressed in mmol�d�1. The equation with its original
units is probably more familiar to most scientists as
Michaelis-Menten kinetics are often associated with enzyme
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kinetics, but the derived variable units are probably more
convenient when running computations using a compart-
ment model with Michaelis-Menten kinetics describing a
saturable transport process.

The Michaelis-Menten (affinity) constant for the NI-sym-
porter transporting iodide has been given with
20–40 mmol�l�1 for several species (mouse, rat and sheep
thyroids) (Rall et al. 1964) and a lower value of 9 mmol�l�1

for humans (Darrouzet et al. 2014). Physiological iodide
concentrations in plasma are below 10 mg�l�1

(0.08 mmol�l�1) (Michalke et al. 1996) and thus very small
compared to Km (9 mmol�l�1). Even iodide-131 amounts
used in nuclear medicine for the therapy of thyroid diseases
(400–3000 MBq, up to several thousand MBq, 8000 MBq)
(SSK 1998; Goldsmith 2017) leads to molar concentrations
in the extracellular space (assumed distribution volume of
iodide in the central compartment 16 l; 8000 MBq, roughly
0.01 mmol/16 l¼ 6.25�10�4mmol/l) that are far below the Km

of the NI-symporter (Darrouzet et al. 2014). Therefore, the
use of first order kinetics to describe carrier-mediated iodide
transport processes seems justified in many cases.

The administration of 100mg iodine however will result
in an initial concentration of 49 mmol�l�1 in the extracellular
space (100mg/16 l¼ 788 mmol/16 l) exceeding the Km value
of the carrier. This precludes the use of first order kinetics.
Moreover, first order kinetics do not permit to model either
competition processes or saturation phenomena (Wolff-
Chaikoff effect), at least if the rate constants describing the
transport processes are kept constant. Therefore, the
described biokinetic models mentioned above are not suited
as such to simulate thyroid blocking. They have to be modi-
fied for that purpose.

Approaches to model thyroid blocking

A simple formula based model

Based on a study with volunteers, the relation between the
iodide concentration in serum and the inhibition of iodide-
131 uptake into the thyroid gland was determined (Blum
and Eisenbud 1967). The following non-linear relation
between the two variables was fitted (correlation R¼ 0.96)
(Figure 2):

Thyroid uptake suppression
¼ 24-h thyroid uptake=maximum 24-h uptake
¼ 0:377 � ½I���0:9 ¼ 0:0297 � C

(3)

with [I-] being the iodide concentration in serum in mg�dl�1

and C in mmol�l�1.
The mathematical description of the thyroid blockade is

not tied to a specific compartment model for iodide and the
effects of larger doses of stable iodine on the competition at
the carrier site and the Wolff-Chaikoff effect are summarized
in the same equation. The relation between the inhibition of
iodide uptake into the thyroid gland and the serum iodide
concentration, as formulated in the equation, is independent
of time and therefore does not take into account that the
Wolff-Chaikoff effect is limited in time. Thus, an application
of the equation to simulate thyroid blockade is legitimate in
the case of acute radioiodine exposure and a single dose of
stable iodine for protection, but not in case of prolonged
radioiodine exposure and the administration of repeated sta-
ble iodine doses. The properties of the model is shown in
comparison to other thyroid blocking models in Table 1.

A compartmental saturation model

Whereas in the model of Blum and Eisenbud (1967) the iod-
ide uptake fraction is a function of iodide concentration in
serum, thyroid blocking can also be described in a simple
three compartment model by expressing the uptake rate
constant as a function of the total iodine content of the
gland (Ramsden et al. 1967) (Figure 2). This model probably
best illustrates the idea of inhibiting iodide uptake by satu-
rating the gland. The rate constant of the transport process
from the central compartment into the thyroid is expressed
by a linear function:

Kthyr ¼ f � 1�Qt=Qsð Þ (4)

(A)

(B)

Figure 2. (A) Thyroid blocking model based on an empirically-derived relation
between the serum iodide concentration and the suppression of radioiodine
accumulation in the thyroid (supression¼ radioiodine uptake/maximum uptake;
efficacy ¼ 1 - supression) (Blum et al. 1967). (B) Saturation model expressing
the rate constant of iodide transport from blood into the thyroid as a linear
function of the total iodine content in the gland relative to a saturation amount
(Ramsden et al. 1967). In Figure (B) only the part of the model showing the
principle of thyroid blocking has been shown and additional compartments of
the original model (e.g. for organic iodine or related to absorption) have been
voluntarily omitted for simplification. For saturation values see Table 2.
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Kthyr is the rate constant (d�1); Qt (mg) is the iodine
content of the gland; Qs (mg) is the saturation amount
required to completely block iodide uptake into the gland;
f (d�1) is a notational constant that would correspond to
the uptake rate constant in the case of a thyroid fully
depleted of iodine (Qt¼0mg). Parameters that have been
proposed for this model are given in Table 2 for Caucasians
as well as Japanese whose diet differ with a high nutritional
daily iodine intake (Ramsden et al. 1967; Matsunaga and
Kobayashi 2001; Rump et al. 2021).

The use of a varying rate constant is the expression of
non-linear kinetics, even if this does not necessarily have to
correspond to Michaelis-Menten kinetics. This is actually not
to be expected here, since the inhibition of the uptake of iod-
ide into the thyroid gland is due to two different mechanisms
that are mathematically described as a whole in a single sim-
ple equation and thus cannot be distinguished. Thus, there is
a lack of insight into the quantitative contributions of both
mechanisms to the thyroid blockade. Moreover, according to
the given equation, the iodide uptake into the gland stops
without a time limit when the saturation threshold is reached
(Qt ¼ Qs), and the given equation alone does not allow the
time-limited effect of the Wolff-Chaikoff effect to be mapped.
Based on results obtained in the volunteer studies, the iodine
content of the gland (Qt) could be expressed as a function of
the time after administration of stable iodine, which in turn
allows conclusions to be drawn about the time course and
the recovery of the rate constant that determines iodide
uptake into the thyroid (kthyr). The model therefore also
allows statements to be made about the need for further
doses of stable iodine in the event of prolonged exposure to
radioiodine. However, the model does not seem suitable for
simulating complex exposure scenarios in a simple manner in
order to develop optimal stable iodine dosage schemes for
thyroid blocking (Table 1).

A compartment model with modulation of the intra-
thyroidal transfer rate

Based on the new multicompartment model adopted by the
ICRP (Leggett 2010; ICRP 2017) and including two com-
partments to represent the thyroid with unidirectional trans-
fer, the relation described by Blum and Eisenbud (1967)
between the thyroidal iodide uptake fraction and the serum
inorganic iodide concentration (Equation 3, see Section V.1)
was used to express the intrathyroidal rate constant as a
function of the serum iodide concentration (Kwon et al.
2020) (Figure 3):

kthyr 1�2 ¼ kthyr 1�2 max � 0:377 � I�½ ��0:9 (5)

[I�] is the iodide concentration in serum (mg�dl�1).
kthyr 1-2 (d

�1) is the transfer rate from the compartment thy-
roid 1 to thyroid 2 at a given time point. kthyr 1-2 max (d�1)
is the nominal maximum transfer rate at a serum iodide
concentration of 0 derived from kthyr 1-2 and [I�] under
physiological conditions (kthyr 1-2 ¼ 95 d�1 and [I�]¼
0.27 mg�dl�1) (Kwon et al. 2020).

In this model, non-linear kinetics apply to intrathyroidal
iodine transfer that will impact the time course of the iodine
content in the thyroidal compartment 1 (iodide), but in par-
ticular in the compartment 2 (organic iodine) with a much
longer retention time (kthyroid 1 to blood 1 ¼ 36 d�1, T1/2 ¼
28min; kthyroid 2 to blood 2 ¼ 0.0077 d�1, T1/2 ¼ 90 d; blood
1 contains iodide and blood 2 organic iodine) (Kwon et al.
2020). Thus, the number of radioactive disintegrations will
be reduced in compartment 1 and particularly in compart-
ment 2, and the thyroidal equivalent dose diminished
accordingly. The uptake of iodide from blood into the thy-
roidal compartment 1 is not affected by thyroid blocking in
the model, suggesting at first sight that the competition
mechanism at the carrier site is not taken into account and
inhibition occurs solely by reducing the organification

Table 1. Comparison of the main properties of the thyroid blocking models.

Formula-based model (Blum
and Eisenbud 1967)

Saturation model (Ramsden
et al. 1967)

Multi-compartment model
(Kwon et al. 2020)

Carrier-integratedþWC
model (Rump et al. 2019)

Separation of modeling of
competition and WC-effect

No No No Yes

Modeling of prolonged
radioiodine exposure and
repetitive thyroid blocking

No difficult No Yes

Modeling of thyroidal
protection by perchlorate

No No No Yes

WC: Wolff-Chaikoff.

Table 2. Differences between biokinetic parameters in models with the same compartment structure for Caucasians (CAU) and Japanese (JPN).

Parameter Symbol (unit) CAU JPN

Average iodine content of the thyroid Qt (mg) 8.00 15
Iodine content of the thyroid at saturation (total uptake block) Qs (mg) 8.35 20
Constant related to the transport from the central compartment to the thyroid for an empty gland (Qt ¼ 0) f (d �1) 23.28 1.92
Rate constant of the transport from the central compartment into the thyroid Kthyr (d

�1) 0.9758 0.4800
Michaelis-Menten (affinity) constant of iodide for the NI-symporter Km (mmol) 9 9
Maximum iodide transport capacity from the central compartment into the thyroid Tmax (mmol.d-1) 140.52 69.12

Parameters can be used for simulations with the saturation model of Ramsden et al. (1967) (kthyr, f, Qt, Qs) or the model with integrated carrier mechanism and
separate Wolff-Chaikoff modeling (Rump et al. 2019, 2021) (Km, Tmax, Qt, Qs). Source of the data: for JPN based on the data of Matsunaga and Kobayashi
(2001), for CAU based on the data of Ramsden et al. (1967). Derived values for Tmax by Rump et al. (2021).
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process. As in the saturation model described in the previ-
ous section, both protective mechanisms find their expres-
sion in the same equation and in this case the reduced
intrathyroidal transfer rate, but again the respective quanti-
tative contributions to thyroidal protection cannot
be assessed.

As the intrathyroidal transfer rate is a function of serum
iodide concentration, the model seems at first sight quite
suited to simulate more complex radioiodine exposure scen-
arios and different stable iodine dosage schemes as the dis-
tribution volume of the central compartment blood 1 can be
easily assessed. However, the fixed time-invariable relation
between the intrathyroidal transfer rate and the serum iod-
ide concentration may not correctly reflect the Wolff-
Chaikoff effect with its limited effectiveness in time (Table
1). This is acknowledged by the authors stating that
‘additional adjustments [… ] beyond reducing the thyroid 1
to thyroid 2 rate are necessary’ by considering effects on the
transfer from the blood to the thyroid 1 compartment and
adjusting the relation with serum iodide concentration
(Kwon et al. 2020).

A compartment model with integrated NI-symporter and
Wolff-Chaikoff effect

A new approach consists in separating the competition at
the carrier from the inhibition of the organification (Wolff-
Chaikoff effect) and expressing the thyroid protection as the
sum of both effects (Figure 4). The model is derived from
the model of Riggs (1952) (Figure 1), and after deleting the
compartments for organic iodine, it consists of only two
compartments: the central compartment and as second com-
partment the thyroid acting as a sink. The renal elimination
from the central compartment is described by non saturable
first order kinetics using the rate constant of the ICRP
model of Riggs (see above the section on radioiodine bioki-
netic models with Figure 1). The transport from the central
compartment into the thyroid is modeled by Michaelis-
Menten kinetics as for a carrier-mediated transport (see the
section on radioiodine biokinetic models and Equation (1)).

As the Michaelis-Menten (affinity) constant Km is a concen-
tration and of major importance for the competition mech-
anism, the volume of distribution of the central
compartment was quantified with 16 l (water: 60% of body
weight; extracellular space 1/3, i.e. 14 l and red blood cells
about 2 l). For the human NI-symporter, a Km of 9 mmol�l�1

has been reported (Darrouzet et al. 2014) and the maximum
transport capacity (Tmax) was derived from the Km and the
constant rate of the ICRP model applicable when the trans-
port process at very low iodide concentrations can be
approximated by first order kinetics (see the section on
radioiodine biokinetic models and Equation (2) with
k¼ 0.8316 d�1):

Tmax ¼ Km � k ¼ 9 � 0:8316 ¼ 7:48 lmol � l�1 � d�1:

For modeling the competition at the carrier site, the rate
law for monomolecular irreversible enzyme reactions with
any number i of competing substrates was used (Chou and
Talaly 1977; Sch€auble et al. 2013)

T1 ¼ Tmax�C1
Km1� 1þPn

i¼2
Ci
Kmi

� �
þ C1

(6)

T1 (mmol�l�1�d�1) is the transport rate for substrate 1;
C1 (mmol�l�1) the concentration of substrate 1; Kml and Kmi

(mmol�l�1) are he Michaelis-Menten constants for substrate
1 and i respectively, and Tmax (mmol�l�1�d�1) the maximum
transport rate. In thyroid blocking by stable iodine, the two
competing entities are chemically identical (radioiodine and
stable iodine) with the same Km. In order to make the calcu-
lations easier, all equations were converted so that molar
substance amount units (mmol) and not concentrations
(mmol�l�1) could be entered in the central compartment
(Rump et al. 2019). The principle of this conversion has
already been mentioned in the section of radioiodine bioki-
netic models when introducing Michaelis-Menten kinetics.
By multiplying the numerator and denominator of the equa-
tion describing substrate competition with the distribution
volume (extracellular space, volume of the source compart-
ment Vs ¼ 16 l), the concentration C (mmol�l�1) becomes a
substance amount m (mmol). Similarly, the Michaelis-

Figure 3. Thyroid blocking model based on the modulation of the intra-thyroidal transfer rate from the iodide pool to the organic iodine pool by the serum iodide
concentration (Kwon et al. 2020). The model can be viewed as a combination of the multi-compartment model of Leggett (2010) and the empirical equation of
Blum and Eisenbud (1967) relating radioiodine uptake suppression to the serum iodide concentration. In the figure, only the part of the model showing the prin-
ciple of thyroid blocking has been shown and additional compartments of the original model have been voluntarily omitted for simplification.
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Menten constant Km (mmol�l�1) is also transformed in a
substance amount Km

# (¼ Km
�Vs ¼ 9�16¼ 144mmol). Tmax

is at first derived from Km and the constant rate k given in
the model of Riggs (1952) adopted by the ICRP that is
applicable when C is very small compared to Km and the
transport process approaches first order kinetics (k¼ 0.8316
d�1): Tmax¼Km

�k¼ 9�0.8316¼ 7.4844 mmol�l�1�d�1 (see
the section on radioiodine biokinetic models for the relation
between Tmax, Km and k). In a further step, both sides of
the competition equation are multiplied by Vs in order to
express the transport capacities for the whole distribution
volume per time unit. Tmax is transformed into Tmax

#

(¼Tmax
�Vs ¼ 7.4844 mmol�l�1�d�1 �

16 l¼ 119.75 mmol�d�1). The equations finally used to
describe the uptake of radioiodide and stable iodide into the
thyroid and their competition are as follows:

For radioiodine : T I � 131ð Þ

¼ 119:75 �mðI � 131Þ
144þm I � 131ð Þ þm ðIÞ (7)

For stable iodine : T Ið Þ ¼ 119:75 �mðIÞ
144þm I � 131ð Þ þm ðIÞ

(8)

The model can be easily programmed by using Berkeley
Madonna Software and the flow chart function (Macey et al.
2009) that permits to describe transport processes between
compartments by first order or more complex kinetics (e.g.
Michaelis-Menten kinetics). As compartments are per defin-
ition mathematically homogeneous structures, it is necessary
to set up the biokinetic model for radioiodide and stable
iodide separately and to connect both models in a next step
to model the competition mechanism at the carrier site
(Figure 5).

The Wolff-Chaikoff effect as the second protective mech-
anism is modeled by a total thyroidal net uptake block
(‘switched on’ by setting Tmax at 0, i.e. no transport into the
thyroid) becoming effective when the additional iodine con-
tent in the gland has reached the saturation level. This has
been reported with þ 350mg (2.7581 mmol) (from 8000 mg
total iodine content to 8350 mg) (Ramsden et al. 1967). We
previously determined this amount with þ 448 mg using the
data from Blum and Eisenbud (1967), but much higher val-
ues have been reported for Japanese (þ5000 mg, from
15,000 mg to saturation at 20,000 mg) (Matsunaga and
Kobayashi 2001). During the time of total thyroidal uptake
block, the renal excretion of iodide is going on unaffected.
The thyroidal uptake block is terminated (’switched off’)
after a defined period of time that is reasonably set between
24–48 h after onset. Different duration can be used for sensi-
tivity analyses.

The weak point of the model is the discrete ‘switching
on’ and ‘switching off’ of the Wolff-Chaikoff effect, which in
reality is certainly a continuous process. The saturation val-
ues of the gland and the duration of the effect are also sub-
ject to numerous uncertainties, even if the values predicted
by the model are well compatible with empirical measure-
ment results on volunteers.

In contrast to the previous approaches, this model allows to
quantitatively separate the contributions of the competition at
the carrier site and the Wolff-Chaikoff effect, and thus permits
to gain mechanistic insights, also for different populations and
exposure scenarios (Table 1). It could for example be shown
that due to the high average daily nutritional iodine intake by
Japanese, the down-regulated maximum transport capacity
through the thyrocyte membrane leads on the one hand to a
‘natural’, albeit inadequate protection against radioiodine
exposure, but on the other hand, compared to Caucasians with
a lower daily iodine intake, the onset of the Wolff-Chaikoff
effect by large doses of stable iodine is delayed (Rump et al.

Figure 4. Compartment models for radio(iodine) and perchlorate with an integrated carrier uptake mechanism described by Michaelis-Menten kinetics for thyroidal
iodide uptake. The competition of radioiodide with stable iodide or perchlorate at the carrier site is modeled by applying the rate law for monomolecular irrevers-
ible enzyme reactions to the transport mechanism. The Wolff-Chaikoff effect, only for stable iodide not for perchlorate, is modeled by a total thyroidal uptake block
for iodide (lasting 24 h to 48 h), starting when the gland is saturated. Although the models for thyroid blocking by stable iodine and perchlorate are shown on the
same figure, protective efficacy of both agents are simulated separately. The physical decay rate constant (kphys ¼ 0.087 d�1) is given for iodine-131 and must be
adapted for other radioiodine nuclides.
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2021). In the case of acute radioiodine exposure, this is associ-
ated with a lower relative efficacy of the iodine blockade and
an almost negligible contribution from the Wolff-Chaikoff
effect. However, in the case of prolonged radioiodine exposure,
the down-regulated maximum iodide transport capacity has a
beneficial effect, even if the differences between Japanese and
Caucasians do not seem clinically relevant. A great advantage
of the model is the possibility of examining very different
exposure scenarios, since the separate inhibition of radioiodine
uptake into the gland via competition and the Wolff-Chaikoff
effect, with clearly defined time limits for the latter, is not asso-
ciated with limitations of application or additional
computations.

A further unique advantage of the separate treatment of
competition and Wolff-Chaikoff effect is the possibility of
examining thyroid blocking by agents other than stable iod-
ine (Table 1). This is not possible with all of the models
described above with blocking effects by stable iodine
summed up in a single equation. As an example, thyroid
blockade by perchlorate can be mentioned, with the protec-
tion coming about exclusively through competition at the
carrier site without effects on the organification process.
Applying the model using the Km values given in the litera-
ture for perchlorate shows that in case of acute radioiodine
exposure 1000mg perchlorate achieves the same protective
efficacy as 100mg stable iodine, as described in empirical
studies. In case of prolonged radioiodine exposure requiring
repetitive daily doses of protective agents, it could be shown
that perchlorate seems however to be more advantageous
than stable iodine (Eder et al. 2020).

General aspects of dosimetric computations in
thyroid blocking models

A defined radioiodine uptake fraction into the thyroid is
required for the use of dose coefficients for inhalation or
ingestion to calculate radiological doses. As thyroid blocking
is associated with decreased uptake fractions, these dose
coefficients may not be used. An easy way to compute thy-
roid equivalent doses is given by the method of Marinelli/
Quimby (Marinelli et al. 1948) for the contribution of the
ß-radiation and the geometrical factor method of Hine and
Brownell (1956) for the (low) contribution of the Ç-radi-
ation. The method has also been described for thyroid
equivalent dose computations in the more recent literature
(National Cancer Institute 2015; Spetz 2010). The dose is
given by the following formula:

D ¼ Cmax � Teff � 73:8 � �Eß þ 0:0346 � T � �g
� �

(9)

D is the total dose from ß and Ç-radiation (rad), Cmax the
maximum concentration of the radionuclide in tissue
(mCi�g�1), Teff the effective half-life in the tissue (days)
(7.3 days for I-131 in adults), �Eß the average beta energy (MeV
per disintegration) (0.18MeV for I-131), T the specific Ç-ray
constant (2.2R�mCi�1�h�1 at 1 cm) and ḡ the average geomet-
rical factor for the tissue or organ, equal to 3 p r for spheres
with radii <10 cm (r¼ 1.27 cm in adults assuming that the
thyroid is made of two identical spheres of unit density) (val-
ues from National Cancer Institute 2015). If modeling is done
using radioiodine amounts instead of concentrations, the max-
imum concentration Cmax is replaced by the maximum accu-
mulated amount divided by the thyroid weight. Although there

Figure 5. Flow chart and equation systems representing thyroid blocking by stable iodine as shown in Figure 4 (Rump et al. 2019, 2021) modeled with Berkeley
Madonna software. The complete biokinetic model consists of two separate models for radioiodide and stable iodide that are connected and interact by applying
the rate law for monomolecular irreversible enzyme reactions to the transport mechanism. For modeling thyroid blocking by perchlorate (Eder et al. 2020), the
model describing stable iodide disposition is replaced by the corresponding perchlorate model differing by the renal elimination rate constant and the Michaelis-
Menten constant for the NI-symporter.
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are large geographic variations depending on the nutritional
iodine supply, an average weight of 17 g seems to be a reason-
able estimate (National Cancer Institute 2015; Rump et al.
2021). A transformed but equivalent equation to compute the
thyroid equivalent dose is as follow:

D mSvð Þ ¼ 1:647 � 10�3 � accumulated I

� 131 in the thyroid Bqð Þ (10)

In the case the thyroid is not modeled as a compartment
being a perfect sink, but includes an outflow of iodide or
organic iodine out of the gland (e.g. in the model with
modulation of the intra-thyroidal transfer rate, Kwon et al.
2020), a solution consists in adding an additional compart-
ment to the thyroid (that is not part of the original bioki-
netic model, with unidirectional outflow from the gland
with the physical decay rate constant of iodine-131
kphys¼0.0866, T1/2 ¼ 8.023 d). In this compartment the
decayed radioiodine is cumulatively collected expressed in
molar amounts like in the biokinetic model. The total num-
ber of entities that were decayed can be easily calculated
using the Avogadro constant (6.022�1023mol�1). Applying
the mean energy of the emitted ß-radiation (0.18MeV/
decay), it is possible to compute the total energy due to
ß-radiation that is absorbed by the gland, and through div-
ision by the weight of the thyroid, to get the energy dose
(mGy) that is numerically identical to the equivalent dose
(mSv), as the factor for ß-radiation is unity. Based on the
term under brackets in the extended Quimby/Marinelli
equation given above, the relative contribution of the Ç-radi-
ation can be calculated and added to the dose due to the
ß-radiation (Ç-ray contribution to the total dose about 6%
in adults) (Marinelli et al. 1948).

Conclusion: selecting the right model

The prerequisite for a valid model of thyroidal protection is
that the predicted values agree with experimentally meas-
ured values in humans. Equivalently, a new model can also
be validated by comparing the predicted results with those
of an already established model. However, it must be taken
into account that experimentally determined data on thyroi-
dal protection in humans are based on simple study designs
with the administration of one or a few radioiodine doses
for ethical and practical reasons.

The choice of a model depends on the underlying issue.
The model should allow answering the question with the
greatest possible precision, but in the shortest possible time
and with the least possible effort. In our view, simple mod-
els should therefore be preferred as far as possible. Models
with a large number of compartments may give the impres-
sion of greater precision, but compartments that are not
really needed also increase the number of parameters
required for mathematical description. In addition to the
problem of the validity of the parametrization, complex
compartment models with a large number of differential
equations may lead to the necessity to use particular integra-
tion methods to compute the quantities in the compart-
ments from the flows.

Important issues related to thyroidal protection are the
choice of the best protective agent with its optimal dosage
regimen, especially in the case of complex and prolonged
exposure to radioiodine. The great advantage of separating
the two mechanisms that contribute to thyroidal protection
in the model (carrier competition and Wolff-Chaikoff effect)
is that the temporal limitation of the Wolff-Chaikoff effect
can easily be taken into account. In particular, this allows
very complex radioiodine exposure scenarios and different
dosage schemes of stable iodine or other active substances
competing with radioiodide at the NI-Symporter to be
investigated. Especially with regard to prolonged radioiodine
exposure, which are to be expected in the event of power
plant accidents with radioiodine release, there is a lack of
empirical human data, so that simulation results can be very
helpful for planning purposes.
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