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ABSTRACT
Bioassay functions, which are provided by the International Commission on Radiological Protection, are used to
estimate the intake activity of radionuclides; however, they include considerable uncertainties in terms of the internal
dosimetry for a particular individual. During a practical internal dose assessment, the uncertainty in the bioassay
function is generally not introduced because of the difficulty in quantification. Therefore, to clarify the existence
of uncertainty in the bioassay function and provide dosimetrists with an insight into this uncertainty, this study
attempted to quantify the uncertainty in the thyroid retention function used for radioiodine exposure. The uncertainty
was quantified using a probabilistic estimation of the thyroid retention function through the propagation of the
distribution of biokinetic parameters by the Monte Carlo simulation technique. The uncertainties in the thyroid
retention function, expressed in terms of the scattering factor, were in the ranges of 1.55–1.60 and 1.40–1.50 for
within 24 h and after 24 h, respectively. In addition, the thyroid retention function within 24 h was compared with
actual measurement data to confirm the uncertainty due to the use of first-order kinetics in the biokinetic model
calculation. Significantly higher thyroid uptakes (by a factor of 1.9) were observed in the actual measurements. This
study indicates that consideration of the uncertainty in the thyroid retention function can avoid a significant over- and
under-estimation of the internal dose, particularly when a high dose is predicted.
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INTRODUCTION
Intake estimation after internal exposure to radioiodine, which is one of
the main fission products in a nuclear power plant, is typically carried
out using thyroid bioassay measurements and corresponding bioas-
say functions (i.e., thyroid retention functions). However, in addition
to the measurement data, the thyroid retention function exhibits a
significant uncertainty because of the lack of accurate knowledge on
biokinetic models, inter-individual variability, and/or mathematical
assumptions made for computational convenience [1]. The uncer-
tainty in the thyroid retention function naturally introduces an uncer-
tainty in the intake estimation, and consequently, in the internal dose
estimation. In particular, in the absence of information regarding the
intake time, a statistical fitting process with multiple measurements
is required, and the uncertainty in the thyroid retention function can
directly affect the fitting result. Therefore, considering the uncertainty
in the bioassay function could help improve the accuracy of internal
dose estimates.

In practice, the uncertainty in the bioassay function is not intro-
duced in general data fitting processes because of the difficulty in quan-
tification. For this reason, dosimetrists may misinterpret the bioassay
data and fitting result. For example, if a clear information of the intake
time (e.g., time-dependent air concentration) is given but the bioassay
fitting result is statistically rejected, a dosimetrist may misadjust the
intake time to improve the fitting result rather than trust the given
intake time information. This problem can occur if the dosimetrist is
unaware that the bioassay function involves significant uncertainty in
the case of a particular individual. Another example is the use of thyroid
measurement data obtained within a day after exposure. After internal
exposure, thyroid measurement is acquired as soon as possible; hence,
dosimetrists sometimes need to evaluate the internal dose using the
data measured in the early phase. However, because the thyroid activity
rapidly increases until a day after exposure [2], the thyroid activity in
the early phase is unstable. In addition, in this time period, the assump-
tions of the first-order kinetics in the biokinetic model calculation may
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Fig. 1. Schema for probabilistic estimation of the thyroid retention function. Pn and m(ti) represent the probability distribution of
the n-th parameter and the thyroid retention function at time ti, respectively.

not be sufficient to simulate the rapidly changing thyroid activity and
therefore can cause bias in the thyroid retention function; a similar
problem was observed in the human alimentary tract model calculation
[3]. Thus, early-phase thyroid data should be used with caution.

In this study, to clarify the existence of uncertainty in the thy-
roid retention function and give dosimetrists an insight into its uncer-
tainty, the uncertainty in the thyroid retention function was quantified
through the uncertainty propagation of the biokinetic parameters. Fur-
ther, the uncertainty was numerically expressed in terms of the scat-
tering factor to practically apply it to the maximum likelihood fitting
method, which is the most widely used fitting method. Within a day
after exposure to radioiodine, the uncertainty in the thyroid retention
function was separately analyzed and the uncertainty due to the use
of first-order kinetics was additionally quantified in terms of the bias,
through comparison with the available measurement data.

MATERIALS AND METHODS
The uncertainty quantification of the thyroid retention function was
implemented through its probabilistic estimation, whereby the radioio-
dine activity in the thyroid is predicted not as a single value but in
the form of a probability distribution. The probability distribution was
generated via multiple calculations of the thyroid retention function
with a set of biokinetic parameters assigned using the Monte Carlo
simulation technique from the corresponding parameter distributions.
The probability distributions of the thyroid retention functions were
produced with a time interval of 1 h, and the scattering factors as
indicators quantifying the variances of the distributions were derived
from each distribution at each time step. Figure 1 shows the schema
for the probabilistic estimation of the thyroid retention function. The
bias representing the uncertainty due to the use of first-order kinetics
was quantified by comparing human-based measurement data with the
corresponding calculated values.

Maximum likelihood method for intake estimation
The principle of the maximum likelihood method for the bioassay
has been explained in the IDEAS guidelines [4]. In the maximum

likelihood method, the intake activity of radionuclide is determined as
the value that maximizes the likelihood function L(I). In general, the
i-th likelihood function, Li(I), is defined as follows:

Li(I) = P (Mi/I) (1)

where P(Mi/I) is the probability of observing the measurement data,
Mi, given the true value of the intake, I. However, to consider the
uncertainty in the bioassay function, Li(I) should be expressed as in
Eq. 2:

Li(I) = P (Ie/I) (2)

where Ie is the estimate of intake activity calculated using Mi/mi,
and mi is the bioassay function corresponding to Mi. The probability
distribution of Mi, P(Mi), represents the measurement uncertainty.
The component of the measurement uncertainty can generally be
divided into Type A (statistical) and Type B (non-statistical) errors.
The Type A error is involved only in the counting statistics and is
described by a Poisson distribution. The Type B error is involved
in uncertainties other than the counting statistics and is generally
described by a log-normal distribution; for example, the variability of
the thyroid mass described by a log-normal distribution causes uncer-
tainty in the counting efficiency, which is a Type B error. However, for
simplicity, the overall uncertainty, P(Mi), can be assumed to be a log-
normal distribution [4]. This approximation is reasonable when the
measurement counts are high and the Type A error is relatively low. For
the probability distribution of mi, P(mi), representing the uncertainty
in the bioassay function, the type of distribution can be determined
by the uncertainty propagation of the biokinetic parameters, which
are used to calculate the bioassay functions. Irrespective of the type of
distribution used for the biokinetic parameters, the type of distribution
of the overall uncertainty, P(mi), should be inductively deter-
mined from the final distribution in which the biokinetic parameter
uncertainties are combined. In this study, P(mi) will be described by
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the log-normal distribution (see Figure 3). If both P(Mi) and P(mi)
can be described by log-normal distributions, as explained above,
P(Ie/I) may also exhibit a log-normal distribution, and the scattering
factor (SF) can be defined as its geometric standard deviation.
Therefore, Li(I) can be written as

Li(I) = 1
Mi ln (SFi)

√
2π

exp

⎡
⎢⎣

[
ln

(
Mi
mi

)
− ln(I)

]2

2[ln (SFi)]2

⎤
⎥⎦ (3)

where SFi is the scattering factor as a measure of the uncertainty in
Ie, which can be expressed as a combination of the measurement
uncertainty, SFM, and the bioassay function uncertainty, SFm, as
follows.

SFi = exp
√[

ln
(

SFMi

)]2 + [
ln

(
SFmi

)]2 (4)

Although laboratory-based SFM can be derived from the experi-
mental conditions, typical values can be used; for example, 1.2 has
been suggested as the typical SFM for high-energy gamma (>200 keV)
[4]. Deriving appropriate values for SFm is the purpose of this
study.

When n measurement data are independent, the combined likeli-
hood function, L(I), can be calculated by the product of the likelihood
functions as in Eq. 5.

L(I) =
n∏

i=1

Li(I) (5)

Therefore, when L(I) is the maximum, the corresponding I is deter-
mined as the final intake estimate.

Subjects for uncertainty quantification and default
information

Table 1 presents the materials and compounds employed for the
uncertainty quantification in this study and their corresponding
default information. These were determined considering the available
uncertainty information as follows: inhalation of elemental/inorganic
iodine vapor; inhalation of organic iodine vapor; inhalation of aerosol
particles of 1 and 5 μm AMAD; and ingestion of all iodine compounds.
The corresponding default information for the bioassay function
calculation has been provided in the ICRP publication [5]. The F-type
clearance has been designated as the default absorption type for the
inhalation of aerosol particles of iodine, and the elemental/inorganic
iodine vapor and organic iodine vapor have been assigned to “SR-1”
class with F-type and V-type, respectively. The fractional absorption,
f1, for the ingestion of iodine was assumed to be 1. Although the thyroid
retention functions were calculated for iodine-131, it is reasonable to
apply the uncertainty quantification results to other iodine isotopes
because only the biological parameters were considered as the
uncertainty factors.

Calculation of thyroid retention function
The thyroid retention function can be calculated using the biokinetic
models, which can mathematically describe the behavior of radioio-
dine after intake. The biokinetic models were first written as a set of
first-order differential equations, as in Eq. 6, and then solved using
matrix algebra introduced by Polig [6].

dqi

dt
=

N∑
j=1,j �=i

rijqj − qi

N∑
j=1,j �=i

rji (6)

where qi is the amount of iodine in the i-th compartment, and rij is
the transfer rate from j- to i-th compartment. In this study, the thy-
roid retention functions were calculated only for an acute intake that
was more likely to happen in emergency situations. The calculation
of the thyroid retention function was conducted using the computer
code developed in an earlier work [7], which produced reliable thy-
roid retention functions and thyroid dose coefficients whose devi-
ations from the ICRP reference values were within 3%. Therefore,
the validation and verification of the computer code are not given
herein.

Biokinetic parameter distributions
Biokinetic models generally include a respiratory tract model for
inhalation intake, an alimentary tract model for ingestion intake, and
a systemic model for describing the iodine behavior after uptake to
blood. Although the uncertainty in the biokinetic model originates
from both model structure and parameter, only the uncertainty in the
biokinetic parameter was considered in this study. The uncertainties in
the biokinetic parameters for radioiodine are explained in detail in the
following with data sources.

Respiratory tract model
The ICRP developed a human respiratory tract model (ICRP 66)
[8]. Although partial modifications to this model have been recently
made with new information in ICRP 130 [9], the ICRP 66 model
was adopted in this work because the uncertainty information of the
modified model was unavailable. In the ICRP respiratory model, the
main mechanisms of the inhaled material are deposition in the lung and
clearance from the lung. The distributions of the regional depositions
for aerosol particles of 1 and 5 μm AMAD were referred from Harvey
and Hamby (2001) [10] and Fritsch (2006) [11], respectively, and the
data provided by Harvey and Hamby (2004) [12] were used for ele-
mental/inorganic iodine vapor. The distribution of the total deposition
of organic iodine vapor was referred from Morgan and Morgan (1967)
[13] with the assumption that the data for methyl iodine could rep-
resent other organic forms. The distribution of deposition parameters
are shown in Table 2. With regard to the clearance parameters in the
lung model, the distributions of the fractional deposition parameters
and rational clearance rate constants were obtained from Bolch et al.
(2003) [14]. However, the uncertainties in the absorption parameters
describing the uptake from the lung into blood were not considered
in this work due to lack of information. The numerical uncertainty
values of the clearance parameters taken from literature are not shown
herein.
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Table 1. Subjects for uncertainty quantification and default information

Intake route Material type Compounds Default information

inhalation Aerosol All compounds 5 μm, F-type
Aerosol All compounds 1 μm, F-type
Vapor Elemental/inorganic iodine SR-1, F-type, 100% deposition
Vapor Organic iodine SR-1, V-type, 70% deposition

ingestion Total-diet All compounds f1 = 1

Table 2. Distributions of regional deposition fractions in the
respiratory tract model taken from literature

Regions Distributiona Reference

Aerosol, 1 μm
ET1 N (0.17, 0.035) [10]
ET2 N (0.22, 0.045)
BB N (0.013, 0.0023)
bb LN (0.018, 1.21)
AI LN (0.10, 1.23)
Aerosol, 5 μm
ET1 LN (0.33, 1.2) [11]
ET2 LN (0.41, 1.22)
BB LN (0.025, 1.61)
bb LN (0.014, 1.85)
AI LN (0.053, 1.6)
Vapor, elemental/inorganic iodine
ET1 LN (0.071, 1.31) [12]
ET2 LN (0.28, 1.20)
BB LN (0.24, 1.44)
bb LN (0.38, 1.32)
AIb -
Vapor, organic iodide
ET1 LN (0.075, 1.28) [13]
ET2 LN (0.29, 1.19)
BB LN (0.24, 1.44)
bb LN (0.36, 1.34)
AIb -
aN: Normal (mean, standard deviation), LN: Log-normal (GM, GSD)
bThe AI regional uptake is negligible for gas and vapor type

Alimentary tract model
The human alimentary tract model in ICRP 100 [15], which is the
most recent model, was adopted, and the distribution to describe the
uncertainties in the transfer rates was derived from the quantitative
uncertainty factors (UFs) judged by Leggett et al. (2007) [3]. Leggett
et al. (2007) addressed the overall uncertainties in the ICRP 100 model
prediction and subjectively judged the reliabilities of the reference
values of the transit times in terms of the UF. The UF represents a
range of true values with respect to the geometric mean (GM) with
a confidence interval of 95%; in other words, the UF corresponds to
the number by which the GM is multiplied or divided to obtain the
95% confidence limit. Thus, the log-normal distribution is generally
assumed when the UF values are provided with respect to the GM [14].

Table 3. Distributions of transfer rates in the alimentary tract
model derived from uncertainty factors (UFs) suggested by
Leggett (2007)

From To Distributiona

O-cavity Oesophag-f LN (6480, 1.52b)
O-cavity Oesophag-s LN (720, 1.52b)
Oesophag-f St-cont LN (12343, 1.52b)
Oesophag-s St-cont LN (2160, 1.52b)
St-cont SI-cont LN (20.57, 1.28c)
SI-cont RC-cont LN (6, 1.28c)
RC-cont LC-cont LN (2, 1.28c)
LC-cont RS-cont LN (2, 1.28c)
RS-cont Faeces LN (2, 1.28c)
aLN: Log-normal (GM, GSD)
bDerived from the proposed uncertainty factor of 2 for the 95% confidence interval
cDerived from the proposed uncertainty factor of 1.5 for the 95% confidence interval

Therefore, in this study, the GM and geometric standard deviation
(GSD) of the distribution of the transfer rates in the alimentary tract
model were derived from the UF values with the assumed log-normal
distribution, as shown in Table 3. For the fractional absorption, f1, of
iodine, the triangular distribution with a mode of 1.0 and a range of
0.9–1.0 provided by D. M. Hamby (1999) [16] was used.

Iodine systemic model
The simple biokinetic model shown in Figure 2 (referred to as a
three-compartment model hereafter) applied in ICRP publication
67 [17] as the primary biokinetic model has been used for many
years to describe iodine behavior after uptake to blood. In this model,
the iodine metabolism is described by the movements between the
blood iodide, thyroid, and rest-of-body compartments. Recently, a
new systemic model was developed by Leggett (2010) [18] and
was used in the recent ICRP publication 137 [2]. Because this new
model segmented the extra-thyroidal compartment into specific
organs and assigned organic and inorganic iodine to these separate
compartments, it could better describe the time-dependent iodine
behavior. However, there are difficulties in applying the new model
to this study. First, the uncertainty in the new model has not
been investigated, and no information is currently available on the
uncertainties of the model parameters. Second, and more importantly,
the current internal dosimetry systems in most countries are mainly
based on the ICRP publication 60 [19]; therefore, the thyroid
retention functions calculated using the three-compartment model
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Fig. 2. Three-compartment systemic model for iodine
(ICRP 67)

rather than the new ICRP model continue to be used. Even though
the thyroid retention function calculated using the new ICRP model
was published for occupational intake [2], it takes a considerable
amount of time to apply the new thyroid retention function in real
situations owing to regulatory and technical problems (e.g., application
to dosimetry software), as well as other issues. Therefore, in this
study, the three-compartment model was employed instead of the
new model to provide practical understanding and useful data to
dosimetrists.

The uncertainties in the transfer rates of the three-compartment
model were investigated in various studies. In this study, the parame-
ter distributions for the iodine systemic model were referenced from
Hamby (1999) [16], as shown in Table 4. Hamby separately assigned
proper distributions to the loss constant and fraction based on the
collected data. The transfer rate can be calculated by multiplying the
loss constant with the loss fraction. The sensitivity analysis conducted
in that study indicated that the time-integrated thyroid activity was
predominantly attributable to the thyroid uptake fraction (contribu-
tion of 95.7%); this means that the final distribution of the thyroid
retention function would be dominantly determined by the thyroid
uptake fraction described by a log-normal distribution. It should be
noted that the distribution of the thyroid uptake fraction was derived
from the distribution of the thyroid mass. Thus, the variability of the
thyroid mass also has great importance in terms of the uncertainty in
thyroid biokinetics.

Monte Carlo technique
A set of biokinetic parameters for the multiple calculations of the
thyroid retention function was assigned from each corresponding

Table 4. Distributions of biokinetic parameters in iodine
systemic model from Hamby (1999)

Symbol Parameter Distributiona

fblt Thyroid uptake fractionb LN (0.267, 1.47)
fbbl Body-blood fraction T (0.823, 0.914, 1.000)
kt Thyroid loss constant T (67.8, 113, 158)
kb Body loss constant T (9.6, 12, 14.4)
kbl Blood loss constant T (0.0025, 0.25, 0.4975)
aLN: Log-normal (GM, GSD), T: Triangle (minimum value, mode, maximum value)
bThe distribution of the thyroid uptake fraction was determined based on a mass-
dependent uptake fraction of 0.015 per gram of thyroid.

distribution using a Latin hypercube sampling (LHS) method, which
is the most widely used method for Monte Carlo sampling. Because
the LHS method draws samples from evenly divided probability
intervals of a cumulative density function, the entire range of the
distribution is used for sampling [20]. Thus, the LHS method
can considerably improve the sampling efficiency. The sampling
number (i.e., the multiple number of calculations) was determined
to ensure a mean standard error of less than 2%. The computer
codes for the Monte Carlo technique were developed in MATLAB
R2015b [21].

Uncertainty due to the use of first-order kinetics
within a day after exposure

First-order kinetics were assumed for computational convenience. In
the biokinetic model calculation with first-order kinetics, radioiodine
can be removed only with constant half-life. However, the actual
movement of radioiodine is more complicated, particularly in the early
phase after intake. In this study, 24 h (1 d) was regarded as the time
limit where the assumption of the first-order kinetics can introduce an
uncertainty because after a day, most of the iodine is accumulated in
the thyroid and eliminated gradually with a half-life of 80 d [5]. The
uncertainty due to the use of first-order kinetics was quantified in terms
of a bias. This bias is the magnitude of the discrepancy between the
thyroid retention function and the actual measurement data. Because
the correction of the thyroid retention function is not feasible in general
dose assessment software, the correction can be made by dividing the
thyroid measurement data, M, obtained within a day by the bias. Thus,
the corrected thyroid measurement data, Mcorrected, can be calculated
using Eq. 7.

Mcorrected = M/Bias (7)

The bias was determined by comparing the measured and calcu-
lated radioiodine thyroid uptakes (%RAIU) within 24 h after iodine
ingestion. Although the thyroid uptake data for intravenously injected
iodine are required to clearly address the uncertainty related to the
systemic model of iodine, the data obtained within and after 24 h in
the same study were unavailable. Thus, the thyroid uptake after oral
administration was used with the assumption that the mechanisms
in the alimentary tract before iodine uptake to blood had little effect
on the overall biokinetics of iodine. This assumption is reasonable
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Fig. 3. Distribution of thyroid retention function at 24 h

because the absorption of iodide from the alimentary tract of humans
is quite fast with a rate of approximately 5% min−1 and is completed
within 2 h [22]. Therefore, the bias calculated in this study is deemed
applicable to other intake routes such as inhalation, injection, as well
as ingestion. The %RAIU measured within 24 h after oral adminis-
tration of iodine for euthyroid subjects were collected from previous
studies( [23–29]) and normalized to the value at 24 h. Thereafter,
the normalized %RAIUs were compared with the corresponding val-
ues calculated using the first-order kinetics. The bias was derived as
the ratio of the measured values to the calculated values. Note that
because the reported data used in this study were measured by well-
collimated systems or were properly corrected with the background
counts, the uncertainty due to the extra-thyroidal radioiodine was
negligible.

RESULTS
Probabilistic estimation of thyroid retention function

The probability distributions of the thyroid retention function were
generated with increasing elapsed time after exposure to quantify the
time-dependent uncertainty in the thyroid retention function. Mul-
tiple calculations with 1,000 sets of parameter samples at each time
step reduced the mean standard error of the distribution to below 2%;
however, further calculations did not significantly improve the distri-
bution. When the thyroid retention function at a particular time was
drawn as a frequency distribution, it was log-normally distributed. For
example, as shown in Figure 3, the distribution of the thyroid retention
function of iodine-131 at 24 h after ingestion of 1 Bq can be described
by a log-normal distribution (R2 = 0.98) with GM of 0.21 and GSD
of 1.41. The value of ICRP 78 [5] falls at the 68-th percentile of the
distribution. The thyroid retention functions calculated for various
intake routes and iodine compounds were drawn as the GM values with
a confidence interval of 90% (i.e., the range of 5-th to 95-th percentile),
as shown in Figure 4. In all the cases, the confidence intervals are the
widest at approximately 24 h and tend to become slightly narrow with
time.

Scattering factors for describing the uncertainty in
thyroid retention function

Considering the shape of the distribution of the thyroid retention
function shown in Figure 3, the scattering factor was defined as the
GSD assuming that the uncertainty was distributed log-normally.
Thus, the uncertainty quantification was implemented based on the
time-dependent GSD of the distribution of the thyroid retention
function shown in Figure 5. The GSD curves start at values higher than
1.6 and gradually decrease until 24 h. After 24 h, all the GSD curves
reach their respective minimum values and do not change thereafter.
In particular, for the ingestion of total dietary iodine, the decrease
over time in the uncertainty is relatively significant. The GSD for the
ingestion starts at the highest value, 1.7, and decreases to the lowest
value, 1.4, within 24 h. Although the SF can be directly extracted from
the figure, in this study, the SFs of the thyroid retention functions were
suggested as representative values separately for the time before and
after 24 h for practical convenience, as listed in Table 5. Considering
that after an accidental exposure to radioiodine, the effort to measure
the thyroid is made as soon as possible, the SFs before 24 h were
suggested as the averaged GSDs within 10 h.

Uncertainty due to the use of first-order kinetics
Figure 6 shows the normalized %RAIU values obtained from previous
human-based experiments and those calculated using ICRP biokinetic
models. The measured values are significantly higher than the calcu-
lated values. The ratio of the measured to the calculated values lies in
the range of 1.13–1.94, and the average ratio across the data is 1.35.
Therefore, data correction can be made by dividing the value measured
within 24 h by 1.35, as described above.

Examples for application of the uncertainty in thyroid
retention functions

The scattering factors and bias suggested in this study were applied to
examples in which thyroid measurements within a day after exposure
were included. First, the uncertainty was applied to the data reported
by Floyd et al. (1985) [23], in which the %RAIU for 142 euthyroid
patients were measured at 4, 5, and 24 h after oral administration of
iodine-123. Because the true intake was known (i.e., 100% of intake),
the ability of the calculated RAIU curve derived from the thyroid
retention function to well describe the measured values statistically
(Figure 7(a)) was tested. When the calculated RAIU curve (solid line)
fit to the original measured data (rectangular symbol), it was rejected
(p < 0.05) because of the discrepancies in 4 and 5 h RAIU. How-
ever, when the scattering factors of the thyroid retention function are
applied (dash lines) and the measured RAIU is corrected using the
bias (circular symbol), the calculated RAIU curve is statistically not
rejected (p > 0.05) even though the 4 and 5 h RAIU continue to
show discrepancies. Although the calculated RAIU curve (solid line)
seems to be adjacent to the value at 24 h, it is rejected (p < 0.05)
because of the discrepancies in 4 and 5 h RAIU (rectangular symbol).
However, when the scattering factors of the thyroid retention function
are applied (dash lines) and the measured RAIU is corrected using
the bias (circular symbol), the calculated RAIU curve is statistically
not rejected (p > 0.05). In the second example (Table 6, Figure 7(b)),
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Fig. 4. Probabilistic estimation of thyroid retention functions with median, 5-th, and 95-th percentiles: (a) inhalation of aerosol of
1 μm AMAD, (b) inhalation of aerosol of 5 μm AMAD, (c) inhalation of elemental/inorganic iodine, (d) inhalation of organic
iodine, (e) ingestion of iodine
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Table 5. Suggested scattering factors

Intake route Physical or chemical type Suggested scattering factor

before 24 ha after 24 h

inhalation Iodine aerosol of 5 μm AMAD 1.55 1.45
Iodine aerosol of 1 μm AMAD 1.55 1.45
Elemental/inorganic iodine vapor 1.55 1.45
Organic iodine vapor 1.60 1.50

ingestion Total-diet iodine 1.55 1.40
aBased on the averaged GSDs within 10 h after exposure

Fig. 5. Time-dependent geometric standard deviations of the
distributions of thyroid retention functions

Fig. 6. Comparison of the measured radioiodine uptake
(normalized %RAIU) values and those calculated using
first-order kinetics. The references given are to [23–29],
respectively.

the artificial thyroid measurement data after inhalation of 5 μm iodine-
131 aerosol are developed, and the intake estimation is carried out by
data fitting using the maximum likelihood method. The intake was
originally estimated to be 4,912 Bq with measurement uncertainty
only; however, it was 4,208 Bq after considering the uncertainty in
the thyroid retention function. Although both the fitting curves are
not rejected (p > 0.05), the fitting curve considering the uncertainty
in the thyroid retention function (bold line) is closer to the thyroid
measurement value at 24 h.

DISCUSSIONS
The determination of the type of uncertainty distribution is critical
for interpreting and quantifying the uncertainty. The type of distri-
bution of the thyroid retention function was inductively determined
after propagation of the biokinetic parameter uncertainties. The log-
normal distribution selected for explaining the distribution of the thy-
roid retention function is statistically valid and corresponds with the
results of the other studies; for example, the time-integrated activity of
ingested iodine in the thyroid, which was calculated by integrating the
thyroid retention function, was also described by the log-normal dis-
tribution [16]. Based on the sensitivity analysis conducted by Hamby
[16], it could be presumed that the log-normal distribution of the
thyroid uptake fraction played a main role in shaping the distribution
of the thyroid retention function. Although Figure 3 shows only the
case of 24-h thyroid retention function, all the distributions at each
time step were log-normally distributed. Therefore, it is reasonable to
regard the distribution of the thyroid retention function as a log-normal
distribution and to quantify the uncertainties by their GSD.

Although measurement uncertainty has been considered in gen-
eral bioassay data fitting methods, this study showed that the thyroid
retention function also exhibits a significant uncertainty. Considering
the typical SF of 1.2 for the measurement uncertainty of high-energy
gamma, as suggested by the IDEAS guidelines, the major uncertainty
can be attributed to the uncertainty in the thyroid retention function,
whose SF values are higher than 1.4. In particular, the magnitude of the
uncertainty was relatively large in the thyroid retention function within
a day after exposure. Because the thyroid activity in the early phase
after exposure is influenced by various factors, such as the amount
of iodine in blood, blood-to-thyroid transfer rate, and thyroid-to-rest
of the body transfer rate, it is difficult to predict the thyroid activity
before the early thyroid uptake is complete. In addition, this study
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Fig. 7. Examples for application of the uncertainty in thyroid retention functions: (a) comparison with actual measurement data
(b) intake estimation based on artificial data

Table 6. Example of uncertainty application (intake estimation based on artificial data)

Original method Application of uncertainty

Measurement data
Time (h) Thyroid activity (Bq) SFM Corrected thyroid activity (Bq) Combined SF a

2 110 1.2 83 1.6
4 210 1.2 158 1.6
24 470 1.2 470 1.5
48 460 1.2 460 1.5

Result
Intake estimate (Bq) 4,912 4,208
p-value 0.087 0.982
aCombined value of SFM and SFm

showed that the thyroid retention function calculated using the first-
order kinetics could underestimate the actual thyroid uptake within a
day after exposure. Although sufficient measured data were unavailable,
obvious discrepancies between the thyroid measurement data and the
calculated values were observed. There could be other reasons for the
discrepancies, such as the extra-thyroidal radioiodine contribution and
other factors that cannot be identified clearly. However, we judged that
the influence of other factors was minor and negligible compared to the
uncertainty from the use of first-order kinetics.

The effects of the uncertainty in the thyroid retention function were
demonstrated in the previous examples. In the first example in which
the true intake was known, applying the scattering factor and bias sug-
gested herein made a difference in the statistical explanation ability of
the calculated %RAIU curve. The correction using the scattering factor
and bias produced p-value higher than 0.05. However, it should be
noted that despite the statistical acceptance of the fitting, the discrep-
ancy in the early data at 4 and 5 h indicated that the thyroid retention
function in the early phase after intake would still involve a significant

uncertainty. In the second example in which artificial measurement
data were used, it was shown that the intake estimate could significantly
vary depending on whether the uncertainty in the thyroid retention
function was considered or not. In the example, the intake estimates
changed by approximately 17%. In particular, the overestimation of the
intake could be avoided by scaling down the data at 2 and 4 h, and the
fitting curve became closer to the data after 24 h. From the results, it
can be concluded that applying the uncertainty in the thyroid retention
function reduces the importance of the unstable thyroid measurement
data obtained within a day, but strengthens the relative reliability of
the data obtained after a day. Depending on the situation, considering
the uncertainty can also reduce the possibility of underestimation. If
the exact time of intake is unknown, applying the bias can estimate an
intake time later than that without the bias and thus result in a higher
intake estimate.

The best way to avoid the uncertainty from the unstable measure-
ment data in the early phase is by measuring the thyroid after 1 d of
exposure. If only data measured after 1 d are used, the uncertainty is
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relatively low, and the result of intake estimation using the bioassay
data fitting may not change because equal weightings are induced to all
the measurement data regardless of the time. In this case, introducing
the uncertainty in the thyroid retention function to the data fitting can
only affect the good of fit, and thus the determination of acceptance
or rejection of fit. Moreover, the thyroid measurement after 1 d is
preferred because it can reduce the background effect of extra-thyroidal
iodine on the thyroid measurement. Until radioiodine is absorbed into
the thyroid or excreted via urine, significant amounts of radioiodine
distributed to organs or tissues other than the thyroid can influence
the thyroid measurement counting. Nevertheless, in actual situations,
dosimetrists often need to perform intake estimation using only the
data obtained within a day or data obtained both before and after a day.
The first dose assessment should not be delayed after internal exposure.
Therefore, the time-dependent uncertainty is vital for practical dose
assessments and should be considered particularly important when
early measurement data are used.

It is also important to clarify the exposure categories and situations
where the uncertainty investigated in this study could be applied in
practice. ICRP publication 103 [30] has classified the exposure sit-
uations as existing, planned, and emergency exposure situation, and
the exposure categories as occupational, public, and medical expo-
sure. Regarding the exposure situation, it is reasonable to apply the
uncertainties only to the “emergency exposure situation,” where high
dose is predicted and the accuracy of dose estimation is important for
decision related to subsequent action. Because a higher dose involves
greater uncertainty, efforts to reduce the uncertainty in dose assess-
ment should be proportionate to the dose. For the other situations
(i.e., existing and planned exposure situation), where relatively low
dose is predicted, it may be preferable not to consider the uncertainty
for the harmonization of dose estimation and regulatory consistency.
However, it is advisable to not limit the exposure categories (i.e., occu-
pational, public, and medical exposure) for application of uncertainty.
If very high exposure is predicted and the bioassay data are available,
it is necessary to consider the uncertainties in the thyroid function
regardless of the exposure categories. For example, the exposure in rou-
tine activities and that in emergency activities after a nuclear accident
may be categorized as “planned exposure situation” and “emergency
exposure situation,” respectively; thus, uncertainty is considered in the
latter case but not in the former case.

This study attempted to quantify the uncertainty in the thyroid
retention function for practical applications. More importantly, the
objective was to provide insights to dosimetrists into the uncertainty in
the thyroid retention function rather than giving the exact numerical
values. Although the uncertainty is not considered numerically, the
dosimetrist should understand the extent of uncertainty in the thyroid
retention function and thus be able to practically judge which data
are more important for intake estimation. Because the internal dose
calculation depends on the judgment of the dosimetrist, a firm under-
standing of the uncertainty is essential to derive more accurate dose
estimates.

However, it should be noted that this study does not guarantee that
applying the uncertainties suggested herein would always yield a more
accurate dose estimate. Because the dose assessment needs to be based
on a comprehensive understanding of the given data and conditions,

dosimetrists should focus on the use of uncertainties depending on the
situation.

CONCLUSION
This study revealed the uncertainty in the thyroid retention function
based on the Monte Carlo method and performed a comparison with
actual measurement data. Moreover, the study provides new insights
to dosimetrists into the uncertainty in the thyroid retention function
and methods of applying it to practical dose assessments. The thyroid
retention functions were assumed to be independent of one another;
the accuracy of the uncertainty quantification can be improved by
better understanding the correlation between the thyroid retention
functions and through the development of a more extensive database.
In addition, the use of recently developed biokinetic models for iodine
can improve the accuracy of the thyroid retention function. This study
lays a foundation for the uncertainty quantification of bioassay func-
tions. Future studies should be directed toward quantifying the uncer-
tainty in various bioassay functions for chronic intakes and for other
radionuclides.
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