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Abstract — The separate contributions of all source regions to organ doses from '*'I and '?*I administered to the body
were calculated using voxelized reference phantoms. The photon and electron components of organ doses were also
evaluated for each source region. The MCNPX Monte Carlo particle transport code was utilized for dose calculations.
All organs and tissues of male and female phantoms were taken into account as source regions with their corresponding
cumulated activities. The results showed that cumulated activities assigned to source regions and inter-organ distances
were two factors that strongly affected the contribution of each source to the organ dose. The major contribution of the
dose to the main source regions arose from self-irradiation of electrons, while for nearby organs it was due to photons
emitted by the main source organs. In addition, self-irradiation plays an important role in the dose delivered to most

target organs for lower thyroid uptakes.
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1 Introduction

Diagnosis of thyroid cancer typically involves a number of
procedures and tests. In nuclear medicine, a variety of imaging
scans using *'T and '?°I are applied to evaluate thyroid nod-
ules for possible thyroid cancer. Estimation of organ doses in
these procedures using radioactive iodine is an area of partic-
ular concern for radiation protection. This is because the dose
coefficient for '3'1is quite high. It is not possible to measure or-
gan doses directly, but they can be assessed using Monte Carlo
simulations, biokinetic models and computational phantoms.

A comprehensive set of biokinetic data and organ doses
for a large number of radiopharmaceuticals was published by
ICRP Publication 53 (ICRP, 1988). A number of minor correc-
tions of older data were also provided in the addenda to Pub-
lication 53 (ICRP, 1998, 2008) in which the biokinetic data of
31T and '2’I remained unaltered.

Stylized phantoms have contributed significantly to radia-
tion dosimetry in nuclear medicine, but their relatively simplis-
tic representation of human anatomy also allows for the pos-
sibility of dose estimations that are not completely realistic.
With the transition from mathematical to voxel phantoms, the
topology of organs and body changed. Two new voxel models,
the male and female adult reference computational phantoms,
were published by the ICRP Publication 110 (ICRP, 2009) to
improve the realism of the human anatomy. This is important
especially in internal dosimetry calculations where target or-
gan doses are sensitive to inter-organ distances.
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In the previous paper, absorbed doses from '3'I and

sodium iodide in voxel phantoms were calculated and
compared with the values obtained for the corresponding styl-
ized phantoms (Hoseinian-Azghadi ef al., 2013). In this study,
further details about the contributions of photons and electrons
to organ doses from each source region are assessed and dis-
cussed for *'T and '%1.
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2 Materials and methods

2.1 Estimation of organ doses

The assessment of the absorbed dose from internal emitters
is based on the MIRD (Medical Internal Radiation Dose) for-
malism (Bolch et al., 2009) and the use of reference phantoms.
The following are the equations established from the MIRD
formalism for the calculation of the absorbed dose to a target
organ, D(rr) :

D(r) = ) S(rr < rs)A(rs) (1

where the summation over rg is intended to account for contri-
butions from all source organs to the target organ, S (rr « rs)
(Gy.Bq~'s™!) is the S factor and A(rs) is the cumulated activ-
ity in a source region (Bq.s). The S factor takes into account
the radiation type, the energy emitted per transformation, the
mass of the target organ and the geometry of the phantom. The
cumulated activity is the integral of the time-dependent activ-
ity in the source region depending on the administered activity,
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Fig. 1. Time-dependent activity in the source organs (thyroid and
stomach) with the assumption of 25% thyroid uptake.

the physical half-life and the biokinetics of the radiopharma-
ceutical. Mathematically, this type of activity/time curve can
be represented by the equation:

A(rs) = fA(rs, ndt )

where A(rg, t) is the activity in the source organ, S at
time ¢. This data was obtained from a compartmental bioki-
netic model in the organs of interest (see Fig. 1). On the basis
of this approach, the absorbed dose delivered to the target or-
gan could be obtained for the total disintegrations occurring in
the source region.

2.2 ICRP reference phantoms

In this work, the organ doses were calculated in adult male
and female ICRP reference voxel phantoms. The organ masses
and body dimensions of each phantom matched the reference
values reported by ICRP Publication 89 (ICRP, 2002). The
densities and elemental compositions for organs and tissues
provided in the ICRP Publication 110 (ICRP, 2009) were used
in the Monte Carlo simulations.

2.3 Monte Carlo calculations

In order to estimate the S values, Monte Carlo calculations
were performed. The source organs were defined in the in-
put file in accordance with standard biokinetic data reported
in ICRP Publication 53 (ICRP, 1988). Figure 2 shows cumu-
lated activities for all organs and tissues of the male phantom
for 15% thyroid uptake in a coronal section (at y = 12 cm).
The spectra published in ENSDF decay data with yields >0.1%
were employed. The outputs of MCNPX simulations were the
heating tally (tally F6 in the MCNPX code) for photons (kerma
approximation) and energy deposition (tally + F6) for elec-
trons. All simulations were performed for 107 histories. Thus,
a maximum statistical uncertainty of 2% was assured for large
organs, while it was up to 6% for small organs, with a vol-
ume smaller than 20 cm?®. Finally, the MCNPX outputs in
megaelectron volts were converted into the absorbed dose in
mGy MBq~!.

2.4 Calculation of CLDs

To explain the differences in organ doses with respect to
the distance between the source and target organs, we used
chord length distributions (CLDs). A CLD is a relative number
histogram of distances between the points in the source and
target regions.

A two step algorithm was used to produce CLDs. First,
indices were randomly sampled from the voxel array, and if
they were inside the organ concerned then one point was ran-
domly picked in the selected voxel. The CLDs were generated
by randomly sampling 1 million points in each source and tar-
get organ and by assessing the distances between pairs.

3 Results

Total absorbed doses to all target organs considered in
ICRP Publication 110 (ICRP, 2009) were calculated for in-
corporated 3'T and '2I (sodium iodide). The process of dose
calculation was validated by comparing the organ doses cal-
culated in this study with related studies in the literature. The
absorbed doses for '2°I (25% thyroid uptake) and 3! (55%
thyroid uptake) are compared in Tables 1 and 2, respectively.
The organ doses calculated in this study were in good agree-
ment with the values reported by Smith ez al. (2000), Zankl
etal. (2010, 2011), and Hadid et al. (2013) within 7% on aver-
age. Some values for wall organs, however, showed larger dif-
ferences; for example, the urinary bladder wall doses for 25%
uptake of 1231 were 7.06 x 1072 (obtained from Zankl ez al.,
2011) and 3.69 x 1072 (calculated in this study) mGy (MBq)™"
(62% difference).

The calculations in this study were performed assuming
the range 0-55% thyroid uptakes, while uptake of 15% was
considered as the typical normal uptake of the thyroid. Sepa-
rate contributions for all source regions from so-called pene-
trating (photon) and non-penetrating (electron) radiation for a
given radionuclide were obtained.

Table 3 shows the total absorbed dose, photon component,
thyroid contribution as a source region and self-dose for a few
important target organs. It is indicated that the major contri-
bution of the dose to the main source regions is due to the
self-irradiation of electrons. For example, the self-dose of the
stomach wall is about 94% and 92% from 3'T and 21, respec-
tively. It should be noted that according to ICRP Publication
100 (ICRP, 2006) only a small cell layer of the stomach wall is
considered as the target region rather than the whole wall de-
fined in voxel models. However, Phipps et al.’s (2007) results
showed that the stomach and colon doses tend to be lower un-
der the ICRP 100 human alimentary tract model.

One expected that the major contribution of the dose to
the nearby organs such as the lungs would arise from photons
emitted by the thyroid. Figure 3 shows the lung dose and the
contribution of the thyroid to that for 0-55% uptakes. It is in-
dicated that for more than 5% uptakes the major contribution
of the dose delivered to the lungs is due to the thyroid.

Unexpectedly, this trend is similar for the liver, which is
not adjacent to the thyroid (Fig. 4). The percentage contribu-
tions to the liver dose from source regions are plotted in this
figure. One could expect that photons emitted by the stomach
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Fig. 2. (Left) adult male ICRP reference phantom and (right) the cumulated activity concentrations of *'I and '*’I in a coronal view (at

y = 12 cm) of the phantom; a thyroid uptake of 15% is assumed.

are the major contributors. However, this figure shows that for
more than 15% uptakes, the contribution of the thyroid to the
liver dose is dominant. In the case of lower uptakes, the contri-
bution of the self-dose is greater. Normal values of fractional
thyroid uptake varied between 5%—-25% and were considered
to encompass a range appropriate to the adult euthyroid pop-
ulation of the United States (ICRP, 1988). The absorbed dose
to the liver for 15% thyroid uptake as the typical normal up-
take is analyzed further in Figure 5. The column chart in this
figure shows the contributions of source regions to the total
dose of the liver as a typical target organ. Only 35% but still
the major contribution of the liver dose is due to the thyroid.
30% of the liver dose is related to its total self-dose, and the
contribution of electrons is almost 22%. Photons emitted by
the stomach, small intestine (SI), adipose tissue and muscles
contribute about 14%, 6%, 4% and 3% to the liver dose, re-
spectively, while it is less than 2% for other source regions.

This issue is observed for organs which are close to the
other main source regions according to their cumulated activ-
ities. For example the irradiation from bladder contents plays
an important role in the dose delivered to the bladder wall,
prostate, ovaries and uterus. The contributions of electrons
emitted in bladder contents to the bladder wall dose are about
60% and 83% for '*'T and !%I, respectively. The percentage
contributions from the source regions to the prostate dose are
compared in Figure 6. The urinary bladder content for the full
range of uptakes is the major source region which exposes the
prostate to radiation emitted by '*'I.

The major contribution of the dose absorbed in some or-
gans such as the testes is the self-dose (Fig. 7). The electron
component of the testes dose is 50% of the total organ dose for
1311, Only 10% of the testes dose is due to bladder contents and

less than 0.5% is caused by the thyroid gland. In the case of ']
administration, self-irradiation is still predominant (33% of the
total dose). In addition, the contribution of bladder contents,
muscles and adipose tissue to the testes dose is noticeable.

The effectiveness of correcting the dose for a real person
evaluated with the reference phantom could be estimated by
applying a target massbased coeflicient for the thyroid. For this
purpose, a linear fit was performed on the dose data of AM
and AF ICRP phantoms together with a MIRD phantom. The
following equation was obtained for 15% uptake:

DThyroid (mGy/MBq) = —11.21 MThyroid (grams) + 433.2

where DThyroid (mGy/MBq) is the thyroid dose and MThy-
roid (grams) is the mass of the thyroid gland. This coefficient
corrects the thyroid dose according to the real mass of the
gland.

4 Discussion

According to the results, the comparison of wall organs

showed large differences. The possible factors influencing the
observed differences in the organ doses are as follows.
(1) Differences in the method of dose calculation. MIRD for-
malism was implied in this study in which the S values are
derived from Monte Carlo calculation, while in the other stud-
ies the SAF method and ICRP Publication 30 (ICRP, 1982)
approach were used. The first method is based on photon and
electron SAFs and in the latter it is assumed that the energy
of electrons is absorbed locally. The electron transport is par-
ticularly important for wall organs, which are main source re-
gions, such as the stomach wall or are adjacent to main source
regions, such as the urinary bladder wall.
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Table 2. Organ doses (mGy/MBq) for 55% thyroid uptake of '3'I sodium iodide compared with related studies in the literature.

Monte Carlo

MCNPX 2.6 MCNPX 2.4
Code
Decay data ICRP 38 ICRP 107 ENSDF decay data ICRP 38
Method of MIRD Formalism MIRD Formalism MIRD Formalism MIRD
calculation Formalism
Phantom AM ICRP AF ICRP AM ICRP AF ICRP AM ICRP AF ICRP MIRD
Colon 5.88E-02 4.91E-02 5.69E-02 4.79E-02 5.59E-02 4.86E-02 4.80E-02
Lung 4.83E-01 5.29E-01 4.66E-01 5.12E-01 4.83E-01 5.31E-01 1.30E-01
Stomach wall 1.71E-01 1.67E-01 1.65E-01 1.63E-01 5.95E-01 6.29E-01 4.60E-01
Breast 8.96E-02 2.36E-01 8.76E-02 2.27E-01 9.30E-02 2.27E-01 9.10E-02
Testes 2.19E-02 4.84E-02 2.26E-02 4.65E-02 2.23E-02 5.33E-02 2.60E-02
U bladder wall 8.44E-02 9.98E-02 8.35E-02 9.67E-02 8.88E-02 1.00E-01 2.90E-01
Liver 1.07E-01 1.15E-01 1.03E-01 1.11E-01 1.03E-01 1.11E-01 4.30E-02
Thyroid 7.53E+02 8.87E+02 7.55E+02 8.89E+02 7.56E+02 8.90E+02 7.90E+02

Table 3. Organ doses (mGy/MBq) for 15% thyroid uptake of '3'T and %I sodium iodide in male and female phantoms. The photon component

in the organ dose, the contribution of some important source organs to the organ dose and the selfdose were tabulated.

Colon 4.85E-02 8% 25% self-dose 1.22E-02 32% SI
g Lung 1.67E-01 82% 71% 18% self-dose 1.14E-02 76% 25% 40% self-dose
‘g Stomach wall 5.56E-01 19% 3% 94% Stomach 7.76E-02 46% 0% 92% Stomach
< Breast 4.41E-02 70% 42% 30% self-dose 4.62E-03 75% 7% 31% self-dose
o Testes 2.33E-02 50% 0% 55% self-dose 4.67E-03 77% 0% 33% self-dose
§ Urinary bladder wall ~ 1.40E-01 70% 0% 82% Bladder Cont.  4.06E-02 95% 0% 85% Bladder Cont.
Liver 5.33E-02 77% 35% 30% self-dose 8.72E-03 88% 4% 31% self-dose
Thyroid 2.07E+02 6% 100% 100% self-dose 1.78E+00 24% 99% 99% self-dose
Colon 4.92E-02 70% 3% 30% self-dose 1.25E-02 90% 0% 37% S1
g Lung 1.84E-01 80% 71% 22% self-dose 1.27E-02 74% 25% 42% self-dose
g Stomach wall 5.92E-01 18% 2% 95% Stomach 8.36E-02 47% 0% 92% Stomach
=. Breast 8.15E-02 81% 67% 22% self-dose 5.59E-03 76% 18% 40% self-dose
< Ovaries 6.01E-02 75% 1% 36% self-dose 1.70E-02 93% 0% 44% Bladder Cont.
g Urinary bladder wall ~ 1.57E-01 65% 0% 78% Bladder Cont.  4.20E-02 95% 0% 81% Bladder Cont.
= Liver 5.98E-02 75% 32% 31% self-dose 1.04E-02 88% 3% 34% self-dose
Thyroid 2.43E+02 6% 100% 100% self-dose 2.08E+00 24% 100% 100% self-dose
= phantom in units of h/cm3. The main source regions and re-
o maining tissues are specified in this figure.
o \ /./' To go further in the interpretation of the results, the influ-
. el \ /./ ence of the type and the energy of emitted particles was stud-
2 5000 PRGNS ied. The electron component of self-doses for '3'1 is greater
% 4000 \ /r oo than that for '2’I. This is due to the fact that '23I decay by elec-
g 2000 \d/ —x=stomach tron capture and the subsequent Auger and conversion elec-
’ —o—self-dose trons have lower energies (energy of 3.19 keV with yields of
2000 4 —#—Remainng tissues 0.95), while electrons emitted by '*'T are a consequence of its
1000 | — clucng er beta decay (mean energy of 192 keV with yields of 0.90).
000 % - = e Additionally, the physical half-life of '3'T is 8.02 days
0 10 20 30 40 50 60

Thyroid uptake

Fig. 4. The contributions of each source region to the liver dose with
respect to thyroid uptake for '*'I incorporated in a male phantom.

which is higher than other regions. Figure 2 shows the cumu-
lated activity concentrations in a coronal section of a male

while it is 13.27 hours for '2’I and so the effective half-life of
the former radionuclide is longer. This yields a greater value
of time-integrated activity for '3'I (i.e. longer residence time
of 3'T). Because of the greater cumulated activity of the thy-
roid as the most important source organ, the contribution of or-
gan doses caused by the thyroid source is higher for '*'I than
that for '2°I. As a consequence of its short half-life, the activity
concentrated in the thyroid is less significant for '>’I. Thus, the
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contribution of the stomach to the liver dose is greater for >

(29%) while this value is 14% for administration of 3'I.

Except for the self-dose, the electron component of the
organ dose is negligible. This is due to local absorption of
electrons in the source organ. For source-target pairs such as
the skin-testes which are located very close to each other, the
electron contribution to the testes dose is about 0.7%.

The contribution of the urinary bladder contents is more
than that of muscles and adipose tissue to the testes dose for

131
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Fig. 7. Electron (light gray) and photon (dark gray) contributions of
each source region to the testes dose for '*'T and '2’I incorporated in
a male phantom assuming 15% thyroid uptake.

1311, This trend is reversed for '21. These are the results of: (i)
the greater cumulated activity assigned to the urinary bladder
for 13T than that for %I (1.6-fold); and (ii) the higher energy
of photons emitted by '3'I (energy of 364 keV with yields of
0.82) than that by '?*I (energy of 159 keV with yields of 0.83).

According to our analyses the differences in self-doses are
primarily due to differences in the organ masses. Only the thy-
roid dose is completely a self-dose. So, the thyroid dose could
be evaluated for a real person using the reference phantom data
by applying a target massbased coefficient. The differences
among other organ doses are mainly governed by inter-organ
distances between the source and target pairs and the auto-
absorbed dose correction could not be applied for them.

Since the lifetime probability coefficient for fatal cancer
for workers is 4 x 1072/Sv (ICRP, 1991; Wang et al., 2014), it
may imply that a typical thyroid scan with 8-mCi administered
activity may induce a secondary cancer risk in the thyroid and
its adjacent organs as listed in Table 4 for administration of
1311, The secondary risk factors for '>*I were less than 0.5%,
so they were eliminated from this table.

5 Conclusion

Our analysis showed that the contribution of each source to
the organ dose was strongly correlated with the cumulated ac-
tivities (assigned to source regions) as well as inter-organ dis-
tances as demonstrated by differences in the mean, standard
deviation and shape of the CLDs. The latter is important es-
pecially in internal dosimetry calculations where target organ
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Fig. 8. Comparison of CLDs for target-source pairs in a male phan-
tom. M and SD in the legend stand for mean and standard deviation,
respectively.

Table 4. Risk assessment for secondary cancer in the thyroid after
8 mCi administered activity of '*'I for a thyroid scan. The absorbed
dose, tissue weighted dose to the thyroid (effective dose) and the cor-
responding risk factor were tabulated for a range of 0% to 55% thy-
roid uptake.

0% 1.20E-02  4.82E-07

2 5% 6.85E+01  2.74E-03 3

é‘ 15% 2.06E+02  8.26E-03 10

- 25% 344E+02  1.37E-02 16

S 35%  481E+02  1.92E-02 23
45% 6.19E+02  2.48E-02 29
55% 7.56B+02  3.03E-02 36

doses are sensitive to inter-organ distances. The major contri-
bution of the dose to the main source regions is due to self-
irradiation of electrons, while for the nearby organs it is due to
photons emitted by the main source organs. The major contri-
bution of the dose absorbed in some organs that are not close
enough to the main source regions is the self-dose. The com-
parisons showed, in general, some differences between BT and
1231 in the contribution of each source to the organ dose. The
type and the energy of emitted particles are other factors influ-
encing the observed differences.

The outcome of this study regarding risk assessment and
radiation protection for patients of nuclear medicine is the sec-
ondary cancer risk probabilities with respect to the thyroid up-
take. It should be useful for medical doctors performing or re-
questing thyroid scans involving radioiodine.
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