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The use of iodine-131 S values based on reference computational phantoms with fixed thyroid model may lead to significant
dosimetric errors in patients who may have different thyroid location from the reference phantoms. In the present study, we
investigated individual thyroid location variation by examining the computed tomography image sets of 40 adult male and female
patients. Subsequently, the thyroid location of the adult male and female mesh-type reference phantoms of the International
Commission on Radiological Protection (ICRP) was adjusted to match each the highest, mean and the lowest locations of the
thyroid observed in this dataset. The thyroid-adjusted phantoms were implemented into the Geant4 Monte Carlo code to calculate
thyroid location-dependent iodine-131 S values (rT ← thyroid) for a total of 30 target regions. The maximum variation among
the observed thyroid locations was 39 mm and 36 mm for male and female patients, respectively. The mean thyroid locations of
both male and female patients showed a good agreement with the ICRP reference phantoms. The thyroid location-dependent
Iodine-131 S values were significantly different from the reference phantoms for most target regions by up to a factor of 3. The use
of thyroid location-dependent S values in dose reconstructions should help quantify the dosimetric uncertainty in epidemiologic
investigations of patients receiving iodine-131 therapy for hyperthyroidism and thyroid cancer.

INTRODUCTION

Since the mid-20th century, radioactive iodine (RAI)
has been extensively used for the treatment of
hyperthyroidism and thyroid cancer(1, 2). During the
course of the treatment, iodine-131 is predominantly
retained in the thyroid(3). However, exposure to other
organs and tissues from emitted beta and gamma
radiations is unavoidable, and late health effects to
normal organs and tissues after RAI treatment are of
concern. Assessment of the risks of radiation-induced
cancer and other late effects among RAI-treated
patients relies on accurate estimation of radiation
dose to radiosensitive organs and tissues(4, 5).

To estimate organ/tissue absorbed doses for a
cohort of patients with hyperthyroidism treated with
RAI(6), Lamart et al.(7) established a comprehensive
dataset of iodine-131 dose conversion coefficients,
called S values (rT ← rS) [mGy (Bq s)−1]: the mean
absorbed doses delivered to target tissues per unit
disintegration of the radionuclide in source regions(8).
The S values were calculated by conducting Monte
Carlo radiation transport simulations with the adult
male and female voxel-type reference computa-
tional phantoms of International Commission on
Radiological Protection (ICRP) described in ICRP
Publication 110(9). The use of these S values based

on the ICRP reference voxel phantoms constructed
from computed tomography (CT) patient images may
have improved the accuracy of dose estimates when
compared to the previous values based on stylized
phantoms represented by mathematical equations(10).
However, the new S values were based on the reference
phantoms with fixed anatomy. Uncertainties that may
be caused by possible variation in the thyroid location
have not yet been quantified.

To fill this critical gap, in the present study, we
investigated individual variation of thyroid location
by examining 40 sets of neck CT images of adult male
and female patients. Then, the mesh-type ICRP ref-
erence computational phantoms (MRCPs) for adult
male and female(11, 12), the mesh-format counterparts
of the ICRP reference voxel phantoms, were modified
to move the thyroid into the highest, mean and the
lowest locations observed from the patient CT data.
The modified phantoms were implemented into the
Geant4 Monte Carlo code(13) to calculate thyroid
location-dependent S values for iodine-131 and for 30
radiosensitive target organs/tissues. The calculated S
values dependent on thyroid locations were compared
with those calculated with the MRCPs with the fixed
thyroid location to investigate the impact of individ-
ual variation of thyroid location on the S values.
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Figure 1. Coronal views of the neck CT scans for adult male (left) and female (right) patients with the thyroid contours
marked by dashed lines. This comparison demonstrates a generalized example of anatomic variability of the thyroid.

MATERIALS AND METHODS

Measurement of thyroid location

A total of 40 neck CT image sets of 20 adult male
and 20 adult female patients were randomly selected
from the CT image archive at the National Institutes
of Health Clinical Center, which was part of the Insti-
tutional Review Board exempt study. The 40 patients
were on average 52 years old (20–76 years). All scans
were conducted on any of Siemens Definition, Flash
or Force using the similar protocol with the tube
potential of 120 kVp.

We adopted a CT image processing software,
ImageJ (https://imagej.nih.gov/ij/), to measure the
thyroid location. Distance between the top of the
first cervical vertebrae (C1) and the top of the thyroid
was measured by counting the number of CT slices
in-between multiplied by the Z resolution. When the
left and right tops of the thyroid are asymmetric,
an average was used. During the measurement, we
excluded four CT image sets (three males and one
female) in which the thyroid was not able to be
identified due to the poor contrast. The CT images
and the measurements were reviewed by a radiologist.
Figure 1 shows the coronal views of two example CT
image sets for an adult male and female with the
thyroid contours marked in red solid lines.

Mesh-type ICRP reference computational phantoms

To simulate the individual variation of the thyroid
location within the human anatomy, we employed the
adult male and female MRCPs. These MRCPs are the
new ICRP reference phantoms constructed by con-
verting the voxel-type ICRP reference phantoms(9)

into high-quality/fidelity polygonal mesh (PM) or
tetrahedral mesh (TM)(11). The MRCPs maintain the
anatomy of the ICRP reference voxel phantoms, while

overcoming the limitations of the voxel phantoms due
to the limited voxel resolutions and the nature of
voxel geometry. Especially, the mesh geometry of the
MRCPs has higher deformability/flexibility than the
voxel geometry of the ICRP voxel phantoms, which
allowed us to adjust the location of the thyroid in the
current study.

The thyroids of the MRCPs were moved to the
three locations (the highest, mean and the lowest),
which were measured from the CT image sets. We
imported the MRCPs in the PM format into a
mesh modeling software, Geomagic Design X (3D
Systems, Rock Hill, SC, USA). The thyroid of the
phantoms was moved in z direction to the target
locations by using the Transform Scan Data tool of
the software. Overlaps between the thyroid at the
new locations and surrounding organs/tissues were
eliminated by adjusting the neighbor organs/tissues
through refinement tools (Healing Wizard, Smart
Bruch and Fill Holes), while maintaining their original
volumes (i.e. masses). The modified phantoms in
the PM format were finally converted to the TM
format through a tetrahedralization process by using
the TetGen code(14). A total of six phantoms were
created: three males and three females with the
highest, mean and the lowest thyroid locations.

Calculation of S values for 131I

Monte Carlo particle transport simulations were
conducted to calculate S values (rT ← thyroid)
for 131I of the modified phantoms as well as the
original MRCPs for the 30 radiosensitive target
organs/tissues(15): red bone marrow (RBM), colon,
lung, stomach, breast, testis, ovaries, urinary bladder,
esophagus, liver, thyroid, endosteum, brain, salivary
glands, skin, adrenals, extrathoracic (ET) region, gall
bladder, heart, kidneys, lymph nodes, muscle, oral
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mucosa, pancreas, prostate, uterus, small intestine,
spleen, thymus and eye lens.

The phantoms in TM format were implemented
into the Geant4 Monte Carlo code(13) via the G4Tet
class following the implementation procedure previ-
ously published by Yeom et al.(16). Beta and gamma
radiations emitted from the thyroid, in which 131I was
assumed to be uniformly distributed, were simulated
by using the G4UserPrimaryGeneratorAction class.
The energy spectra of the emitted radiations were
obtained from the nuclear decay data produced in
ICRP Publication 107(17). To transport electrons
and photons, the electromagnetic physics library
of G4EmLivermorePhysics was applied with a
secondary production cut value of 1 μm. Absorbed
doses for all the organs/tissues, with exceptions
of the skeletal tissues (i.e. RBM and endosteum),
were directly calculated from the phantoms by
using the G4PSEnergyDeposit class. Note that the
microscopic structures of the RBM and endosteum
were not explicitly represented in the spongiosa
and medullary cavities of the MRCPs(18) as well
as the modified phantoms. The skeletal absorbed
doses for betas were estimated as the mass-weighted
average of the regional spongiosa and medullary
cavity doses following the approach described in
ICRP Publication 116(19), while those for gammas
were estimated by using the fluence-to-absorbed dose
response functions reported by Johnson et al.(20). A
total of 1010 primary particles for each calculation
were transported so that the statistical relative errors
for the calculated absorbed doses (i.e. S values) for
all target organs/tissues were <5%. The simulations
were conducted on Biowulf, the National Institutes of
Health’s high-performance Linux computing cluster
(https://hpc.nih.gov). We first compared the S values
calculated from the original MRCPs with the values
previously published by Lamart et al.(7) using the
ICRP voxel phantoms to make sure the two values
agree. Then we evaluated the impact of the thyroid
location on S values.

RESULTS AND DISCUSSION

Variation of thyroid location

Figure 2 shows the distances between the tops of the
C1 vertebrae and thyroid for 17 adult males and
19 adult females. The distances for males show a
range from 76 to 115 mm, whereas those for females
show a range from 68 to 104 mm. The mean dis-
tances for males and females are 97 and 85 mm,
respectively, which are comparable with those of the
MRCPs (male: 104 mm and female: 88 mm). The dif-
ference between the highest and the lowest locations
was 39 and 36 mm for males and females, respec-
tively. The C1-to-thyroid distances for males tend to
be longer than those for females; this tendency is

Figure 2. Distribution of the distances between the C1 ver-
tebrae and thyroid measured for 17 male and 19 female

patients.

statistically significant according to the two-sample
t-test (P = 0.001).

Comparison between mesh-type and voxel-type ICRP
reference phantoms

Figure 3 shows the ratios of the S values from the
original MRCPs to the values from the ICRP voxel
phantoms. The ratios for most organs/tissues are
close to unity (between 0.9 and 1.1), which confirms
that the MRCPs generally provide the similar S values
to the ICRP voxel phantoms despite the different
geometry formats: mesh vs. voxel. Meanwhile,
notably large differences between the two phantom
types can be observed in the lymph nodes, the ratios
of which are 0.13 and 0.20 for male and female,
respectively. These differences can be explained by
the improved representation of the lymph nodes in
the MRCPs over the ICRP voxel phantoms. The
lymph nodes of the ICRP voxel phantoms, which
could not be identified on the original CT images,
were manually drawn(9) and do not represent the
site-specific counts of the lymph nodes presented in
ICRP Publication 89(21). To address the limitation,
the lymph nodes of the MRCPs were generated by
using an advanced modeling approach previously
published(22) based on the site-specific lymph node
data derived from the data of ICRP Publications 23,
66, and 89(21, 23, 24).

Modified phantoms in different thyroid locations

Figure 4 shows the original MRCPs (first column)
along with the modified phantoms (next three
columns), showing how the thyroid locations of the
phantoms are different. Note that the body height
and weight and masses of all organs/tissues of the
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Figure 3. Ratios of S values of the mesh-type ICRP reference phantoms calculated in the present study with respect to the
values of the voxel-type ICRP reference phantoms calculated in Lamart et al.(7).

modified phantoms are identical to those of the
MRCPs.

S values dependent on thyroid location

Tables 1 and 2 show the S values (rT ← thyroid) for
131I calculated from the three modified phantoms in
the different thyroid locations (i.e. the highest, mean
and the lowest) and the original MRCPs.

Figures 5 and 6 show the ratios of the S values of
the modified phantoms to the values from the original
MRCPs for male and female, respectively. The ratios
for the mean thyroid locations are generally close to
unity (mostly between 0.9 and 1.1), which means the
original MRCPs provide representative S values for
the patients with mean thyroid locations. This can be

explained by the observation in Section Variation of
thyroid location: the thyroid locations of the MRCPs
are similar to the mean thyroid locations. The largest
difference is observed in the male thymus where the
S value of the MRCP is 27% greater than that of the
modified phantom.

For the highest thyroid locations, the ratios for
most organs/tissues are smaller than unity; that is, the
MRCPs overestimate the S values of the patients with
higher thyroid locations than the mean location. The
largest difference for both genders is observed in the
thymus, in which the S values of the MRCPs are 3.2
(male) and 2.4 (female) times greater than those from
the phantoms with the highest thyroid locations. The
difference can be explained by the shorter distances
of these organs/tissues from the thyroid compared to
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Figure 4. MRCPs (first column) along with the three phantoms (next three columns) with three different thyroid locations
(the highest, mean and the lowest) for male (top row) and female (bottom row). Dotted lines were drawn at the top level of

the thyroids in MRCPs to help comparing the thyroid levels of other three modified phantoms.

Table 1. S values (rT ← thyroid) for 131I [mGy (Bq s)−1] for the original MRCP and the three modified phantoms in different
thyroid locations for adult male.

Target organs/tissues MRCP Thyroid locations of modified phantoms

Highest Mean Lowest

RBM 5.46E-13 3.72E-13 5.36E-13 6.04E-13
Colon 2.79E-14 1.99E-14 2.60E-14 3.27E-14
Lung 8.81E-13 4.56E-13 7.78E-13 1.12E-12
Stomach 1.15E-13 7.80E-14 1.05E-13 1.35E-13
Breast 1.41E-13 1.40E-13 1.17E-13 1.60E-13
Testis 3.34E-16 2.88E-16 3.12E-16 3.89E-16
Urinary bladder 2.53E-15 1.82E-15 2.41E-15 3.18E-15
Esophagus 6.29E-12 3.46E-12 6.44E-12 6.90E-12
Liver 1.46E-13 9.32E-14 1.33E-13 1.71E-13
Thyroid 1.43E-09 1.43E-09 1.43E-09 1.43E-09
Endosteum 2.45E-13 2.00E-13 2.50E-13 2.57E-13
Brain 1.56E-13 2.39E-13 1.75E-13 1.31E-13
Salivary glands 9.59E-13 2.27E-12 1.14E-12 7.37E-13
Skin 1.33E-13 1.82E-13 1.36E-13 1.25E-13
Adrenals 9.43E-14 5.92E-14 8.82E-14 1.10E-13
ET region 1.92E-12 6.34E-12 2.38E-12 1.27E-12
Gall bladder 8.10E-14 5.43E-14 7.41E-14 9.39E-14
Heart 6.51E-13 3.46E-13 5.68E-13 8.32E-13
Kidneys 5.23E-14 3.34E-14 4.84E-14 6.04E-14
Lymph nodes 2.90E-13 4.02E-13 3.23E-13 2.62E-13
Muscle 2.38E-13 2.19E-13 2.49E-13 2.35E-13
Oral mucosa 8.14E-13 1.74E-12 9.60E-13 6.59E-13
Pancreas 6.95E-14 4.61E-14 6.32E-14 8.12E-14
Prostate 1.45E-15 1.06E-15 1.27E-15 1.61E-15
Small intestine 2.23E-14 1.46E-14 2.03E-14 2.68E-14
Spleen 1.44E-13 9.01E-14 1.34E-13 1.66E-13
Thymus 7.82E-12 2.46E-12 5.70E-12 1.24E-11
Eye lens 1.52E-13 2.69E-13 1.64E-13 1.14E-13
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Figure 5. Ratios of S values of the male modified phantoms in the highest, mean and the lowest thyroid locations with
respect to the values from the male mesh-type ICRP reference phantom.

the modified phantoms in the highest thyroid loca-
tions, resulting that the radiations emitted from the
thyroid were less attenuated in the MRCPs before
reaching the target organs/tissues. On the other hand,
some organs/tissues such as ET and brain show the
ratios are greater than unity; that is, the S values
of the MRCPs are lower than those of the modified
phantoms. The largest difference for both genders
is observed in the ET, in which the S values of the
MRCPs are lower by a factor of 3.3 and 2.5 for male
and female, respectively. This can be explained by
the fact that the organs/tissues, mostly located in the

head and neck region, have longer distances from the
thyroid compared to the modified phantoms in the
highest thyroid locations.

The trend of the S value differences from the
MRCPs for the highest thyroid locations is reversed in
that for the lowest thyroid locations. That is, the ratios
for most organs/tissues are greater than unity; the S
values of the MRCPs are lower than those of the mod-
ified phantoms in the lowest thyroid locations. The
largest difference for both genders is observed again
in the thymus, in which the S values of the MRCPs
are lower by a factor of 1.6 and 2.2 for male and
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Figure 6. Ratios of S values of the female modified phantoms in the highest, mean and the lowest thyroid locations with
respect to the values from the female mesh-type ICRP reference phantom.

female, respectively. Meanwhile, some organs/tissues
mostly in the head and neck region show the ratios
are smaller than unity; the S values of the MRCPs
are greater than those of the modified phantoms. The
largest difference for both genders is observed again
in the ET, in which the S values of the MRCPs are
greater by a factor of 1.5 and 1.7 for male and female,
respectively.

CONCLUSION

We investigated the impact of different thyroid loca-
tions on internal dose conversion coefficients, S val-
ues, by calculating these values using the computa-
tional human phantoms with different thyroid loca-
tions measured from adult neck CT images. The mean
thyroid locations were observed in a good agreement

170

D
ow

nloaded from
 https://academ

ic.oup.com
/rpd/article/189/2/163/5819661 by library_hanyang user on 13 July 2022
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with those of the adult MRCPs. However, we found
that there is indeed significant individual variation
in the thyroid location, which provides up to 3-fold
difference in S values from the thyroid to many tar-
get organs and tissues. We believe that the S values
dependent on the thyroid location should be helpful
to improve dose reconstructions of patients internally
exposed to 131I for risk assessment in epidemiologic
investigations by taking the patient thyroid location
variation into account.
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