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Abstract: A simulation study has been performed to quantify the effect of volume reduction on the thyroid absorbed

dose per decay and to investigate the variation of energy deposition per decay due to β- and γ-activity of 131I with

volume/mass of thyroid, for water, ICRP- and ICRU-soft tissue taken as thyroid material. A Monte Carlo model of

the thyroid, in the Geant4 radiation transport simulation toolkit was constructed to compute the β- and γ-absorbed

dose in the simulated thyroid phantom for various values of its volume. The effect of the size and shape of the thyroid

on energy deposition per decay has also been studied by using spherical, ellipsoidal and cylindrical models for the

thyroid and varying its volume in 1–25 cm3 range. The relative differences of Geant4 results for different models

with each other and MCNP results lie well below 1.870%. The maximum relative difference among the Geant4

estimated results for water with ICRP and ICRU soft tissues is not more than 0.225%. S-values for ellipsoidal,

spherical and cylindrical thyroid models were estimated and the relative difference with published results lies within

3.095%. The absorbed fraction values for beta particles show a good agreement with published values within 2.105%

deviation. The Geant4 based simulation results of absorbed fractions for gammas again show a good agreement with

the corresponding MCNP and EGS4 results (±6.667%) but have 29.032% higher values than that of MIRD calculated

values. Consistent with previous studies, the reduction of the thyroid volume is found to have a substantial effect

on the absorbed dose. Geant4 simulations confirm dose dependence on the volume/mass of thyroid in agreement

with MCNP and EGS4 computed values but are substantially different from MIRD8 data. Therefore, inclusion of

size/mass dependence is indicated for 131I radiotherapy of the thyroid.
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1 Introduction

The treatment of differentiated thyroid cancer and
thyrotoxicosis has become quite successful since the in-
troduction of the 131I radiotherapy technique over six
decades ago. The associated radiation damage has al-
ways been of concern to practitioners in this area [1].
Various other therapeutical modalities have been noted
to have only a modest effect on advanced differentiated
thyroid cancer [2]. In earlier studies, severe radiation
damage to the thyroid has been reported due to high
imparted dose from radioactive materials. Limiting side
exposure of sensitive organs that are susceptible to radi-
ation is also essential. The impairment of salivary glands
in post DTC radioiodine therapy is a severe side effect
[3]. Thyroid dose is also of current interest in various
high dose applications, including CT examination, and
controversy persists regarding the types of patients and
the recommended dose of radioiodine [4]. The unpre-

dictability of success of radioiodine therapy in the case
of hyperthyroidism has been linked with waste of radi-
ations before reaching the target cells. As a corrective
measure, precise assessment of absorbed dose to patient-
specific thyroid micro-architecture based on size involved
has been recommended [5].

The observed variation of thyroid volume during
treatment adds to the gravity of the situation. For the
ablation of remnant thyroid tissue after surgery, the stan-
dard amount of radioiodine administered varies, typically
in the 1.1–3.7 GBq range. The use of any un-optimized
‘standard’ value entails the risk of either exceeding safety
limits or under-dosing a patient [6]. In the latter case,
there is an associated risk of recurrence of disease. Cou-
pled with this, there is prevalent practice of using empiric
fixed activities of 131I for treatment of advanced stages of
differentiated thyroid cancer [6, 7]. This approach clearly
violates the safety principle of delivering maximum
allowable safe absorbed dose. No attempt is made to
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minimize the side effects of radiotherapy in this case.
For this purpose, many authors have developed the-

oretical algorithms/ procedures for the calculation of
the radiation absorbed dose to a target organ, most of
them are based on the basic absorbed dose rate equation
of MIRD [8]. Besides the theoretical approach, Monte
Carlo simulations have also emerged as a highly effec-
tive tool for dosimetry among medical physicists working
in the field of nuclear medicine, especially for optimiz-
ing routinely used devices, such as detectors, collimators
and shields, and evaluating the exposure radiation dose
in diagnostic and therapeutic protocols [5, 9–11]. Re-
cently, particular attention has been shown towards the
use of the Monte Carlo simulations in studying beta and
gamma emitting radionuclide’s that are used for treat-
ment of various forms of cancer and other diseases. Meo
et al. [10] have used Geant4 MC simulation code for mea-
suring dose rate from patients administered with 90Y-
labeled radiopharmaceuticals. In 1994, Siegel and Stabin
evaluated the absorbed fractions for electron and beta
sources uniformly distributed within spheres of various
sizes [12] in the energy ranges of 0.062 to 1.428 MeV and
0.025 to 4 MeV, respectively, using the methodology de-
veloped by Berger [13]. Afterwards, in 2000 Stabin and
Konijnenberg re-evaluated these values using two differ-
ent Monte Carlo codes, EGS4 and MCNP-4B, showing
some interesting discrepancies between the results [14].

In almost all of the methods described above, the
mass or volume of the target organ is typically kept con-
stant over the dose delivery time. However, in the case
of radioiodine treatment of hyperthyroidism, many au-
thors have reported a thyroid volume reduction (of up to
70%–80%) during therapy [15–17]. Since the treatment
dose is dependent on the volume/mass of the target or-
gan, the accurate measurement of volume of thyroid is
essential for efficient therapy. In this regard, Traino et
al. have studied the influence of the volume reduction on
the calculation of the absorbed dose to the thyroid using
a mathematical model [18]. Similarly, in recent studies,
researchers [11] have used Monte Carlo simulations to
study the influence of change in thyroid volume on the
energy deposition from 131I. The remnant tissue mass
dependency after 131I ablation therapy for the thyroid
absorbed dose was studied using Monte Carlo simula-
tions employing standard geometrical models [19]. They
found 11%–37% over-estimation of S-values when spher-
ical geometries were employed and they recommended
usage of precise remnant mass and size values for accu-
rate thyroid dosimetry.

In this study, the effect of the mass reduction of
the thyroid during 131I therapy on the calculation of
absorbed dose is estimated using Geant4 Monte Carlo
simulation code. Further simulations have been carried
for water, ICRP and ICRU tissue as thyroid material

and results are compared. In addition, various thyroid
geometries (shape) including spheres, cylinders and el-
lipsoids have been considered and the respective results
are compared with published data. For 131I, β- and γ-
absorbed fraction and S-values for various geometries of
thyroid are estimated and the results have been com-
pared with already published results. The dependence
of specific energy deposition per decay (ξ), energy depo-
sition per decay (ε) and activity-to-dose-rate conversion
factor (K) on thyroid volume (η) have been fitted using
non-linear least-square fitting method and the results are
presented.

2 Materials and methods

In this study the following MIRD schema has been
used for estimation of absorbed dose to thyroid [8]:

ḊT=
kAs

mT

∑

i

yiEiϕi, (1)

where Ḋ absorbed dose rate to a target region of interest
(mGy/hr); As is activity (MBq) in the source region; yi

is number of radiations with energy Ei (MeV) emitted
per nuclear transition; ϕi is fraction of energy emitted in
a source region that is absorbed in a target region; and,
mT is mass of the target region (kg) and k is proportion-
ality constant (Gy·kg/MBq·hr·MeV).

The Geant4 Monte Carlo simulation tool kit has been
used in this study to track the particles. Geant4 sim-
ulates hadronic, electromagnetic and optical processes.
A key feature of Geant4 is that it offers lower energy
physics models, namely PENELOPE, LIVERMORE, be-
sides the STANDARD one, for accurate simulation of low
energy processes [20]. The accuracy of Geant4, compar-
ison of the electromagnetic process and physics models
have been investigated by several authors [21].

Geant4 simulations have been carried out to calculate
the energy deposition per decay for beta- and gamma-
rays of 131I for ellipsoidal, spherical and cylindrical thy-
roid models of various sizes, ranging from 1–25 cm3, us-
ing water, ICRP and ICRU soft tissues as thyroid ma-
terial. The principal axes for ellipsoidal and cylindrical
models were taken at the ratio of 1/1/2 and 1/1/0.75,
respectively [22].

In Geant4 simulations the thyroid was considered as
a volumetric source in which 131I is distributed uniformly.
The 131I γ-spectrum has peak energy of 0.365 MeV with
0.853 emission probability and 0.389 MeV energy per
transformation, while beta spectra have an average en-
ergy of 0.183 MeV per transformation [23]. In our sim-
ulations we considered total energy per transformation.
The term Iodine spectrum means dose rate contribution
from gamma total energy per transformation and average
beta energy per transformation. For absorbed fraction
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and S-values, the mass of thyroid was considered to be
1, 2, 4, 6, 8, 10 and 20 g respectively.

In order to keep the statistical uncertainties associ-
ated with the presented estimated results below 1%, 106

histories were generated for each simulated run, a value
lower than the experimental uncertainty. Simulated dose
rate was calculated using the following relation [24]:

Ḋ=
A×E×C

N×M
, (2)

where Ḋ is the absorbed dose rate in Gy/hr, E is the
deposited energy in Joules (J), A is the source activity
in Bq, C is the conversion factor (C = 36×105), N is
the number of histories generated, and M is the detector
mass in g.

3 Results

Geant4 simulations were carried out for various thy-
roid geometries and the estimated results were compared
with the already published data [11]. Fig. 1 (at the bot-
tom) shows the variation of the total energy deposition
per decay of 131I for both beta and gamma rays with the
volume of thyroid, for various geometries.

Fig. 1. Comparison of total energy deposition per
decay for various geometries approximating thy-
roid in Geant4 studies with the corresponding re-
sults obtained with MCNP for various values of
thyroid volume, shown at the bottom of the fig-
ure and percentage error of Geant4 results with
different models and Mowlavi, et al., [12] results,
shown at the top of the figure.

The relative differences (∆E = (Ecase −Eref)/Eref)
against specified reference in each case, among various
thyroid models considered in this study and results of
Mowlavi et al., [12] are given at the top of Fig. 1.

In this study, besides the volume (η) variation of the
thyroid, a variety of materials were also considered and

the variation of the total energy deposition per decay
(ε) for water, ICRP, and ICRU soft tissues were esti-
mated, the corresponding results are shown in Fig. 2.
The relative differences of water with ICRP and ICRU
soft tissues, and between ICRP and ICRU soft tissues
are shown in Fig. 2 (top of figure).

Fig. 2. (color online) Variation of total energy de-
position per decay for water, ICRP and ICRU soft
tissues with the thyroid volume (Shown at the
bottom) and the percentage error of the Geant4
results for different tissues indicated composition
(shown at the top).

The variation of energy deposition per decay per
gram (ξ) with thyroid volume (η) for ellipsoidal geometry
of thyroid is depicted in Fig. 3.

Fig. 3. Variation of energy deposition per decay
per gram with the volume of thyroid.

The activity-to-dose-rate conversion factor K has
also been calculated. Fig. 4 shows the dependence of
K with thyroid volume.
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The Geant4 estimated results of S-values for various
thyroid geometries are given in Table 1. Comparison
has been made for each model with published results
[12].

Comparison of the Geant4 based S-values (given in
Tables 2 and 3) for newborn, 1 year, 5 years, female and
male with the corresponding MCNP, ICRP and ORNL
data.

Absorbed fraction values for β-particles of 131I, have

also been estimated for various thyroid models and vary-
ing volumes, shown in Table 4. Geant4 based absorbed
fraction results are compared with the already published
results of Siegel and Stabin [12].

Similarly, the Geant4 estimated results of absorbed
fraction for 131I γ-rays, for spherical thyroid model are
shown in Table 5. Comparison of Geant4 results were
made with MIRD Pamphlet 8 (MIRD8), EGS4 and
MCNP published results [14].

Table 1. S-values for different thyroid models and sizes, and comparison with Siegel and Stabin results.

S-values/(rad/µCi-hr)
Siegel and % relative diff of Ellipsoid % relative diff of Sphere % relative diff of Cylinder

mass/g Ellipsoid
Stabin with Siegel and Stabin

Sphere
with Siegel and Stabin

Cylinder
with Siegel and Stabin

1 0.389 0.390 0.308 0.390 −0.077 0.386 1.026
2 0.197 0.200 1.400 0.198 1.000 0.196 2.000
4 0.100 0.100 −0.100 0.101 −0.500 0.100 0.400
6 0.067 0.069 2.319 0.068 2.029 0.067 3.043
8 0.051 0.052 2.115 0.051 1.731 0.051 2.692
10 0.041 0.042 2.619 0.041 2.143 0.041 3.095
20 0.021 0.021 0.952 0.021 0.000 0.021 1.429

Table 2. Comparison of the S-values calculated using Geant4 (this work) with published data for various values age
of individual.

S-values/(Sv·Bq−1
·s−1) ratios

age
this work (Geant4) Ulanovsky et al (MCNP) ICRP Geant4/ MCNP Geant4/ICRP

newborn 2.55E-11 2.26E-11 2.44E-11 1.13 1.05

1 year old 1.91E-11 1.64E-11 1.78E-11 1.17 1.07

5 year old 9.96E-12 8.67E-12 9.28E-12 1.15 1.07

Table 3. Gender based comparison of the calculated S-values using Geant4 (this work) with the published data.

S-values/(Sv·Bq−1
·s−1) ratios

gender ICRP voxel UF hybrid ORNL stylized
Geant4

phantoms phantoms phantoms
Geant4/ICRP Geant4/UF Geant4/O RNL

female 2.01E-12 1.90E-12 1.90E-12 1.90E-12 1.06 1.06 1.06

male 1.56E-12 1.60E-12 1.70E-12 1.60E-12 0.98 0.92 0.98
∗Where Abbreviation E stands for power of 10

Table 4. Absorbed fraction for beta particles for different thyroid models, and sizes and comparison with siegel and
stabin [13] results.

Siegel and Geant4 Geant4 Ellipsoid/ Geant4 Geant4 Sphere/ Geant4 Geant4 Cylinder/
mass/g

Stabin Ellipsoid Siegel and Stabin Sphere Siegel and Stabin Cylinder Siegel and Stabin
1 0.950 0.968 1.019 0.970 1.021 0.962 1.013
2 0.960 0.974 1.015 0.976 1.017 0.969 1.009
4 0.970 0.980 1.010 0.982 1.012 0.976 1.006
6 0.980 0.982 1.002 0.984 1.004 0.978 0.998
8 0.980 0.984 1.004 0.985 1.005 0.981 1.001
10 0.980 0.985 1.005 0.987 1.007 0.982 1.002
20 0.980 0.988 1.008 0.989 1.009 0.986 1.006

Table 5. Absorbed fraction for gammas using Geant4 Sphere and comparison with MIRD8, EGS4 and MCNP codes.

mass/g this work (Geant4,Sphere) MIRD8 EGS4 MCNP MCNP/Geant4 EGS4/Geant4 Geant4/MIRD8

1 0.014 0.011 0.015 0.015 1.047 1.047 1.303

2 0.018 0.014 0.019 0.018 0.981 1.035 1.311

4 0.023 0.018 0.024 0.023 0.991 1.034 1.290

6 0.027 0.020 0.027 0.026 0.975 1.012 1.334

8 0.029 0.023 0.030 0.029 0.984 1.018 1.281

10 0.031 0.025 0.032 0.032 1.016 1.016 1.260

20 0.040 0.031 0.041 0.040 0.999 1.024 1.292
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4 Discussions

The total energy deposition per decay increases with
volume, because of the increasing volume-to-surface ra-
tio for each type of model employed. The increase in
volume of thyroid causes the fraction of radiations es-
caping from the thyroid to decrease, thereby increasing
the absorbed energy of radiations. However, the slight
difference in the total energy deposition per decay, for
the cylindrical model, is due to the small value of the
volume-to-surface ratio, which results in higher escape
rates from the cylindrical model, as compared to ellip-
tical and spherical models. The Geant4 results show a
good agreement with already published results [11]. At
smaller thyroid sizes the discrepancy between the Geant4
ellipsoid energy absorbed per decay and the results in
Ref. [11] is large but as the size increases the difference
becomes smaller.

The maximum relative differences in the results of
various thyroid models considered in this study and the
results of Mowlavi et al. [12] are up to 1.870%. The dif-
ferences in the basic physics data sets used in MCNP and
Geant4 simulation codes, as well as the different treat-
ments of radiation transport (especially of β-radiations),
may contribute towards the observed discrepancies.

The energy depositions per decay for various models
of the thyroid are estimated, which can easily be con-
verted into absorbed dose, knowing the mass and activity
of the thyroid. From the relative differences, it is clear
that treating volume- and/or mass- of thyroid constant
results in an underestimation of the organ dose. There-
fore, accurate assessment of thyroid volume is essential
for exact therapeutic dose calculations for efficient treat-
ment of the patients treated with 131I.

A comparison of the dosimetric properties of water
with different tissue compositions is useful for validating
its use in radiation dosimetry. The maximum relative
difference among the Geant4 estimated results for water
with ICRP and ICRU soft tissues is 0.107% and 0.225%,
respectively, while between ICRP and ICRU soft tissues
this maximum difference is 0.157%. In either case the
maximum difference in not greater than 0.225%. The
water, ICRP, and ICRU soft tissue materials have the
same atomic densities but different atomic compositions.
It has been shown by Ellett and Humes [25] that, for
photons with energy values less than 100 keV, the ab-
sorbed fraction is increasingly sensitive to atomic com-
position. On the basis of relative differences among the
three materials, it is suggested that water can be used as
a phantom material in place of ICRP and ICRU tissues,
for dosimetric purposes. The Geant4 computed variation
of total energy deposition per decay (ε) with volume of
thyroid (η) for water, follows parametric power fit:

ε=a(1+η)b, (3)

with parameters a, b having values 0.179±8.8×10−5 and
0.029±1.9×10−4, respectively, with R2=0.999.

The variation of energy deposition per decay per
gram (ξ) with thyroid volume (η) for ellipsoidal geome-
try of thyroid is depicted in Fig. 3. With the increase
in thyroid volume, the value of ξ decreases following the
parametric rational fit:

ξ=
1

a+bη
, (4)

where, a, b are fitting parameters with values 0.249±0.079
and 5.239±0.015, respectively, with R2 = 0.999. The
therapist must accurately determine the volume of the
thyroid so that the precise amount of 131I must be ad-
ministered to the patient for a prescribed dose to thyroid,
as recommended for the specific protocol.

Fig. 4. Comparison of Geant4 computed values of
K (mGy·g·MBq−1

·s−1) with the corresponding
MCNP based data [12] for various values of thy-
roid volume.

In the literature, such as MIRDOSE code, the
activity-to-dose-rate conversion factor, K, has a value
of 0.0313 (mGy·g·MBq−1

·s−1) [26], calculated by MC
method for gamma rays with the assumption that beta
particle deposit their full energy within the thyroid
(spherical geometry with fixed mass of 10 g). It can
be seen in Fig. 4 that K has a significant difference with
typical considered constant value, the difference varies
from −6.741% to 0.703% for volume variation of 1 to
25 cm3. For a 10 g thyroid lobe, our calculation shows
a difference of nearly 1.8% with MIRDOSE3 value of K.
In Fig. 4, an excellent agreement of Geant4 ellipsoidal
results with published data [11] using MCNP simulation
code is evident. The Geant4 results differ in the range
of −0.881 to 1.778% from corresponding result of MCNP
for the volume variation of 1 to 25 cm3. From the results,
it can be seen that there is some difference in MIRD and
Geant4 results. The reason for the difference is mainly
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due to the following factors: the first factor is the spec-
trum used for simulation [14]; the second factor is due
to detailed consideration of beta and gamma transport
in and out of thyroid, and may also be due to differences
in interaction probability database used in the two simu-
lation codes. The activity-to-dose-rate conversion factor
K has the following fitted dependence on thyroid volume
(η):

K=a(1+η)b, (5)

with parameters a, b having values 0.0287±1.4×10−5 and
0.0289±1.9×10−4 respectively with R2=0.998.

The Geant4 based estimated S-values for spherical,
ellipsoidal and cylindrical thyroid geometries are pre-
sented here for comparison with each other and with the
already published results [12]. Siegal and Stabin eval-
uated S-values and absorbed fractions for electron and
β-sources uniformly distributed within spheres of vari-
ous sizes using the methodology developed earlier [13].
The maximum relative difference of ellipsoidal, spheri-
cal, and cylindrical geometries with Siegel and Stabin
results were 2.619, 2.143 and 3.095%, respectively. The
observed difference may be attributed to the differences
in interaction probability databases used in the Berger’s
method and in Geant4 Standard physics model. Other
contributing factors may include the lack of scattering
of radiations from the surrounding tissue in the study
performed Siegel and Stabin. The Geant4 model used in
this work takes into account all such scatterings. More-
over, the Geant4 model performs simulations using the
full β- and γ-transport in our calculation. Comparison
of the Geant4 based S-values (given in Table 2 and 3)
for Newborns, 1 year, 5 years, females and males show
an excellent agreement with the corresponding MCNP,
ICRP and ORNL data.

The absorbed fraction is an important dosimetric
quantity used in radiation oncology etc. In any dosi-
metric analysis, the first term to be evaluated is the ab-
sorbed fraction, depending on the radionuclide charac-
teristic, shape, size and location of target volume. In
this study, the absorbed fraction values for β-particles
of 131I, have been estimated for various thyroid models.
The results are compared with data published by Siegel
and Stabin [12]. The maximum relative difference of el-
lipsoidal, spherical and cylindrical geometries with Siegel
and Stabin results are 1.860, 2.105 and 1.263%, respec-
tively. It is also observed that with the increase of size
of thyroid the relative difference reduces. For a smaller
organ size, the β-particles range is large, relative to the
organ dimension; therefore, an appreciable amount of
energy escapes beyond the organ boundaries. In the tra-
ditional models, the absorbed fraction for β-particles is
assumed to be unity for the source organ and zero else-
where. This may be reasonable for most situations and
even for relatively small organs like thyroid because the

range of most β-particles in body tissues is small com-
pared to the size of most source regions. However, in this
study we consider the thyroid as a volumetric source,
the absorbed fraction is not unity for larger thyroid sizes
because some of the β-particles escape from nearby sur-
faces, consequently decreasing the absorbed fraction.

Similarly absorbed fraction values for 131I γ-rays have
also been estimated using spherical thyroid geometry
and the results are compared with MIRD8, EGS4 and
MCNP published data [14]. The Geant4 results were
again in good agreement with MCNP and EGS4 but pro-
duced results that differed from the values published in
MIRD8. The Geant4 estimated results were typically
24%–29.032% higher than those in MIRD8 for most val-
ues of thyroid volumes. The maximum relative difference
of Geant4 results with EGS4 and MCNP is 6.667% for
each case. Since the contribution of gamma photons in
the S-values is ∼2%, this effects the over-all deviation of
S-values slightly.

5 Conclusions

This study shows that the Geant4 code can be used
effectively for internal dosimetry of the thyroid and from
the results. The following conclusions may be drawn:

1) Geant4 based calculations of energy deposition
per decay and the S-values for spherical, ellipsoidal,
and cylindrical models of human thyroid are in excel-
lent agreement with the corresponding results obtained
by using MCNP and the moment based analytical tech-
niques.

2) Variation of absorbed fraction and S-values with
mass clearly indicates that keeping the thyroid vol-
ume/mass during 131I therapy may underestimate the
absorbed dose.

3) The variation of energy deposition per decay with
size of thyroid clearly shows that water can safely be
used to model ICRP- and ICRU-based tissue materials
for thyroid.

4) The size dependent specific energy deposition per
decay can be estimated by using rational fitting for-
mula with values of parameters as a=0.249±0.079 and
5.239±0.015 for thyroid.

5) For the thyroid volume range of 1–25 cm3 studied
in this work, the Geant4 based estimated values of the
k-factor show good agreement with the corresponding
MCNP based data.

6) For γ-absorbed fractions, the Geant4 results re-
main close to the corresponding EGS4 and MCNP data
within 6.667%, whereas discrepancies upto 29.032% are
observed with the MIRD based results.

7) The value of β-absorbed fractions for various ge-
ometries of thyroid used in Geant4 show good agreement
with already published data with deviations remaining
with 2.105%.
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