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ABSTRACT

This study develops and compares different, increasingly detailed anatomical phantoms for rainbow
trout (Oncorhynchus mykiss) for the purpose of estimating organ absorbed radiation dose and dose rates
from 3'I uptake in multiple organs. The models considered are: a simplistic geometry considering a
single organ, a more specific geometry employing additional organs with anatomically relevant size and
location, and voxel reconstruction of internal anatomy obtained from CT imaging (referred to as
CSUTROUT). Dose Conversion Factors (DCFs) for whole body as well as selected organs of 0. mykiss were
computed using Monte Carlo modeling, and combined with estimated activity concentrations, to
approximate dose rates and ultimately determine cumulative radiation dose (uGy) to selected organs
after several half-lives of '>'I. The different computational models provided similar results, especially for
source organs (less than 30% difference between estimated doses), and whole body DCFs for each model
(~3 x 1073 pGy d~! per Bq kg~!) were comparable to DCFs listed in ICRP 108 for 'I. The main benefit
provided by the computational models developed here is the ability to accurately determine organ dose.
A conservative mass-ratio approach may provide reasonable results for sufficiently large organs, but is
only applicable to individual source organs. Although CSUTROUT is the more anatomically realistic
phantom, it required much more resource dedication to develop and is less flexible than the stylized
phantom for similar results. There may be instances where a detailed phantom such as CSUTROUT is
appropriate, but generally the stylized phantom appears to be the best choice for an ideal balance be-
tween accuracy and resource requirements.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

1.1. Current methodology in radiation protection of the

environment

uniformly distributed radionuclide within an ellipsoidal phantom
designed to represent hypothetical organisms (ICRP, 2008; Gomez-
Ros et al., 2008). For example, ICRP 108 includes a reference trout
(1.26 kg, 50 cm long) that in principle could represent any fresh-
water fish with similar dimensions (ICRP, 2008).

Radiation dose rates to biota are typically approximated utiliz-
ing dose conversion factors (DCF), which are values for absorbed
dose rate per unit activity concentration in the body or organ (i.e.
mGy d~! per Bq g~ !). The current methodology employed by both
the ICRP (International Commission on Radiological Protection) and
the ERICA Integrated Approach (Larsson, 2008) for calculating dose
conversion coefficients employs Monte Carlo modeling of a
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It has been shown that when computing whole-body DCF, the
assumption of a homogenous distribution will result in an uncer-
tainty of less than 30% for both electrons and photons when
comparing to a monoenergetic point source at the center or pe-
riphery of the ellipsoid (which gives the range of possible DCFs)
(Gémez-Ros et al., 2008). However, if a radionuclide is not homo-
geneously distributed but instead concentrates in a particular or-
gan (e.g. iodine-131 in the thyroid) a much higher dose will be
received by the organ or tissue than by the whole body. Organs
have been generically modeled as spheres within the whole-body
ellipsoid phantom to address situations where nuclides
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concentrate in an organ, (ICRP, 2008), but this simplicity may be
insufficient to accurately represent the complex and variable na-
ture of organ structure and arrangement within different types of
organisms. The ratio of whole-body to organ mass offers a con-
servative conversion of whole-body to organ dose, but may be a
considerable overestimate (Gomez-Ros et al., 2008). More accurate
estimates of organ dose can be made by combining activity con-
centration data with direct Monte Carlo calculations of energy
deposition in individual organs.

1.2. Study objective and justification

Establishment of appropriate screening levels in the regulatory
paradigm requires incorporation of sufficient knowledge of dose
effects; the ICRP currently lists no derived consideration reference
levels for organs, meaning that specific risks associated with organ
dose rates are unavailable (ICRP, 2008). Although it is known that
radioiodine exposures can negatively affect certain aspects of fish
growth and development mediated by thyroidal hormones (La
Roche et al., 1965, 1966), no information is currently available
linking risk of occurrence to thyroid radiation dose levels associated
with 131I exposure. Relating effects to dose levels requires either a
direct determination of dose or a modelling methodology for dose
approximation. Accuracy is important in dose-effects studies;
relating an effect to an underestimate of dose (or dose rate) may
result in unnecessary and expensive remediation efforts.
Conversely, if the dose (or dose rate) required to cause an effect is
overestimated, regulatory bodies may establish environmental
protection standards at levels not adequately protective (Ruedig
et al,, 2014).

Since the ICRP's recommendations in 2008, radiation protection
in the environmental setting has focused on limiting adverse
population effects (ICRP, 2008); i.e., dose limits are established to
protect against such endpoints as population decline. However,
dose levels at which effects are seen across individuals can lead to
an effect on the population. For example, a decline in reproductive
success or absence of sexual development (such as resulting from a
significant exposure to *'I; La Roche et al., 1966) in individual trout
could lead to a decline in trout population. Therefore, the models
presented and discussed here have relevancy beyond dose deter-
mination and protection of the individual.

Improved dosimetric methods will enable the ability to relate
dose to effects and subsequently determine risk from exposure to
radiation. Model comparison and refinement is important to the
process of determining dose rates, doses, and dose effects. Here we
develop and compare three models for rainbow trout (Onco-
rhynchus mykiss): (1) a simplistic geometry considering a single
organ, (2) a more specific geometry including multiple organs of
anatomically relevant size and location, and (3) voxel reconstruc-
tion of internal anatomy obtained from CT imaging. We determine
the doses and dose rates to various organs from uptake and accu-
mulation of I in thyroid, GI tract, and liver of rainbow trout,
where the time-varying concentrations of 1>'I in these organs were
determined for the first 32 days following an I release into the
freshwater system (Martinez et al., 2014). lodine-131 is a major
component of the atmospheric releases following reactor accidents,
and although the fate of ' deposition onto lakes and other aquatic
systems has been studied considerably (e.g. Bird et al, 1995a,
1995b; Bird and Schwartz, 1996; Gilfedder et al., 2009, 2010), the
resulting doses to aquatic organisms have received less attention.
The goal of this study is to determine the differences between
increasingly true-to-life models in predicting radiation dose to
biota. Computational phantoms have found extensive use through
incorporation into Monte Carlo based radiation transport computer
codes for application in radiation dosimetry, as well as in medical

imaging simulation and evaluation (Zaidi and Tsui, 2009; Xu and
Eckerman, 2010). A significant amount of research has been con-
ducted concerning human model development, however work
conducted in creating animal models is lacking (Zaidi and Tsui,
2009). The initial research and subsequent increase in animal
model development over the past decade was motivated by the
need for refined preclinical models, and therefore initially focused
on laboratory animals (Zaidi and Tsui, 2009). In recent years, there
has been increased emphasis on radiation protection of the envi-
ronment, and some models have been used for this specific end
(Mohammadi et al., 2011, 2012; Caffrey and Higley, 2013; Ruedig
et al., 2014). The reader is directed to the supplementary online
material for a listing of existing whole body animal phantoms,
along with studies that have calculated absorbed fractions or organ
dose coefficients using such phantoms (Hindorf et al., 2004; Segars
et al., 2004; Stabin et al., 2006; Taschereau et al., 2006; Bitar et al.,
2007; Dogdas et al., 2007; Kinase, 2008; Padilla et al., 2008; Wu
et al,, 2008; Xie et al., 2010a, 2010b; Zhang et al., 2009, 2012;
Mohammadi et al., 2011, 2012; Kramer et al., 2012; Caffery and
Higley, 2013; Mauxion et al., 2013; Ruedig et al., 2014).

A study similar to ours compared absorbed fractions determined
by three different computational phantoms for rat (Xie et al., 2010a)
and found that the stylized phantom might underestimate organ
dose. Additionally, Ruedig et al. (2014) found general agreement
between voxel-based DCFs and the current DCFs recommended by
the ICRP for trout for a variety of photon and electron energies.
However, ours is the first study to consider temporal changes in
activity concentration data as applied to organ uptake in various
phantom types (namely, two stylized phantoms and one voxel
phantom). Specific objectives of this study include:

(1) Describe and apply a methodology for approximating
absorbed radiation dose and dose rates to the whole body
and selected organs of the rainbow trout:

(a) Create empirical models for predicting temporal activity
concentrations in the rainbow trout thyroid, liver, and
g;strointestinal tract based on existing kinetic data for

L

(b) Create anthropomorphic models for rainbow trout and
combining them with empirical models for activity
concentration to determine doses and dose rates;

(2) Compare the created anthropomorphic models and discuss
the benefits and drawbacks of each;

(3) Compare anthropomorphic models to the traditional mass
ratio approach in calculating DCF;

(4) Briefly consider the effect of fish size on results;

(5) Discuss the utility and implications of improved dosimetric
methodology.

2. Materials and methods
2.1. Kinetic data for '

Computing an accumulated radiation dose for time-varying or-
gan concentrations requires some form of equation or model that
describes the temporal concentration and location of the particular
radionuclide. Martinez et al. (2014) used existing 'I kinetic data
(Short et al, 1969) from Fern Lake, Washington to develop
empirically-derived models for the prediction of activity concen-
tration in rainbow trout as well as various biota in the food web. We
review the model development process here; for a detailed
description and discussion we refer the reader to Martinez et al.
(2014).

Fern Lake is a 9.7 x 10* m? oligotrophic lake near Seattle,
Washington in the United States. The Fern Lake Trace Mineral
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Metabolism program was a 10-year interdisciplinary research
program initiated in 1957 (Donaldson et al.,, 1959) seeking to
improve the productivity of western Washington lakes (Olsen et al.,
1967). As part of the Fern Lake program, several radionuclides,
including 3'1, were released into the lake to understand the fate
and transport of the corresponding stable isotopes (e.g. '27I) (Short
etal., 1969, 1971). lodine-131 concentrations in water, various biota,
and trout tissues were measured periodically for 27 days, which is
the data considered by Martinez et al. (2014). The following simple
uptake and loss rate model was used to model the time varying
concentrations of 13! in fish tissues:

BO _ yewie) - k- (M)
det

where  is an uptake constant with units L kg~! d~1, k is a first-

order loss rate constant with units d~!, W(t) is the I concentra-

tion in water, and B(t) is the I concentration in specific fish tis-

sues. W(t) is approximated using a single-component exponential

equation (Whicker and Shultz, 1982):

W(t) = a-e bt (2)

where a is the initial 1*'I concentration in the water at the time of
release (i.e., t = 0), and b is the rate constant (d~!) for the expo-
nential decline in W(t). The solution to equation (1) is given by:

B(t) = ,u(ﬁ) (e’bt - ef’“) 3)

For aquatic animal biota, u is a measure of the transfer of the
radionuclide through food chain pathways from the water to ani-
mal. The factors affecting u become increasingly complex with
increasing number of trophic levels (Pinder et al., 2009). Despite
the number of factors affecting u for consumers, the model has
been shown to be able to accommodate these complexities for
varying trophic levels (Smith et al., 2002; Pinder et al., 2011). When
the model is applied to individual fish tissues, u represents in-
creases in *'I concentrations due to absorption and ingestion of
additional 'l or to the transfer of *!I from other tissues. For
whole-body '3'I concentrations, k is a measure of loss that in-
corporates radioactive decay, excretion, and population losses due
to mortality or emigration (Pinder et al., 2009). Population losses
should be negligible for the studies considered here (short duration
studies performed in mostly confined locations), so the estimated
whole body k should be dominated by radionuclide decay and
excretion. In addition to decay and excretion losses, k includes
transfer to other tissues when applied to individual fish tissues.

Table 1 lists the specific values used for 4 and k determined by
Martinez et al. (2014), and Fig. 1 shows model fits compared to the
Fern Lake data (Short et al, 1969; Martinez et al., 2014). The
maintenance of nearly constant '3'I concentrations in the thyroid,
Gl tract, and liver is due to the continuing ingestion of *'I from the
trout's prey item components of the complex food web of Fern
Lake.

Note that “thyroid” here refers to the biologically significant
portion of the thyroid, or the thyroid epithelial shell (Martinez
et al., 2014), and values for thyroid u and k refer to samples of the

Table 1

Values for empirical parameters used in determination of activity concentration.
Source organ w(Lkg 1d™ k(™1
Thyroid 33.95 0.0276
Liver 3.76 0.0201
GI 7.25 0.0520
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Fig. 1. Empirical model fits to *'I concentrations in Fern Lake O. mykiss tissues. A
comparison of Fern Lake data and model predictions for activity concentrations in
water and O. mykiss thyroid, liver, and the gastrointestinal tracts.

“thyroid area” and may be underestimates of actual ! in the
thyroid (Short et al., 1969; Martinez et al., 2014). Although varia-
tions among lakes in water temperature, stable iodine content, food
chain complexity, fish size, and other factors may affect the values
of 1 and k, the Fern Lake values are the only available estimates of
1311 accumulation and loss in free-swimming fish, and are used here
to calculate and compare organ radiation doses with various
rainbow trout phantoms.

2.2. Analysis of fish anatomy

A 0.286 m long female Oncorhynchus mykiss, acquired from the
Poudre River in Northern Colorado, was donated by a local fish-
erman for use in phantom development. The fish was CT scanned at
the James L. Voss Veterinary Teaching Hospital in Fort Collins,
Colorado' to acquire the image set necessary for phantom devel-
opment. The DICOM files from the fish CT were imported into 3D-
Doctor software,” and organs were outlined (contoured) manually
in 3D-Doctor. The fish was dissected after CT to assist in appro-
priately identifying organs (Weinreb and Bilstad, 1955).

2.3. Phantom creation

The geometric structure, arrangement, and composition of
rainbow trout tissues were either modelled (1) with organs rep-
resented as simple geometric shapes or (2) using Voxelizer’ soft-
ware. Voxelizer converts an organ boundary file, which is a set of
organ contours created from CT images, into a lattice structure
geometry (Kramer et al., 2010) recognizable by the Monte Carlo N-
particle (MCNP) transport code® (X-5 Monte Carlo Team, 2003).
MCNP was employed for Monte Carlo simulation of radiation
transport in all models.

Because appropriate elemental composition data for trout tissue
are as of yet unavailable, elemental compositions of tissues in all
three models were based on human tissue (ICRU, 1989). This is

' 1 mm slices; Gemini TruFlight Big Bore PET/CT, Philips Healthcare, Andover,
MA.

2 Version 5.0, AbleSoftware Corp, Lexington, MA.

3 Developed by the Human Monitoring Laboratory (HML), Health Canada,
Ottawa.

4 Version 5.1.60 or System X version 7.0D, known as MCNP5 and MCNPX
respectively (Radiation Safety Information Computational Centre, Oak Ridge, TN).
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consistent with previous work (Martinez et al., 2014; Kramer et al.,
2012; Caffrey and Higley, 2013; Ruedig et al., 2014). The exception is
the swim bladder, which was assumed to contain air. It should be
noted that although there is existing data (e.g. Diem and Lentner,
1970) on trout tissue composition from a nutritional standpoint,
it is not sufficiently specific for use in MCNP.

2.3.1. The simplistic phantom

The simplest phantom developed consists of an ellipsoidal fish
body containing a thyroid modeled as 18 small cylindrical shells,
based on rainbow trout thyroid anatomy (Raine et al.,, 2005). A
complete description of the simple phantom is described by
Martinez et al. (2014). The simple phantom was rescaled to match
the size of the scanned fish. The height and width of the body were
slightly reduced from the 9:2:1 (length:height:width) ratios uti-
lized in Martinez et al. (2014) in order to fully match the di-
mensions of the aforementioned fish. We include the simplistic
phantom in this study in addition to the stylized model described
below, to determine if, when compared to uniform body compo-
sition, the presence of additional organs with varying densities and
composition affect the dose to the thyroid.

2.3.2. Stylized phantom

A more detailed anatomical phantom was developed from the
simplistic phantom; the size, shape, location, and composition of
the fish body and thyroid are the same as for the simplistic phan-
tom. Additional stylized organs, including the liver, swim bladder,
gastrointestinal tract, ovaries, heart, and brain were added to the
model. The location and size of these model organs were deter-
mined by matching their stylized shapes and locations to the cor-
responding CT slices. The details of these model organs are
described in Table 2 and cross-sectional illustrations of their
placements are shown in Fig. 2.

The organs were selected for inclusion in the stylized phantom
based on biological relevance (e.g. heart, brain, ovary), tendency to
accumulate '] (e.g. GI tract, liver, thyroid), or for variation from
soft tissue composition (e.g. swim bladder) that would significantly
impact radiation transport.

2.3.3. Voxel phantom (CSUTROUT)

There are four general steps in the procedure for creating a voxel
phantom (Zaidi and Tsui, 2009; Xu and Eckerman, 2010). These
include: (1) acquiring an appropriate full-body image set (such as
from CT, MRI, or cryosection photography); (2) identifying and
segmenting organs or other anatomical structures of interest
within the image set acquired in step (1); (3) determining density
and elemental composition characteristics for tissues identified in
step (2); and (4) converting the organ segments (contours) to a
three dimensional (3D) volume for visualization (verification of
appropriate organ structure) and Monte Carlo implementation.

Table 2
Description of representative geometry for organs created in the stylized model.

Organ Description
Body Ellipsoid
Thyroid 18 cylindrical shells
Liver Ellipsoid
Swim bladder Ellipsoid, rotated 2° from horizontal
Gl tract:
Intestine Cylinder, rotated 2° from horizontal
Cardiac stomach Cylinder
Pyloric stomach 2 cylinders
Ovaries 2 cylinders, rotated 5° from horizontal
Heart Ellipsoid
Brain Sphere

Brain—, @

Heart
Swim bladder } Y Thyroid
®
Cardiac Stomach

(b)

7 (v
Ovary

Fig. 2. Example longitudinal cross-sections of the stylized model. Cross-section (a) is
through the midline of the fish body. Cross-section (b) is slightly to the lateral left
(0.47 cm) of the midline of the body, and shows structures that lie behind those in (a).

Step (1), (2), and (3) were discussed above. It should be noted,
however, that the thyroid was too small to be differentiated from
background on CT, and was therefore contoured using knowledge
of thyroid anatomy (Raine et al., 2005; Martinez et al., 2014). For
step (4), once the organ contouring of step (2) was completed, the
contour lines were consolidated into a 3D rendering of the two-
dimensional contours, shown in Fig. 3, for visual confirmation of
structure (see supplementary material online for additional figures
in color).

Volumes of the contoured organs are listed in Table 3, with
volumes of the organs from the stylized phantom included for
comparison. It should be noted that the GI tract, as referred to in
this work, consists of multiple organs: the intestine, the cardiac
stomach, and the pyloric stomach, which were assigned an even
distribution of the source radionuclide.

The completed set of organ contours were combined into a
single boundary file using 3D-Doctor and imported into Voxelizer
software, which converted the file into MCNP lattice geometry
(Kramer et al., 2010). Voxelization is achieved by multiplying the
pixel size (determined by image resolution) by the thickness of an
image slice, converting the 2D pixels into 3D voxels (Xu and
Eckerman, 2010). Voxelizer software requires minimal user input,
needing only specification of boundary file dimensions and pixel
size (obtained from 3D-Doctor) as well as the desired compression
factor, which is a course indication of desired model resolution

Spleen

Heart

Thyroid

Fig. 3. Layers of the voxel phantom. From top to bottom: (a) body (b) skeleton and (c)
internal organs.
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Table 3
Organ volume and comparison for stylized and voxel phantoms.

Organ/organ system Volume (cm?) Ratio

Stylized phantom Voxel phantom

Body 212.12 208.47 1.02
Thyroid 2.4E-03 5.9E-03 0.41
Liver 0.78 0.89 0.88
Swim bladder 5.76 5.53 1.04
GI tract 9.15 8.62 1.06
Intestine 3.04 2.74 1.11
Cardiac stomach 3.69 3.34 1.11
Pyloric stomach 242 2.54 0.95
Esophagus — 0.10 —
Ovaries 0.20 0.19 1.04
Heart 0.35 0.43 0.82
Brain 0.52 0.61 0.85
Spleen - 0.07 -
Kidney - 0.54 -
Eye (whole) - 2.09 -
Eye lens - 0.10 -
Gills - 3.52 -
Bone — 11.58 —
Remaining 186.21 165.67 1.12
tissue (muscle)
Minimum 0.41
Median 1.03
Maximum 1.12

native to Voxelizer software. A higher compression factor results in
fewer voxels and faster computing time, but fewer voxels equate to
less resolution. Compression factors of 1, 2, and 4 resulted in about
3.0 x 108, 7.5 x 107, and 1.9 x 107 voxels respectively. Because of the
lengthy computing time required, a compression factor of 4 was
used in this study.

As is often the convention (Xu and Eckerman, 2010), we name
our phantom to distinguish it from other computational models
should other researchers desire to use it (available free of charge by
contacting the corresponding author); heretofore our complete
voxel rainbow trout phantom will be referred to as CSUTROUT.

2.4. Source definition and determination of DCF

Wwithin MCNP, the 3] source was distributed evenly across a
specific organ (i.e. the thyroid, liver, or GI tract) and disintegrations
simulating decay occurred randomly across that organ. The number
of disintegrations per MCNP run was chosen to minimize
computing time while still achieving an acceptable relative error.
The *f8 tally function in MCNP was used to tabulate the corre-
sponding energy deposition (MeV), which was in turn normalized
by disintegration prior to output (i.e. MeV dis~!) (X5 Monte Carlo
Team, 2003). Energy deposition was tallied for organs as well as
the entire body. Separate MCNP runs were conducted for beta
particles and gamma photons corresponding to *!I decay, as well
as for different source organs (thyroid for the simplistic model, and
the thyroid, liver, and GI tract for the stylized and voxel models).
The initial beta energies were randomly selected from a continuous
distribution of possible energies ranging up to a maximum energy
of 0.8069 MeV with an average energy of 0.1821 MeV (Stabin and
CQP, 2002). Gamma energies were randomly selected from either
0.364 MeV with probability 0.817 or 0.637 MeV with probability
0.072 (Stabin and CQP, 2002). Energies deposited in the thyroid
lumen (Raine et al., 2005) and the swim bladder are not included or
discussed as these are non-tissue structures (within the model),
containing fluid and air, respectively.

A dose conversion factor (DCF) of 0.013824-E mGyd™!
per Bq g~! (where 0.013824 is a unit conversion and E is the energy
deposited per disintegration (MeV dis~!) in the tissue or organ of
interest) was determined directly from the MCNP output.

2.5. Determination of cumulative dose rates and doses

The empirical models developed by Martinez et al. (2014) were
combined with the MCNP simulation to compute cumulative organ
doses from the decay of '3!I. First, the predicted 3'I concentrations
(Bq kg 1) in the source organ as a function of timeB(t), were
determined from empirical models (i.e. equation (3) above). Values
for a (1 Bq mL™!) were chosen to normalize activity concentration
by initial water concentration, and values for b (0.0862 d~') were
chosen to correspond to the decay rate of *!I. These values were
chosen to generalize the empirical model, which assumes that the
fish have no effect on ' concentration in the water. Values
determined for ¢ and k are shown in Table 1. Concentrations of ']
in the source organ were then multiplied by the appropriate mass
ratio and the DCF (uGy d~! per Bq kg~!) obtained from MCNP to
acquire a dose rate (uGy d~1); the dose rateD(t), at time t is given by
(4):

D(t) = DCF-(mass ratio)-B(t)

= DCF-(mass ratio)-u- (k f b) . (e*b't - e*k"> (4)

Mass ratios were used to convert activity in the source organ to
an equivalent activity for the target organ (organ for which dose is
being calculated). The mass ratio will be unity in the case that the
source and target organs are the same. We set the derivative of dose
rate to zero, and solve for t to determine the time and magnitude of
maximum dose rate:

D(t) = DCF-(mass ratio)-p- <I< f ) . ( —be bt ke—kt) 5)

b

In?
=lmax = bi—kk (6)

Note that calculating the exact overall maximum dose rate (from
all sources) is non-trivial and not explored here. A conservative
estimation can be obtained by summing the maximum dose rates
from each organ source. The dose rate was then integrated over
time to determine a cumulative dose (LGy). The cumulative dose at
time t,D(t), is then given by (7):

D(t)=DCF-(massratio)«p- <$> . (% (1 ,efbt) +% <efkt _ 1))
(7)
3. Results

Dose and dose rate predictions are limited to the first 32 days
because the uncertainty of the extent to which the passage of 31
through the food chains will continue to support the predictions
beyond day 27 is unknown due to lack of data (Short et al., 1969).
Values for 1 and k will be constant for each phantom, as will the
time to the maximum dose rate from each source organ (Tables 1
and 5 respectively). Note that once p and k are determined,
values for a and b can be varied depending on conditions of the
current system. As the most significant radiation doses will be to
the source organs, results are shown below for said organs as well
as the whole body.

The simplistic model considers only the thyroid as a source, with
no other organs surrounding it. The stylized model considers the
same thyroid and fish body as the simplistic model, with eight
additional organs. CSUTROUT consists of a three-dimensional
rendering of an actual fish body, and includes the same organs as
the stylized model, with seven additional organs. The stylized
model and CSUTROUT both consider '] uptake in the thyroid, liver,
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Table 4

55

Summary of maximum dose rates and cumulative 32 day doses to the whole body, thyroid, liver, and GI tract. Doses and dose rates are listed by source organ (i.e. for CSUTROUT,
the maximum dose rate to the whole body from'>'I in the thyroid is 3.7E-02 pGy d~') and assume an initial water concentration of 1 Bq mL ",

Model Maximum dose rate (uGy d~') by source organ Cumulative 32 day dose (uGy) by source organ
Thyroid Liver GI Tract Total (approx.) Thyroid Liver GI Tract Total
Time t0 Dmax 19.43d 22.03d 14.78 d
Simplistic
Whole body 2.9E-02 - - 7.6E-01 7.6E-01 - - 7.6E-01
Thyroid 4.7E+02 - - 1.2E+04 1.2E+04 - - 1.2E+04
Stylized
Whole body 2.9E-02 3.1E-01 5.0E+00 5.3E+00 7.6E-01 8.1E+00 1.3E+02 1.4E+02
Thyroid 4.7E+02 1.6E-02 4.7E-02 4.7E+02 1.2E+04 4.2E-01 1.2E+00 1.2E+04
Liver 1.6E-03 7.4E+01 7.6E-01 7.4E+01 4.2E-02 1.9E+03 1.9E+01 1.9E+03
GI tract 3.7E-04 4.8E-02 1.0E+02 1.0E+02 9.6E-03 1.2E+00 2.6E+03 2.6E+03
CSUTROUT
Whole body 3.7E-02 3.8E-01 5.0E+00 5.4E+00 9.7E-01 9.9E+00 1.3E+02 1.4E+02
Thyroid 6.2E+02 4.2E-02 2.1E-01 6.2E+02 1.6E+04 1.1E+00 5.4E+00 1.6E+04
Liver 5.5E-03 7.2E+01 2.3E+00 7.5E+01 1.4E-01 1.9E+03 5.9E+01 1.9E+03
GI tract 2.0E-03 1.8E-01 9.7E+01 9.7E+01 5.3E-02 4.7E+00 2.5E+03 2.5E+03

and the GI tract. The maximum dose rates and cumulative doses for
source organs and whole body are listed in Table 4 for each model.
Fig. 4 illustrates model comparison of cumulative doses received to
source organs considered in the stylized model and CSUTROUT.
Absolute differences in cumulative dose corresponding to Fig. 4,
along with percentage differences, are listed in Table 5. Results for
DCFs as well as details of cumulative doses and dose rates received
to all organs are contained in online supplementary material.

4. Discussion
4.1. Current limitations

To ensure adequate sampling of thyroid tissue, most studies,
including Short et al. (1969), removed tissue from the mandible
area that contained both thyroid and non-thyroid tissue. These
samples were described as “thyroid area” samples, and the con-
centration of ' in these “thyroid area” samples likely under-
estimated the 3!l concentrations of the true thyroid tissues, which
would cause radiation doses determined here to also be
underestimated.

Additionally, the GI tract is modeled as a solid organ (consistent
with previous work, e.g. Ruedig et al., 2014) with a homogenous
source distribution. Gut contents will not be the same composition
as GI tissue, but the exact composition at this point is unknown.
Detailed elemental composition for gut contents as well as fish
tissues calls for further investigation. Also, the pyloric stomach
consists of a number of small, finger-like tubes called caeca
(Weinreb and Bilstad, 1955). The pyloric caeca were not contoured
individually as they were not discernable from the gut contents on
CT, which may alter results slightly (please see supplementary
online material for an internal anatomy image for the trout

Table 5

considered here as well as example cross-sections of organ con-
tours used to develop CSUTROUT.)

Often, as with Short et al. (1969), studies do not specify if gut
contents were included in reported activity concentrations for the
Gl tract, although radiation dose will depend on how the activity is
distributed within the GI tract. Activity contained in the gut con-
tents will contribute to the radiation dose received by the GI tract
epithelial tissue, but some of the radiation may be attenuated (i.e.
some energy will be deposited in the gut contents rather than in
tissue). The volume of gut contents is quite variable, and the vol-
ume of GI tract epithelial tissue can potentially be much less than
total volume of the GI tract. The extent of the variation, and the
subsequent effect on results, is not explored here, but certainly
warrants further investigation.

4.2. General considerations

MCNP presents a relative error (at the 1¢ level) corresponding to
the precision of the MCNP calculation along with the tally result
(MeV dis™!). Results with a relative error <0.10 can generally be
considered reliable (X-5 Monte Carlo Team, 2003). Results pre-
sented here for whole body and source organs are all associated
with relative errors <0.01, with most <0.001. However, for organs
assumed to not contain '3'], relative errors are higher; relative error
will increase (1) as distance from the source increases and (2) as
volume of an organ decreases. Fewer particles depositing energy in
an organ will weaken the statistics associated with that organ,
occasionally resulting in large relative errors. The few relative er-
rors >0.10 were generally <0.50 (hence within a factor of a few; X-5
Monte Carlo Team, 2003) and associated with doses insignificant
when compared to the contribution from another source. For our
purposes it was not considered worthwhile to reduce these errors

Cumulative dose comparison. Absolute differences (Abs) in 32 day cumulative absorbed dose (uGy) along with percentage differences (%) between the stylized model and
CSUTROUT predictions for dose to the whole body, thyroid, liver, and GI tract. Values for self-contribution (e.g. differences in dose to the thyroid from the thyroid) are shown in

bold.

Absolute (uGy) and percentage differences between models by source organ

Thyroid Liver GI Tract Overall

Abs % Abs % Abs (uGy) % Abs (uGy) %
Whole body 2.0E-01 24 1.7E+00 19 8.3E-01 0.7 1.1E+00 0.8
Thyroid 4.0E+03 28 6.8E-01 110 4.2E+00 151 4.0E+03 28
Liver 1.0E-01 108 3.5E+01 1.9 4.0E+01 102 5.0E+00 0.3
GI Tract 4.3E-02 138 3.5E+00 117 1.2E+02 4.8 1.2E+02 4.7
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Fig. 4. Comparison of total radiation dose. Cumulative 32 day radiation dose from 3'I

(log scale) received by organs in the stylized model and in CSUTROUT from all three of
the internal source organs (thyroid, liver, and GI tract).

further, given the considerable run-time required to do so. The
objective of this paper is to present and apply a methodology for
calculating dose using different phantom types; if a dose-effects
study focused on a specific organ was to be undertaken, the
MCNP code should be refined to focus on precise results for the
organ(s) of concern.

Although we consider three source organs here, in reality, iodine
will be found throughout the body. Any area containing 'l will
have an increased dose and dose rate, with a corresponding in-
crease in risk of deleterious effects due to radiation exposure. For
example, although Short et al. (1969, 1971) did not sample trout
ovary, intraperitoneal injections of *'I in channel catfish (Ictalurus
punctatus) have shown that a majority of the injected 'l can
accumulate in the ovaries (Lindsay et al.,, 1969; Tarrant, 1971).
Corresponding "I injection studies are absent for the rainbow
trout, although similar accumulations of stable iodine in ovaries
occurs for this species in freshwater (Robertson and Chaney, 1953).
Robertson and Chaney (1953) report that more than 50% of all the
fish's stable iodine occurs in the eggs of a reproductively active
female rainbow trout. The potential concentration of '*!I in ovaries
following an accidental release during a fish's reproductively active
period suggests the potential for mutagenic effects and impacts on
succeeding generations, although the comparative radiosensitivity
of thyroid and egg tissues appears to be undocumented.

4.3. Model comparison

Progressively more detailed phantoms were considered to
assess the difference in organ dose and DCFs with improved
anatomical realism. The results for the thyroid and whole body
(considering only the thyroid as a source organ) were the same for
the simplistic and stylized model, meaning that prior to the
consideration of additional source organs, the change in body
composition utilized by the stylized model had insignificant effect
on thyroid dose. Note, however, that the GI tract was the greatest
contributor to whole body dose. Although the GI tract had lower
activity concentration than the thyroid, the total activity within the
organ was higher. Because the stylized model is more robust than
the simplistic, we consider only the differences in the stylized
phantom and CSUTROUT for organs the models have in common.

4.3.1. Cumulative 32 day dose

The models are similar in prediction of dose, especially for
source organs. Organs not containing !l generally had much
higher percentage differences between the models, but relatively
small absolute differences (similar to source organ dose

contributions from other organs, e.g. dose to the GI tract from the
liver). The thyroid received the highest doses (123 x 10% and
1.63 x 10% uGy, stylized model and CSUTROUT respectively), due to
preferential uptake of *'I. The highest doses to organs not con-
taining 3!I were the ovaries (2.28 x 10! and 1.13 x 10? uGy using
the stylized model and CSUTROUT respectively) and the spleen
(1.79 x 10% pGy, CSUTROUT), although these doses were much
lower than doses to the source organs (between 1.9 x 10° and
1.63 x 10* pGy). The highest doses to these organs were due to
radiation exposure from the GI tract; the GI tract is a larger organ
system than either the liver or thyroid and lies in close proximity to
several other organs, meaning a radiation source distributed in the
GI tract will have a wider distribution and, in general, a shorter path
to other organs. The distance between an organ and the source
organ is particularly relevant for 3! as beta particles have a rela-
tively short range (Cember and Johnson, 2009).

The larger percent differences for 1 distributed in the thyroid
are equated to the difference in size between the thyroid organs of
the stylized model and CSUTROUT. The thyroid in CSUTROUT was
not visible on CT and had to be approximated by hand, and
although the absolute difference between thyroid sizes in the
stylized and CSUTROUT model is only 3.5 mm?, the CSUTROUT
thyroid (only 13 voxels) is ~2.5X the size of the stylized thyroid,
which is more anatomically correct (Raine et al., 2005).

4.3.2. Difference between direct calculation and using mass ratios
to determine organ dose

Organ dose (or similarly dose rate) and DCF (by extension) can
be related to the corresponding whole body values by equation (8)
(Gémez-Ros et al., 2008) and (9) respectively:

AForgan > (mwhole body) (8)

AFyhole body Morgan

AForgan
e 9)
Athole body

Dorgan = thole body <

DCForgan = DCthole body (

where AF is the absorbed fraction, or the proportion of energy
emitted and absorbed in the organ or whole body as specified. In
the absence of organ-specific data, a conservative estimate of organ
dose can be determined by (10):

Myyhole body
Dorgan = thole body (Tgan (10)

as the maximum value for the absorbed fraction quotient in (8) and
(9)is 1 (Gomez-Ros et al., 2008). A conservative estimate of organ-
specific DCF would therefore be the whole body DCF. It should be
noted that the mass ratio approach discussed here is only valid for
source organs; that is, the assumption when applying equation (10)
is that the source resulting in Dypole body iS cOntained within the
organ for which Dorgan is being calculated (Gomez-Ros et al., 2008).
Organ doses were calculated directly from MCNP output and then
calculated again using the mass ratio approach. Separate calcula-
tions were done for each individual source organ. The factor dif-
ference (ratio) between these two values is shown in Fig. 5; note
that this factor difference is equivalent to AFpgle body/AForgan
andDCFy,pole body/DCForgan, as follows from (9) and the ratio of (10)
to (8). The GI tract is included as a whole without inclusion of the
intestine and stomachs. The intestine and stomachs combine to
form the source contributing to the dose received by the whole
body, so the mass ratio approach applied individually would pro-
vide an inflated result.
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All factor differences are less than 10, with the liver and GI tract
having factor differences very close to unity. The differences be-
tween models are due to the slight difference in size and location of
the particular organs, although these differences are small. The
thyroid has the largest difference due to the relative size difference
between models. Generally, the larger the mass ratio the larger the
difference will be between the predicted and actual doses, which is
illustrated here in the case of the thyroid modelling differences (the
larger thyroid resulted in a smaller difference). The mass ratio
approach is therefore a generally reasonable approximation of or-
gan dose, given the simplified assumptions of this and the Gémez-
Ros et al. (2008) models.

4.4. Consideration of fish size using the simplistic model

We consider the simplistic model in comparing size effect on the
ability of the mass ratio method to predict dose to the thyroid. The
thyroid has the greatest difference between the mass ratio method
and the direct method for dose approximation (out of the three
source organs; Fig. 5). CSUTROUT cannot be resized, so cannot be
used for assessing differences in fish size. The DCFs determined by
the stylized and simplistic models (with the thyroid as the source
organ) are the same; therefore we use the previously scaled set of
simple models developed in Martinez et al. (2014), along with the
simplistic model used here, to consider the difference fish size will
have on the mass ratio prediction of organ radiation dose (or organ
dose conversion factors).

Consider the energy deposition distribution shown in Fig. 6. More
energy will be proportionally deposited in the thyroid of a larger fish
than in a smaller fish (Table 6 contains specifications of fish di-
mensions). The probability of interactions between beta or gamma
radiations and the media through which they travel (e.g. tissue) in-
creases with distance travelled. Also, in addition to having a relatively
short range, beta particles will deposit most of their energy towards
the end of their range, just prior to coming to a stop (Cember and
Johnson, 2009). As fish size increased, a larger proportion of energy
was deposited in the thyroid per unit mass. More energy was
deposited in the larger fish thyroid per unit mass due to larger tubule
sheath dimensions. Juvenile fish with tubule sheath thickness of
10 um (Martinez et al., 2014) will result in radiation readily passing
through the thyroid tissues and depositing minimal energy. Increasing
the thickness of the tubule sheaths in the larger fish increases the
likelihood (e.g. frequency) of radiation—tissue interactions.

Because of the differences in relative energy deposition between
different fish sizes, DCF for the thyroid and for the whole body will
be different. Values for DCFs of the different size simplistic models
are shown in Table 6. However, the mass ratios (whole body to

6

[e) O Stylized
5 ACSUTROUT

Ratio of mass ratio method to direct method for
calculting organ dose

Thyroid Liver GI tract

Fig. 5. Differences in methods for calculating organ dose. The factor difference be-
tween calculating thyroid dose directly and by using the mass ratio approach is shown
for both the stylized phantom and CSUTROUT.

0.8

O Juvenile
0.7 1| @Small
O Average

0.6

0.5 [

0.4 —

0.3 [ —

0.2 — —

0.1 —

Prortion of total energy deposited per disintegration

0.0

Thyroid epithelials Thyroid centers Fish body

Fig. 6. Energy distribution by organ and fish size. The proportion of energy deposited
in the thyroid epithelial, thyroid lumen, and fish body (other than the thyroid) for
three different sizes of fish; data from Martinez et al. (2014).

thyroid) remain the same. The mass ratio method for estimating
thyroid organ dose will therefore give proportionally different re-
sults for different size fish. The estimated thyroid radiation dose as
calculated by each method, for each size fish, is shown in Table 6,
along with the ratio between them.

The mass ratio method becomes more accurate as fish size in-
creases because the absorbed fraction quotient between organ and
whole body increases. The relationship between fish size and
relative accuracy of the mass ratio approach is shown graphically in
Fig. 7. This figure further demonstrates that the mass ratio approach
is indeed a valid approximation of organ radiation dose, as sug-
gested by Gomez-Ros et al. (2008). The larger the animal and or-
gans, the more accurate the mass ratio approach, as larger organs
will self-absorb more radiation than smaller organs, especially for
low penetrating radiation (e.g. beta radiation).

4.5. Model development and utility considerations

Although the voxel phantom provides the most anatomically
accurate model, the development process is very time-consuming.
Automatic segmentation is an available feature of 3D-Doctor, but
cannot adequately distinguish the various soft tissue organs.
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Fig. 7. Ratio of indirect to direct method for calculation of organ dose. Graphical
illustration of the ratio of estimated radiation thyroid dose determined by (1) con-
verting the whole body dose to thyroid dose using mass ratios and (2) calculating the
thyroid dose directly for trout of 5 different lengths. Diamonds represent body ratios
(length:height:width) of 9:2:1. The square and triangle represent alternate body di-
mensions as discussed in the text.
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Table 6

Dose conversion factors and estimated cumulative 32 day thyroid radiation dose for different fish sizes, assuming'>'I contained in the thyroid. Fish size and corresponding dose
conversion factors for both the thyroid epithelial and whole body® along with cumulative thyroid radiation dose as determined directly (using the thyroid DCF) and indirectly
(using mass ratios) for different size fish, with the ratio between the two approximations.

Fish reference Fish size (length, mass) DCF (uGy d~' kg Bq~ 1) Cumulative thyroid radiation dose (mGy) Ratio
Thyroid epithelial Total body Using thyroid DCF Using mass ratios

Juvenile 90 mm, 9.896 g 2.7E-04 2.8E-03 5.9 63.2 10.7

Current study 286 mm, 222.7 g 5.4E-04 3.0E-03 12.3 67.1 5.4

Small 360 mm, 6333 g 6.1E-04 3.2E-03 13.5 71.6 53

ICRP” 500 mm, 1257 g 7.2E-04 3.3E-03 16.1 74.2 4.6

Average 630 mm, 3394 g 8.1E-04 3.6E-03 18.0 79.6 44

2 The juvenile, small, and average fish all have relative dimensions of 9:2:1 (length:width:height), scaled from data in Raine et al. (2005). The simplistic model developed
here has a length:width:height of about 11.5:2.3:1, and the ICRP representation developed in Martinez et al. (2014) study (adding the thyroid) has a length:width:height of
about 8.3:1.3: 1. However, thyroid dimensions (all) were determined relative to the length of the fish.

b The ICRP representation for reference trout listed here and developed in Martinez et al. (2014) uses a soft tissue density of 1 g cm® to correspond with that listed in ICRP
108 (ICRP, 2008). Soft tissue in the other models was assigned a density of 1.05 g cm’ to be consistent with ICRU tissue compositions (ICRU, 1989).

Manual contouring of organs on the original image set is labor-
intensive, tedious, and involves user-specific assumptions about
anatomy. Additionally, several organs have very low image
contrast, making the segmentation nearly impossible, and other
organs, such as the fish thyroid, are so small as to be beyond the
resolution of the CT image slices. For organ dose calculations
numerous internal organs/tissues have to be identified and con-
toured, and the resulting size of a whole-body computational
phantom with organs can potentially be too large for MCNP to
process (Xu and Eckerman, 2010). The compression factor of the
boundary file (organ contours) can be changed to reduce the
number of voxels, but resolution is sacrificed. Whereas stylized
phantoms can be easily scaled to different sizes (Martinez et al.,
2014), the voxel phantom developed here is fish specific.
Different species, sizes, life stages, and sex will require a different
voxel phantom be developed for the most accurate dose assess-
ment. These issues are consistent with voxel phantom develop-
ment in general (Xu and Eckerman, 2010).

5. Conclusions
5.1. Model refinements

Although the models presented here provide greater dosimetric
accuracy and flexibility than the traditional homogenous ellipsoids,
some limitations remain. The extent to which tissue and gut con-
tent elemental composition will impact the results reported here is
currently unknown, and warrants further investigation (currently
in progress). Greater sampling precision will improve the accuracy
of both the empirical model (thyroid) and computational model (GI
tract) when developing future models. A higher resolution image
set (such as obtained by microCT) used to create the voxel phantom
will improve anatomical accuracy, although as the stylized phan-
tom and CSUTROUT provided similar results, the added benefit of
such increased accuracy is not clear.

5.2. Consideration of the mass ratio approach

Although calculations in this study did not assume a homoge-
nous whole body distribution of radionuclides (as ICRP, ERICA, and
Gomez-Ros et al., 2008), using the mass ratio approach (consid-
ering three source organs individually) was a reasonable approxi-
mation for calculating organ dose. However, the mass ratio
approach is only valid for organs with preferential uptake of a
radionuclide, and cannot account for contributions from multiple
source organs. Therefore, one significant benefit of both the stylized
phantom and CSUTROUT is the ability to consider multiple source

organs when determining radiation dose, along with the ability to
determine dose in organs due to “cross fire,” i.e. the ability to
calculate dose to organs from other organs (Ruedig et al., 2014).

5.3. Optimal phantom choice

Although CSUTROUT was the most anatomically realistic
phantom, it required much more resource dedication to develop
than did the stylized phantom for similar results. Additionally, the
stylized phantom can be scaled to represent trout sizes whereas
CSUTROUT cannot. There may be instances where a detailed
phantom such as CSUTROUT is appropriate, as it will provide the
most accurate radiation dose and dose rate information for the size,
sex, and species considered, but generally, the stylized phantom
appears to be the best choice for an ideal balance between accuracy
and resource requirements.

5.4. Utility and future implications of model development

The results of this study work towards eventual application and
integration into the regulatory paradigm of environmental pro-
tection of non-human biota. For example, either model (stylized or
CSUTROUT) could be used in demonstrating regulatory compliance
in environmental protection. This would be especially relevant in a
situation where an activity does not fall within the conservative
bounds of the ICRP's ellipsoidal models, but may still be within
protective dose limits.

Experiments conducted to determine specific radiation effects
to fish (such as those seen by La Roche et al., 1966) can be sup-
plemented with the models developed here to equate effects with
certain doses or dose rates. In addition to establishing environ-
mental benchmarks of health, relating radiation dose to the effects
of radiological contaminants in organisms and ecosystems has
applications in emergency response and recovery as well as
resource management. The combination of computational and
empirical models described here could be used for any radionu-
clide, with available data, to determine activity concentrations and
radiation doses to fish, and similar methodology can be used to
develop appropriate models for any species. If the loss rate is
assumed to correspond to '] decay, the initial water concentration
immediately after an accidental release is the only piece of infor-
mation needed to approximate maximum dose rates to a fresh-
water fish of similar size to the models developed here (see
Martinez et al., 2014 for application to the Kiev Reservoir after
the Chernobyl release). Once the dose level at which effects are
seen is established, the dosimetric methodology presented here
will enable rapid determination of whether or not adverse effects
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are to be expected. Knowledge of the impact of an accidental or
purposeful release of radiation would have specific and beneficial
utility for fisheries, for fishing communities, and for general
assessment and protection of aquatic environment health.
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