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IMPROVEMENTS IN THE DOSIMETRIC MODELS OF SELECTED
BENTHIC ORGANISMS
1. INTRODUCTION
This research was motivated by an ongoing shift in the field of radiological
protection.

Radiation protection has historically been solely focused on human

protection, with the reasoning that “…the level of safety required for the [radiation]
protection of all human individuals is thought likely to be adequate to protect other
species, although not necessarily individual members of these species.

The

Commission therefore believes that if man is adequately protected then other living
things are also likely to be sufficiently protected” (ICRP 1977). As many radioecological studies have shown, there is a need to reappraise this highly anthropocentric
position. Doses received by organisms vary widely from doses received by humans,
and it is noted that many species are at least as radiosensitive as man (Pentreath 1999;
Whicker et al. 1995; Bréchignac 2001). At sufficiently high levels, the presence of
radionuclides in the environment can result in effects such as early mortality, reduced
fecundity,

morbidity

consequences.

and

chromosomal

damage

that

carries

unpredictable

Additionally, most nuclides do not show a trophic level increase

(notable exceptions are Cesium-137 and Strontium-90), and therefore it is likely that
biota will be exposed to higher concentrations than humans (Bréchignac 2003). The
landmark International Commission on Radiological Protection (ICRP) statement also
fails to consider the situation in which man is not present in the ecosystem of concern,
and/or pathways to human exposure are not present (Pentreath 1998; Pentreath 1999;
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Strand et al. 2000). There are two immediate situations that arise: that in which man
has been removed from the environment because levels were considered dangerous
(e.g. accident sites), and radioactive waste management sites where humans can be
kept at distance. It is increasingly obvious that it is no longer sufficient to merely
focus on mankind as the sole organism in need of protection, but rather the entire
natural environment needs to be considered. Quantifying levels of protection to the
natural environment, however, is quite difficult. There are significant differences
between the human ecological system and the ecological system of flora and fauna.
Most generally, the level of biodiversity and complex interconnectivity in natural
ecosystems are not typically of concern for human protection.

These symbiotic

relationships are not entirely understood, making environmental protection
significantly more difficult.

More specifically, there is limited research into the

similarities and differences in exposure and effects of radiation for humans verse flora
and fauna (Delistraty 2008).
The push toward an international consensual definition for a system of
environmental radioprotection has been gaining momentum since 1977, and at the turn
of the century many nations began to implement their own standards. The United
States Department of Energy (DOE) and the ICRP approaches to radioprotection are
examined in further detail as present. The United States DOE has promulgated a new
standard, “A Graded Approach for Evaluating Radiation Doses to Aquatic and
Terrestrial Biota” (DOE 2000, 2002). The DOE’s methodology establishes a limiting
dose for each category of animal (e.g. aquatic and terrestrial) and then calculates Biota
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Concentration Guidelines (BCGs) for each radionuclide of interest. This system relies
on dose standards consistent with NCRP 1991, IAEA 1992 and UNSCEAR 1996:
10mGy d-1 for aquatic animals and terrestrial plants and 1mGy d-1 for terrestrial
animals. However, due to the complexities of environmental systems and the vast
array of organisms that can potentially be exposed, not only is directly measuring dose
impractical but it also of necessity results in overly conservative estimates, as noted in
Higley et al. 2003. To combat these issues, a tiered process allows for flexibility in
dose assessments by beginning with a general screening phase followed by a more
site-specific screening phase that can better address the user’s needs (Higley et al.
2003). The ICRP has chosen a different methodology than that of the US DOE. A
committee was established to model selected reference animals and plants (RAPs) to
be used as a basis for organizing existing data, with the intent of mimicking the human
system of protection. These RAPs will be used “…to relate exposure to dose and dose
to effect for individuals of that type of animal or plant in a consistent and transparent
manner” (Pentreath 2004).

Thus far, the RAPs have been modeled as simple

geometric shapes, and preliminary derived consideration reference levels have been
developed to provide a basis for managerial level risk assessments.
All systems being developed face the same difficulties in overcoming the lack of
data available regarding radiation interactions and effects in biological systems,
mostly because historically speaking all research has focused on man as the individual
of concern. The lack of information regarding bioaccumulation/bio absorption of
radionuclides, radiation biokinetics, the effects of high verse low LET radiations, and

4

radiosensitivities of non-human biota prove to be a significant roadblock when
attempting to not only determine the level of protection to afford, but also in
performing the calculations to determine doses received in the first place. More
research is essential in order to not only provide adequate radioprotection of the
environment, but also to be able to demonstrate such protection.
The goal of this work is to create and analyze voxel models of the ICRP’s marine
reference organisms, specifically an adult crab from the family Cancridae, an adult
flatfish from the Pleuronectid family, and a Fucus species seaweed. This will be done
using computed tomography (CT) and magnetic resonance imaging (MRI) scans
coupled with several software packages that allow for the creation of realistic voxel
phantoms of the aforementioned organisms. Monte-Carlo simulations will be run
using these voxel geometries, and the results are tables of absorbed fractions.
Absorbed fractions (AFs) are unit-less coefficients that quantify the amount of energy
deposited to a target organ from a source organ. AFs will be calculated and tabulated
for each identifiable organ as a source and target at numerous photon and electron
energies. These coefficients will be used by the ICRP to calculate dose conversion
factors for radionuclides of interest.
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2. LITERATURE REVIEW
2.1 Complications in Framework Development
There are many similarities in the effects of ionizing radiations between human
and non-human biota due to their comparable molecular structure. For example, DNA
is believed to be the principle target for the induction of biological effects in all
organisms.

However, specific exposure pathways, varying radiosensitivities, and

secondary effects can produce unique consequences in non-human biota.
2.1.1 Linear Energy Transfer and Relative Biological Effectiveness
Linear energy transfer (LET) is defined as the average energy locally imparted per
unit track length (typical units are keV μm-1). Low LET radiations are sparsely
ionizing, and consist of high energy photons, x-rays and higher energy beta particles;
they are primarily of concern for chronic and acute external exposures. In contrast,
high LET radiations are densely ionizing, and consist of alpha particles, low energy
beta particles, protons and neutrons, and generally produce greater biological damage
via DNA double strand breaks than low LET radiation. High LET radiations are of
primary concern for internal dose, but a lack of bioaccumulation data available for
flora and fauna makes it difficult to quantify the risk associated with exposure to such
radiations. In a chronic exposure situation, there is a distinct possibility that high LET
radiations will accumulate in organisms present, resulting in potential irreversible
damage to the ecosystem.

Moreover, equal energy deposition from differing

radiations does not produce equivalent effects. The disparity between high and low

6

LET radiations is addressed by the relative biological effectiveness (RBE), which
relates biological effect to a standard. RBE is defined as the ratio of a standard dose
(e.g. dose from Cobalt-60 photons or 200 kVp X-rays) to the test dose required to
produce the same biological effect. RBE is dependent on radiation quality, biological
endpoint, and the biological system being considered, among other things. For high
LET radiations the RBE values for non-human biota varied from 2-4 for tritium beta
particles up to 200-300 for alpha particles (IAEA 1992). In their 1992 report, the
IAEA addressed the lack of knowledge concerning high LET radiations, and in 2000,
advised the inclusion of a weighting factor that would account for variations in RBE,
where the weighting coefficient is a function of species, dose rate and effect endpoint
(IAEA 2000; Bréchignac 2003).
2.1.2 Endpoints of Protection
There is a significant difference in the endpoint of protection for human verse nonhuman biota. For humans, the endpoint of protection is stochastic; prevention of an
unacceptable increase in the risk of cancer mortality on an individual basis. For biota,
protection involves not only preserving the “perenniality of its functioning”, but also
preserving the level of biodiversity needed to maintain the structure of the ecosystem
on a population level (Bréchignac 2003). This can be difficult to accomplish however,
as damage can accumulate that does not provide any sort of visual effect, resulting in
the effects being missed until potentially too late for recovery. Thus the considered
endpoint of environmental protection is reproductive ability.

Reproduction is

characterized by deterministic effects that are linked to the survival of the population
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as a whole, but many endpoints can be considered: oocyte mortality, survival of
spermatozoids, spermatic abnormalities, DNA effects, hematopoiesis, growth and
lifespan effects, damage at a chromosomal and cellular level, etc. (Bréchignac 2003;
Pentreath 1999).

Unlike humans, there is no assumed stochastic dose-response

relationship for many organisms, and it is not known whether radiation effects vary
linearly or otherwise with radiosensitivity and trophic level. There are other issues
inherent to reproductive successes that are seldom discussed, possibly for lack of data
with which to quantify them.

Increased predation and disease, reduced nutrient

recycling efficiency and effectiveness, reduced productivity and a decrease in stability
are all potential contributors to reduced fecundity. It is nearly impossible to consider
all contributors because of the significant lack of knowledge about the complex
ecosystems in which humans reside.

There are concerns about protection of

threatened and endangered species, which are afforded additional protections to their
habitat, but there are currently no caveats regarding how such species should be
protected from radiological contaminants (Pentreath 1999). There are also a number
of longer lived species that only reproduce occasionally that need be considered as
well (Whicker et al. 1995). The loss of an individual from these species may impair
the ability of the group to maintain its population, thus necessitating protection on an
individual level. The difficulties mentioned herein are intended to shed light on the
complications encountered when establishing a regulatory framework by which
protection standards can be applied, and also serves to highlight the need for such a
framework.
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2.1.3 Bioaccumulation and Organ Concentration
In general terms, bioaccumulation is the accumulation of a substance (or a
radionuclide) by biota from either water or food. It is possible for biota to attain
concentrations of radionuclides that are several orders of magnitude higher than
concentrations present in the environment. Chronic internal exposure situations are of
highest concern as the organism is continually present in a contaminated ecosystem,
allowing for organ concentrations within biota to increase over time. There is very
little data on how radionuclides may accumulate with increasing taxonomic level, and
to what extent organ concentrations affect the reproductive ability of various species.
Organ concentration data can be used in conjunction with the data generated by this
work to accurately determine doses received by organisms in a marine environment.
2.2 Development of the ICRP Environmental Protection Methodology
In May of 2000, the ICRP established Committee 5, the environmental
protection task group, whose aim is to ensure that “development and application of
approaches to environmental protection are compatible with those for radiological
protection of man, and with those for protection of the environment from other
potential hazards” (ICRP 2010). Committee 5 has chosen to extend the model used
for human protection into environmental protection.

The human system uses

reference voxel phantoms to determine dose limits, constraints and reference levels,
that are then applied by each country and regulatory body as deemed appropriate. The
abundance of species present in the natural environment makes modeling each on an
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individual basis an unrealistic task.

Instead, the ICRP has designated a set of

reference species for each of the three main ecosystems- terrestrial, freshwater and
marine, termed reference animals and plants (RAPs). Figure 1 and Figure 2, reprinted
with permission from Pentreath 2009, illustrate the similarities between the human
system and the RAP system.

Figure 1: Human System of Radiological Protection (Pentreath 2009)
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Figure 2: RAP System of Radiological Protection (Pentreath 2009)

RAPs were selected based on the availability of data and the commonality of
the organism within the ecosystem, ensuring that the species would be amenable to
further research. The set of RAPs also displays organisms with widely varying life
histories, habitats, reproductive methods, and consumption habits in an effort to
consider potential exposures throughout the lifespans of most organisms. With those
criteria in mind, nine animal and three plant species were selected to serve as
preliminary reference organisms by which dose to similar organisms could be
extrapolated. An adult deer, an adult rat, an adult duck and egg, an adult bee and
colony, an adult worm and worm egg, a pine tree and a ‘barley-type’ wild grass were
chosen to represent the terrestrial organisms. An adult trout and egg were selected to
represent fish in the freshwater ecosystem. For a saltwater marine environment, the
crab adult, egg and larvae, adult flatfish and egg, and the brown seaweed were selected

11

as the dose-impact representatives. Figure 3, taken from Whicker and Schultz 1982, is
a commonly reproduced graph that shows the range of radiosensitivities by
increasingly complex taxonomic grouping. The selected species that are primarily on
the lower end of this graph, implying that based on available knowledge, these chosen
representatives will adequately protect most other species.

Figure 3: Radiosensitivity Ranges (Whicker & Schultz 1982)

Thus far, the RAPs have only been modeled using simple geometric shapes, i.e.
ellipsoids and cylinders, in Monte-Carlo based simulations. Dose conversion factors
(sometimes referred to as dose conversion coefficients (DCFs or DCCs)) for 75
different radionuclides and preliminary derived consideration reference levels
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(DCRL’s) were calculated from these models (Ulanovsky & Pröhl 2006; ICRP 2008).
An example of the geometrical model used for the deer is reproduced with permission
from ICRP Publication 108 in Figure 4; the large ellipsoid is the liver and the smaller
ellipsoid is the testes.

Figure 4: Geometrical Model of the Deer

2.2.1 Dose Conversion Factor Calculations
Absorbed dose is defined as energy absorbed per unit mass of tissue, and is
reported in Gray. Dose conversion factors (DCFs) are absorbed dose rate per activity
concentration within the organism or externally in the medium. DCFs were developed
to allow the estimation of internal and external exposures from activity concentrations
in incorporated radionuclides and in environmental media, respectively (Ulanovsky &
Pröhl 2006). The units for DCF’s are μGy h-1 per Bq kg-1.
General assumptions were made for all modeling as follows, paraphrased from
ICRP Publication 108 (ICRP 2008):


Radioactive progeny with half-life ≤10 days are considered to be in secular
equilibrium with the parent, and are included in the analysis; if no secular
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equilibrium is achievable, i.e. daughter decay rate is less than its parents’, the
daughter is excluded from analysis


DCFs are only calculated for beta and gamma emitters; alpha particles (with
one exception) are not considered



Only photons are considered for external exposure calculations



Radiation transport is simulated for mono-energetic electrons and photons for
energies from 0.01-5MeV



Soil calculations assume that:
o Contamination is uniform in a volume
o Soil thickness varies by model- from infinite to 10cm
o Fresh deposition at the surface is modeled using a 0.5g/cm3 planar
source

Dose conversion factors for terrestrial biota are especially difficult to calculate.
The radiation source may be in or on the soil, and the exposure target may live in the
soil (earthworms), above the soil (birds) or on the soil (deer) (ICRP 2008). Soil, air
and other organic compounds that may be present are not of the same or even similar
densities, nullifying many potential analytical simplifications that may be applied. To
reduce the number of geometries that need be considered, only two geometries were
considered for external exposure- either on top of the soil/sediment or entirely within.
For exposures on top of the soil, two sources are considered: “(a) an infinite isotropic
plane source buried at a depth of 0.5g/cm2, or (b) an infinite isotropic 10cm depth

14

volume source” (ICRP 2008). The first is representative of a fresh radioactive deposit,
the second of older contamination or naturally occurring nuclides. Exposures within
the soil, e.g. to earthworms and such, are considered to occur “in the middle of an
infinite isotropic 50cm depth uniform soil layer” (ICRP 2008).
DCFs for aquatic organisms were assessed using the uniform isotropic model.
This model assumes that the organism is present in an infinite homogeneous medium,
the contamination is uniformly distributed throughout its body, and the density and
elemental composition of the organism and the surrounding medium are equivalent
(Loevinger & Berman 1976). With this model, DCFs can be calculated for both
internal and external exposures in terms of absorbed fractions using Equation 1 and
Equation 2:



DCFint     Ei Yi  ( Ei )   N ( E )E ( E )dE 
  i

Equation 1: Internal DCF



DCFext     Ei Yi 1   ( Ei )   N ( E )E 1   ( E )dE 
  i

Equation 2: External DCF

where ν indicates radiation type; Ei is energy in MeV; Yi is yield of the discrete energy
radiations per decay of the radionuclide; Nν(E) is the energy spectrum for continuous
energy radiations, used for beta particles only; and ϕν(E) is the absorbed fraction
(Loevinger & Berman 1976; Shultis & Faw 2000). If the medium is considered to be
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infinite and homogeneous, uniformly filled with isotropic sources, the full absorption
limit is the upper bound on the DCF:

DCF  1.384 E  2  E
Equation 3: Upper Bound DCF

where E is the source energy in MeV averaged over the emission spectrum:



E     Ei Yi   N ( E )EdE 
  i

Equation 4: Emission Spectrum

If an organism is small enough such that the radiation range exceeds the organism’s
body size, then the internal dose will be approximately zero and the external dose will
be approximately DCF∞, with an opposite effect applied for large organisms.
DCF’s are related to absorbed dose rate, and therefore must be integrated over
an appropriate period of time. This time period may be the lifespan of the organism,
or the time period of a specific stage in the lifecycle. For example, Dungeness crabs
live approximately 8-10 years, but molt only annually after about five years of age,
perhaps lending the adult crab to an appropriate integration period of one year. Each
DCF must be applied on a case by case basis.
Thus far, these calculations have been incorporated into three separate tools for
analysis- FASSET, ERICA and FREDERICA, each is discussed here in further detail.
Fifteen countries in the European Union (EU) sponsored a project called FASSET, or
Framework for Assessment of Environmental Impact, to provide dose conversion
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coefficients (DCCs) for both terrestrial and marine organisms (Larsson 2004). The
database encompasses an impressive variety of sizes and geometries that can be used
to generate DCCs, which are then used in an impact assessment. Figure 5, reprinted
with permission from Larsson 2004, illustrates the components of the FASSET
framework, and offers a view of the complexity involved in attempting to provide
radioprotection of the natural environment.

Figure 5: An Overview of the FASSET Framework (Larsson 2004)

The FASSET project neglected to extend the impact assessment to risk
characterization and decision making, and thus the Environmental Risk from Ionizing
Contaminants Assessment, or ERICA tool, was developed.
The ERICA tool combines data on environmental transfer and dosimetry to
obtain a measure of exposure. This is subsequently compared to exposure levels at
which deleterious effects are known to occur to assist the user in making necessary
effects assessments. The underlying mathematics used in the dosimetric module of the
ERICA tool are described in detail in Ulanovsky et al. 2008; the equations used in the
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DCF calculations for aquatic organism are the same as equations 1-4 above
(Ulanovsky et al. 2008). The ERICA tool has a hierarchical structure consisting of
three tiers of impact assessment.
The first tier uses environmental media concentration limits (EMCLs), which
are defined as “the activity concentration in the selected media that would result in a
dose rate to the most exposed reference organism equal to that of the selected
screening dose rate” (Brown et al. 2008). The screen dose rate is a value above which
further investigation into the situation being analyzed is warranted. The tool allows
for many screening dose rates to be utilized: IAEA 2002, UNSCEAR 1996, DOE 2002
or other user defined values. There is a single EMCL value for each radionuclide,
though the limiting organism may vary between nuclides.

Tier 1 is the most

conservative and requires the least data input, and will supply the user with a
recommendation if the contamination level can be considered of negligible concern.
The second tier takes the summed value of the internal and external weighted
absorbed dose rates for each reference organism included in the assessment, and
compares this to the screening dose rate selected by the user (Brown et al. 2008). The
resulting value is termed a risk quotient. This number is used in a “traffic light”
assessment to determine if further evaluation is required for the individual situation.
Tier 2 offers a significant amount of flexibility in parameter values; the user can
change distribution coefficients, concentration ratios, occupancy factors, and radiation
weighting factors, among other parameters.
organisms and radionuclides as needed.

Tier 2 also allows the user to add
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The third and final tier allows the user all the flexibility in parameter value
selection as tier 2, in addition to allowing for full probabilistic calculations to be
performed using Monte Carlo simulations. Tier 3 allows the user to define probability
density functions for each parameter based on seven distribution types. ERICA then
ties directly to the FREDERICA database, which describes the effects of ionizing
radiation on non-human species as discussed in the following section. Tier 3 does not
give screening dose rates, but rather provides the user with guidance to conduct a
detailed assessment on the area of interest. Figure 6, reprinted with permission from
Larsson 2008, illustrates the structure of the ERICA tool.

Figure 6: ERICA Structure (Larsson 2008)

19

The FASSET Radiation Effects Database (FRED) encompasses a tremendous
amount of data ranging from biological effects of ionizing radiation to a range of nonhuman biota for studies published from 1945-2001 (Copplestone et al. 2008). 1033
papers containing some 25,000 data entries were selected for incorporation. The data
is organized into wildlife groups placed in freshwater, marine or terrestrial ecosystems
with fecundity, morbidity, mortality and mutation as endpoints. The papers were
evaluated in three areas: dosimetry, experimental design and statistics, and each were
allotted a score from a predefined matrix that indicated the integrity of the data
reported in the paper. The database helped to clearly define biological effects levels
by summarizing the available data while also serving to identify gaps in knowledge. It
has since been implemented throughout the field, including ICRP’s selection of
reference plants and animals; UNSCEAR’s review on biological endpoints; and was
integrated into the ERICA tool as described above (Copplestone et al. 2008). The
database is being continually updated as more research is performed.
The calculations described herein have been performed by various researchers
(Prohl et al. 2003; Taranenko et al. 2004; Ulanovsky & Pröhl 2006; Vives i Batlle et al.
2004; Hosseini et al. 2010; Keum et al. 2011; Doi & Kawaguchi 2007; Ulanovsky &
Pröhl 2008; Gómez-Ros et al. 2008) over several years, and combined they constitute
the DCF’s that are published in ICRP Publication 108 titled “Environmental
Protection: the Concept and Use of Reference Animals and Plants” (ICRP 2008).
These results must now be examined for their adequacy and ability to extrapolate the
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results to all species. Further improvements will also be achieved by implementing
voxel phantoms to accurately determine dose impacts to individual species.
2.2.2 Derived Consideration Reference Levels
There are three exposure situations that should be considered when discussing
environmental protection. The first is planned exposures, which are well thought out
situations when known radionuclides with known concentrations are released into the
environment. These typically require an environmental impact assessment prior to
being carried out. Existing exposures are situations where radionuclides are already
present in the environment, and decisions must be made regarding access controls.
Emergency exposures are unanticipated, and require urgent actions. To optimize the
effort expended in radioprotection, each potential exposure situation requires a
numeric indicator to determine whether protective actions should be considered. It is
essential to ensure that the resources consumed are commensurate with the risk level,
and derived consideration reference levels (DCRLs) are one method of accomplishing
this task.
In providing numeric guidance, it is necessary to have comparator dose levels
at which no harmful effects are seen. Due to the lack of information, especially at
lower dose levels, it is frequently difficult to make dose appropriate assessments.
Pentreath has suggested that a “useful comparator might be that of the natural
background radiation dose rate normally experienced by such animals and plants”
(Pentreath 1999; Pentreath 2002). Background dose rates for reference animals and
plants in marine, freshwater and terrestrial ecosystems were determined by Hosseini et
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al. in 2010. For marine RAPs, the team gathered data on concentrations of naturally
occurring radionuclides in marine sediment (Bq kg-1 dry weight) and filtered sea water
(Bq l-1) from a large variety of references, and used that data to produce tables of
activity concentrations for each RAP. Brown seaweed constitutes the most exposed
marine RAP as potassium-40 is enhanced in brown seaweeds (Hosseini et al. 2010).
The contribution to total dose rate is approximately the same for internal and external
exposures for the crab and flatfish; for seaweed the internal component is the most
significant.

Potassium-40 and polonium-210 are the most significant naturally

occurring contributors to dose for the marine RAPs, followed by radium-226 and
thorium-228. These background dose rates were used by the ICRP to provide a
baseline for the development of DCRLs.
From ICRP Publication 108:
“A derived consideration reference level (DCRL) can therefore be considered
as a band of dose rate within which there is likely to be some chance of
deleterious effects of ionizing radiation occurring to individuals of that type of
Reference Animal or Plant, derived from a knowledge of defined expected
biological effects for that type of organism that, when considered together with
other relevant information, can be used as a point of reference to optimize the
level of effort expended on environmental protection, dependent upon the
overall management objectives and the exposure situation” (ICRP 2008).
Figure 7, reprinted with permission from the ICRP, is an example of preliminary
DCRLs for the reference bee, crab, and earthworm (tables with the remainder of the
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DCRLs can be found in ICRP 2008). It is important to stress the preliminary nature of
the DCRLs contained in ICRP Publication 108. They represent an over-simplification
of the existing data, and are based on current judgment that will surely change as more
data becomes available.

Figure 7: Preliminary DCRLs for Reference Bee, Crab, and Earthworm (ICRP 2008)

DCRL’s are not dose limits, but rather dose levels at which further
examination of the exposure situation may be warranted. When applying the DCRLs,
several factors may be considered, paraphrased from ICRP Publication 108 (ICRP
2008):


Exposure situation- planned, existing or emergency
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Area or zone of concern



Time period involved



Reasons for assessment, e.g. compliance



Managerial interest, e.g. habitat protection, nature conservation



Presence of additional stressors, e.g. chemical toxins

Every exposure situation is unique, and will likely present its own challenges. The
DCRLs should not be considered an endpoint, but rather used as a guide in the
decision making processes that accompany each exposure situation.
2.2.3 Extrapolating the Data
There are many complicating factors in extrapolating the data collected that
simply do not arise when discussing protection of the general public, namely
interactions between individuals and surrounding ecosystems. Doi and Kawaguchi
developed a computer simulation to test interactions in a model aquatic microcosm.
Ecological responses were observed as impacts on population dynamics through
simulation of individual level biological effects specifically targeted at lethality and
morbidity (Doi & Kawaguchi 2007). They included three organisms: algae, protozoa,
and bacteria. Their research suggested that there is a synergistic relationship between
algae and protozoa, and that “umbrella effects on the individual level appear to initiate
ecological consequences that could indicate potential impacts on community,
population and ecosystem” (Doi & Kawaguchi 2007). These interactions can be
further complicated by the addition of other stressors or interactions between trophic
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levels that are little understood.

It is appropriate to consider individuals when

developing this framework for protection, as the variability in ‘population’ even
between the various reference animals and plants is not insignificant. Variations in
biology, exposure situations, radiation dosimetry, and radiation effects may be
substantial between the chosen representative organism and the reference animal or
plant being used (ICRP 2008). All these issues must be considered when attempting
to extrapolate data from RAPs to the organism of interest for a particular exposure
scenario.
2.3 Previous Models Utilizing Voxel Phantoms
2.3.1 Absorbed Fractions/ Specific Absorbed Fractions
Absorbed fractions (AFs) were briefly shown above to illustrate the DCF
calculations, and are now described in detail. Absorbed fractions are defined as
energy imparted to a target volume, T, from a source region, S, and are unit-less
quantities. For the purposes of this research, both source and target are specified
organs of the organism. Equation 5 demonstrates how AFs are calculated:

 T  S  

Vt D T  S 
E Stot

Equation 5: AF Calculation

Where:  is the target density, Vt is target volume, D T  S  is the average
absorbed dose rate, E is the average radiation emitted per source particle, and Stot is
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the total number of particles emitted by source region (Shultis & Faw 2000). The
specific absorbed fraction (SAF) is defined for a target volume, T, as the quotient of
the absorbed fraction by the mass of the target, and carries units of g-1:

 T  S  

 T  S 
mt

Equation 6: SAF Calculation

Specific absorbed fractions have the advantage of being defined for all target regions,
even in the case of the point target (Loevinger & Berman 1976). SAFs are relatively
insensitive to source and target size and shape, provided that the target is distant from
the source, which is not the case for the smaller organisms considered in this work.
While the distribution of absorbed dose is a function of position within the target
organ, both AFs and SAFs utilize a dose distribution averaged over the target volume.
2.3.2 Rat and Mouse Models
In 2006, Stabin et al. of Vanderbilt University created voxel models of a rat
and a mouse with ten segmented organs and used them to calculate AFs in Monte
Carlo simulations (Stabin et al. 2006). Animals of a typical size were modeled to
ensure more accurate extrapolation of the results. The animals were placed under
anesthesia and given ioversol, a CT contrast agent. In both the rat and mouse models,
the kidneys, liver, lungs, spleen, heart, stomach, intestines, skeleton, testes, and
bladder were identified and segmented (Stabin et al. 2006) using in-house software.
AFs were calculated at discrete initial energies: 0.01, 0.015, 0.02, 0.03, 0.05, 0.1, 0.2,
0.5, 1.0, 1.5, 2.0, and 4.0 MeV for photons and 0.1, 0.2, 0.4, 0.5, 0.7, 1.0, 1.5, 2.0 and
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4.0 MeV for electrons. Coefficients of variance (COVs) ranged from 5-10% for most
AFs, though values with a COV as high as

50% were reported. The researchers

found that above 0.5 MeV a significant amount of electron energy was not absorbed in
the source organ, contrary to the historical assumption (in human dosimetry) of total
electron energy absorption in the source organ. This is likely due to the small size of
rat and mouse organs respective to human organs. Smaller organisms will have
organs that are smaller than the electron range, meaning that electron energy will
escape from the source organ.
2.3.3 Frog Model
Results similar to the rat and mouse were obtained for the voxel frog by Kinase
in 2008. A section of 138 CT images from Lawrence Berkley National Lab were
combined such that fifteen organs were identifiable; elemental compositions and
densities were taken to be that of humans. The identifiable organs were the brain,
blood vessel, duodenum (top section of small intestine), eye, heart, ileum (bottom
section of small intestine), kidneys, intestine, liver, lung, nerve, skeleton, soft tissue,
spleen and stomach. AFs for photons and electrons in the spleen, kidneys and liver at
0.01, 0.015, 0.02, 0.03, 0.05, 0.1, 0.2, 0.5, 1.0, 1.5, 2.0, and 4.0 MeV were evaluated
using two distinct Monte Carlo based software packages: Monte Carlo N-Particle and
EGS4 (Kinase 2008). This study demonstrated that AF values are largely dependent
on source organ mass and provided further indication that higher energy electrons
should be treated as penetrating radiations for small organism dosimetry.
2.4 Organisms Modeled in this Study
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2.4.1 Metacarcinus magister
Crustaceans are of the phylum Arthropoda, though they are primarily aquatic.
There are at least 26,000 species of crustaceans, 18,000 of which belong to class
Malacostraca. Within Malacostraca, 8,500 are within the order Decapoda, with some
4,500 species of crabs (ICRP 2008). Dungeness crabs, like the one modeled for this
research, are in the order Decapoda. This species inhabits ocean waters ranging from
Unalaska Island off the tail of Alaska to Mexico in the south, and are abundant in the
Pacific Northwest (Pauley et al. 1989). Decapods have a carapace that covers the head
and thorax but not the abdomen (ICRP 2008). They have five pairs of thoracic limbs;
the first pair is typically a set of claws, while the last four are used for motion. Crabs
are wide in stature, with the abdomen tucked underneath to decrease their vulnerability.
Crabs contain a branchial chamber that houses the gills across which water is
actively pumped by modified appendages. They have a simple heart that carries
oxygenated blood around the body. The blood contains haemocyanin, a coppercontaining protein, and glycogen, which forms clots when exposed to air. Crabs have
large digestive glands called hepatopancreata which serve to digest and store food,
thus making them a site for accumulation of many elements (ICRP 2008). The
hepatopancreas takes up the majority of space inside the crab. Ionic regulation of
sodium and chloride is carried out by cells in the gills, and the nitrogen excretory
product, ammonia, is lost by diffusion across the gills.
Dungeness crabs increase in size by molting; the carapace (shell) size grows at
each molt and biomass is gained between molts (Pauley et al. 1989). Crabs at varying
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latitudes in the Pacific mate at different times, but in general mating season extends
from April to September. The male mates with a female approximately one hour after
she molts as she is more fertile at that time, and the male gonopods are inserted into
the spermathecae of the female, where spermatophores are then deposited (Pauley et al.
1989). Eggs are only fertilized after extrusion, at which time they are attached to the
female pleopod setae and carried beneath the abdominal flap. An egg mass may
contain millions of eggs, and the eggs turn from orange to clear as development
progresses. Eggs are hatched between 60 and 120 days post fertilization.
The diet of Dungeness crabs varies widely by location and age, but they are
essentially opportunistic omnivores, though they show a preference for being
predatory carnivores; Cannibalism has also been observed by various researchers
(Pauley et al. 1989). Crabs in turn, especially juveniles, are eaten by demersal fish
near shore, and a variety of other fish away from shore. Sea otters are notorious for
decimating populations of Dungeness crabs.
A highly relevant feature of crab biology to this work is their method of
growth by molting. In the pre-molt stage, most of the organic content and some of the
inorganic content of the shell is reabsorbed, with the inorganic content being stored in
the hepatopancreas (ICRP 2008). During ecdysis (molting) the crab absorbs water
which helps it to expand and shed the old carapace and what remains of the shell. Post
molt, the organics and minerals absorbed by the hepatopancreas are transferred to the
new carapace and shell, meaning that elemental concentrations vary widely throughout
the continuous growth cycle of crabs.
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2.4.2 Limanda limanda
The classification of “fish” is an incredibly broad category that encompasses
millions of species across multiple taxa. Vertebrates are divided into two categories,
jawed (Gnathostomata) and jawless (Agnatha). Gnathostomata is broken into Pisces
and Tetrapoda, the former being the fish that are discussed herein. Pisces are further
divided into cartilaginous fish and extinct placoderms. Teleostomi are bony fish and
extinct acanthodians (ICRP 2008).

Teleost flatfish are members of the clade

Teleostomi that live within a benthic (i.e. seafloor) ecosystem. Teleost flatfish live on
one side of their bodies only, and are typically termed ‘right-eyed’ or ‘left-eyed’
depending on which eye migrates to the top of the head. The underside of the flatfish
is virtually un-pigmented, while the upper side (with eyes) is heavily pigmented to aid
in camouflage.
The Pleuronectidae family, of which the plaice, flounder, dab and halibut are
all members, are right-eyed bottom feeding flatfish. These fish are typically found in
the cool waters of the Atlantic, Pacific and Indian Oceans (Bailey et al. 2003). They
live primarily in the shallows, and are not commercially fished, but rather are typically
a byproduct of ground trawlers. Females lay transparent, free-floating pelagic eggs
with diameter on the order of a few millimeters that hatch into larvae, and sink to the
ocean floor after metamorphosis (Zhang et al. 1998).
In 1998 Rouleaul et al. performed a study on the American Plaice in which
several adult fish were given radiolabeled compounds via a glass rod inserted into the
stomach. The study indicated that tributyltin (TBT) labeled with radioactive tin-113
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became uniformly distributed throughout the gut, gills, heart, kidney, spleen, liver and
blood; the gall bladder showed more deposition; and richly vascularized tissues
showed similar labeling to that of blood (Rouleaul et al. 1998).

Fish fed food

containing organic mercury in the form of methylmercury (MeHg) radiolabeled with
mercury-203 showed the highest labeling in the stomach and intestine walls, with the
remainder relatively uniformly distributed; however 85% of the mercury-203 body
burden was within the muscle, fins, bone, skin and head, consistent with previous
studies (Holden 1973; Pentreath 1976). Fish fed inorganic mercury (Hg-203(II))
showed labeling only in the gut, and only 15% of the activity was retained (Rouleaul
et al. 1998). Elimination times for these studied compounds varied widely between
individuals; the organic mercury was consistent with previous estimates of a 200-700
day half-life (Pentreath 1976), while the TBT was quickly metabolized in the liver.
This long elimination half-time is a factor in the bio-magnification of these
radionuclides.

A bio-magnification factor of greater than one implies that the

equilibrium whole body averaged concentration will be higher in predator than prey.
The bio-magnification factor for organic mercury was found to be in the range of 2-9
(Rouleaul et al. 1998). It is interesting to note that the 1976 study performed by
Pentreath also concluded that while both plaice eggs and larvae continually
accumulated mercury-203, the larvae accumulated the radionuclide at a significantly
higher rate (Pentreath 1976).
This prior research suggests that not only are some radiolabeled compounds
taken up and retained by flatfish, but that their concentration can increase with trophic

31

level. Moreover, the compounds studied here distributed throughout the fish tissues
non-homogeneously, suggesting that a realistic model of the fish may prove useful in
modeling fish exposures to specific compounds.
A member of the Pleuronectid family, the flounder known as a sand dab, was
used for this research. This particular sand dab is an Atlantic species that ranges from
Southern Labrador, Canada, to Rhode Island. Their spawning season in the Gulf of
Maine peaks in April and May. It is brownish in color and typically resides between
90 and 250 meters on the sandy sea floor at temperatures between -0.5 and 2.5 0C.
They feed on smaller fish and invertebrates, and are generally a bit smaller than the
European species of plaice.
2.4.3 Fucus vesiculosus
Seaweed is a type of marine algae. It is a simple, saltwater dwelling organism
that is nonflowering, and in general has no roots or sophisticated internal tissues. It is
not considered a plant, but rather a Protoctisa, putting it in the same kingdom as
amoebas and slime molds (ICRP 2008). There are three general types of seaweeds,
classified by color: green, red and brown.

Seaweeds use chlorophyll for

photosynthesis, which gives them a green color, but the red and brown varieties have
additional pigments that mask the green. Green seaweeds, Chlorophyceae, can be
unicellular or multicellular, and have membrane bound cholorblasts and nuclei (Guiry
1996).

These seaweeds demonstrate many symbiotic relationships with their

surroundings. Red seaweeds, Rhodophyceae, contain the pigments phycoerythrin and
phycocyanin.

These species are commonly used for carrageenan and agar, both
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important and widely used ingredients in a variety of applications. Brown seaweeds,
Phaeophyceae, contain carotenoids. These species are also used for a wide variety of
applications, and were in fact the original source of iodine in the 1800’s. Seaweeds
are often overlooked when considering marine preservation, but not only do seaweeds
provide a food source for grazers, they are essential to intertidal and near shore ocean
ecosystems.
Despite their structural simplicity, seaweeds have complicated life cycles. In
general, there is an asexual phase (sporophyte) in which the cells are diploid, followed
by a sexual phase (gametophyte) where the cells are haploid. In the gametophyte
phase, male and female gametes combine to form sporophytes, and then there is an
additional gametophyte phase. For many species of seaweed there is no known
pattern to this life cycle, and some will simply fragment and reproduce entirely
asexually.

For simplicity, the ICRP assumes a that the adult plant is a diploid

sporophyte that reproduces annually (ICRP 2008).
Phaeophyte (brown) seaweeds have a thallus that consists of an anchor (called
a holdfast), a stipe (the stalk) and fronds or blades of some sort that grow off the stipe.
While analogous to a root system in plants, the holdfast does not carry nutrients.
Nitrogen, phosphorous, and other trace elements are directly taken up from the sea
water. Many species have pneumatocysts, or gas (frequently just air) filled bladders,
that float the seaweed closer to the ocean surface to aid in photosynthesis. The stipes
and fronds of many brown seaweeds have substantial internal structures, though these
structures are not analogous to organs as they lack the organizational structure of land-
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plant organs; an outer layer of pigmented cells overlays a layer of colorless cells and
an inner medullary core (ICRP 2008). This inner layer may contain cells that have
perforated ends along which sugars and amino acids are transported. They contain a
fucoxanthin protein that hides the chlorophylls a and b, giving them the brown color.
The products of photosynthesis are mannitol and laminarin.
Several studies have been performed to determine the levels of both
anthropogenic radionuclides and various isotopes of iodine in marine waters near the
discharges of La Hague, France and Sellafield, United Kingdom (Hou et al. 2000;
Lindahl et al. 2005). These discharges, along with atmospheric deposits from both
weapons testing and the Chernobyl accident allow for concentrations of these
radionuclides to be detected in both seawater and seaweeds. Seaweeds will uptake
and retain actinides such as neptunium-237, plutonium-239 and plutonium-240, and
various isotopes of iodine including iodine-129 and iodine-127.

With this

concentration data, transit times (t) and transfer factors (defined as a quotient between
the concentration at the given sampling site and the annual discharge rate t years
earlier) can be determined from known releases of these various radionuclides, and the
behavior of these nuclides in the marine environment can be predicted. In 1981,
Jeanmaire et al. collected samples of worms, mollusks, fishes and three seaweed
species (brown, red and green) near the low level effluent release of the La Hague,
France reprocessing plant to determine technetium-99 content (Jeanmaire et al. 1981).
After processing the samples, it was discovered that the brown seaweed fucus serratus
readily accumulated technetium, in stark contrast to the red and green seaweeds
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sampled, although the sample size was small. With the exception of the limpet, none
of the other organisms sampled had levels of technetium concentration near that of the
brown algae. Interestingly however, the other organisms preferentially accumulated
cerium-144, whereas the brown algae did not. In 1988 Bonotto et al. collected four
species of seaweed from the Belgian coast and irradiated them with a technetium
labeled potassium pertechnetate solution.

After a 24-hour irradiation period,

autoradiographs were performed to visualize the localization of technetium.
Consistent with the previous results from Jeanmaire et al., the brown seaweeds F.
serratus and F. vesiculosus had the highest concentration factor of all seaweeds
sampled. Additionally, the autoradiographs prepared by Bonotto et al. suggest a
heterogeneous distribution of technetium, with accumulation primarily occurring in
the parts of the plant that bear reproductive cells. There appears to be a relationship
between active cellular metabolism and technetium accumulation (Bonotto et al. 1988).
Suffice to say, some marine species have the ability to concentrate various
radionuclides, and it behooves the radio-ecologist to expand the level of research
efforts expended in modeling such species.
Brown seaweeds can be found all over the globe, and while some giant kelps
reach 50 meters in length, many are less than one meter. Giant kelp can grow at a rate
of 0.5 meter (19.5 inches) per day. Brown seaweeds occur in both the intertidal and
sub-tidal zones, and can thus be covered in sea water, silt or mud for any given period
of time. The fucus seaweeds studied here grow in the shallows of the cooler Northern
Pacific Ocean, and based on tides may spend some time exposed to air.
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2.5 Imaging Modalities Used in this Study
Both computed tomography (CT) and magnetic resonance imaging (MRI)
scanners are capable of creating cross-sectional, sagittal and coronal images. The
sagittal plane is the vertical plane that passes from ventral (front) to dorsal (rear),
effectively dividing the organism into right and left halves. The coronal, or frontal,
plane is any vertical plane that divides the organism into ventral and dorsal sections.
The cross- sectional or transverse plane divides the organism into inferior (lower) and
superior (upper) parts, perpendicular to the sagittal and coronal planes.
2.5.1 Computed Tomography
The principals involved in computed tomography (CT) scanners have been
exploited for medical use since the 1970’s. The first devices employed a narrow x-ray
beam coupled with a diametrically opposed radiation detector scanned across the
organism being imaged.

Assuming the beam is effectively mono-energetic,

transmission of x-rays is governed by the following equation:

I  I 0e   x
Equation 7: X-ray Transmission

where x is the material thickness and μ is the material and energy dependent
attenuation coefficient. In equation 7, the organism is assumed homogeneous. If
many regions occur along the path of x-rays, transmission is governed by the
following modified version of equation 7.
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Equation 8: Modified X-ray Transmission

Multiple transmission measurements in the same plane at varying beam and detector
orientations are required to determine the value of each attenuation coefficient. Grayscale levels are assigned to each range of attenuation coefficient, effectively producing
a gray-scale image that represents the various structures in the organism with different
x-ray attenuation characteristics (Hendee 2002). This gray-scale display is the CT
image.
The x-ray beam must be collimated post-transmission through the patient to
confine the transmission measurement to a slice thickness of only a few millimeters.
Collimator height defines the CT slice thickness, and when this height is combined
with the area of a single picture element (pixel), this defines the three-dimensional
volume element (voxel) in the organism. A voxel that crosses tissues with varying
attenuation coefficients will yield an overall pixel attenuation coefficient that is
between the two values.

This is termed a “partial-volume” artifact, and can be

reduced by narrowing the collimator, but this in turn will reduce the number of x-rays
that are incident on the detector, resulting in signals that have a greater level of statistical fluctuation and a noisier final picture.
A reconstruction algorithm is used to recreate the image from the x-ray
transmission measurements, but rather than report values for attenuation coefficients,
those values are instead transferred into a CT number, sometimes called a Hounsfield
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unit. CT numbers for most units range from -1000 for air to +1000 for bone, with
water set at zero (Hendee 2002). By normalizing attenuation coefficients in this
manner, a range of CT numbers are produced for a one percent change in attenuation
coefficient. CT number is calculated as follows:

    w  
CT Number=1000 

 w 
Equation 9: CT Number

where μw is the attenuation coefficient for water.
2.5.2 Magnetic Resonance Imaging
Magnetic resonance scanners created the first image of the human body in
1977, and image resolution has steadily improved since. While CT scanners are able
to produce images with some contrast, MRI machines are able to provide excellent
contrast resolution, meaning that even minute differences in material properties can
produce effective gray-scale contrasts.
When a magnetic field is applied to a proton, the magnetic moments will align
themselves in the direction of the magnetic field. Typical MRI machines have a
magnetic field strength of 20,000 gauss, which is strong enough to produce alignment
in the hydrogen atoms of the tissues in the organism being imaged. A radio frequency
transmitter is turned on and off in cycles that subsequently produce a varying
electromagnetic field, these are referred to as RF pulses. This field has a specific
frequency in the FM radio portion of the electromagnetic spectrum, known as the
resonance frequency, that is absorbed in the subject where the spin of the hydrogen
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atoms in the magnetic field is then flipped (Hendee 2002). When the radio frequency
transmitter is flipped off, the hydrogen atoms realign to the static magnetic field
produced by the magnet. The changing magnetic field produced by the relaxing
protons induces current in a receiver coil, deemed the magnetic resonance (MR) signal.
This signal is maximized in the transverse plane. Signals from soft tissue in volumes
on the order of a cubic millimeter can be resolved by an MRI (Hendee 2002). It is
relevant to note that the preceding discussion of MRI principles is based on the
classical interpretation of the behavior of magnetic moments in the presence of
magnetic fields and radio waves which, while not entirely correct (it is impossible to
predict the exact behavior of individual atoms with certainty), is sufficient for the
purpose of this description.
The relaxation of the protons that produces the MR signal is due to the protons
absorbing energy from the RF pulse applied and subsequently releasing that energy to
return to their original energy state. This release of energy can be divided into two
parts, called T1 and T2 relaxation (Blink 2004). T1 relaxation describes the changes
along the Z-axis; T2 relaxation describes changes in the X-Y plane.

These are

independent processes that have no influence on one another. The only factor in
common is that they occur simultaneously. T1 weighted scans are a set of standard
scans that depict difference in the spin-lattice relaxation time of various tissues. When
used to image the brain, T1 provides contrast between gray and white matter; in the
body, T1 can differentiate fat and water as fat will appear brighter and water darker.
A T2 weighted scan is much faster than a T1, and can also differentiate fat from water,
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but fat will appear darker and water lighter. T2 scans are also less susceptible to
inhomogeneity in the magnetic field, making them very practical. Figure 8 shows T1
and T2 weighted scans, respectively, of the brain to illustrate the differences.

Figure 8: T1 and T2 Brain Scans (Palmer 2010)
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3. MATERIALS AND METHODS
3.1 Software Packages
3.1.1 3D Doctor
3D Doctor is produced by Able Software Corporation, and was chosen for its
straightforwardness and wide variety of functions, coupled with the vast array of
learning tools available. It is advanced 3D image rendering, processing and analysis
software, developed to aid in the visualization of volume image data such as that from
CT and MRI scans. In general, the software extracts object boundaries using image
segmentation functions, and creates 3D surface and volume renderings for
measurement and analysis.
After uploading images, 3D Doctor can perform a fully automatic, regionbased segmentation. These automatically generated boundaries can then be modified
and manipulated by hand using the boundary editor tool.

Throughout the

segmentation process, the user can generate 3D renderings in a variety of display
modes to visualize the virtual phantoms as they are constructed.

Surface areas,

volumes, distances, and other parameters can all be quickly calculated using image
information tools. Images can be re-sliced, registered, aligned, reconstructed, restored,
and fused with singular commands.
Important to this research was the ability to export a boundary (.bnd) file for
input into a Monte Carlo compatible lattice generation tool such as Voxelizer,
discussed below. Boundary files are simple ASCII files that record the boundaries for
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each active 3D object with the Z-value first, followed by point pairs of X and Y values
along the boundary (Able Software Corp. 2008). The last point is the same as the first
to indicate a closed boundary, and the word “END” follows the last point of each
boundary. Figure 9 below shows an example of the format:

Figure 9: Boundary File Formatting

3.1.2 Voxelizer
Voxelizer was created by the Human Monitoring Laboratory (HML) of Canada
by Kevin Capello and Erick Cardenas-Mendez (Kramer et al. 2010). The code is
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python-based and contains a user-friendly GUI. Voxelizer converts boundary lines
and objects created in 3D Doctor (imported via the .bnd file) into repeated structure
format for use in Monte-Carlo simulations. Voxelizer counts and reads the names of
the 3D Doctor objects and correlates them with universes in the Monte-Carlo file. The
software reads the (X,Y) point data node by node, plots those points on a matrix grid
and closes each boundary after filling it with the appropriate material; this is done for
each plane of the boundary file until the lattice structure is complete. The materials
can be changed in the run files prior to actually performing the simulations. A
compression factor function allows the user to generate highly refined voxel models
that have impeccable spatial resolution if necessary; however the most current version
of Monte-Carlo being used for this work can only handle a maximum of 50 million
voxels, and the available computing power was only able to handle about 2% of that,
i.e., a phantom with about 1 million voxels (this corresponds to a file size of ~107kB).
The software only requires a few minutes to process a reasonably sized
boundary file. Once processing is complete, a fully formatted Monte-Carlo input file
with slots for materials and a source is generated. The user must be careful that the
universe sphere automatically placed is large enough for the lattice created. Voxelizer
software is publically available for use, and comes with a very handy tutorial.
3.1.3 MCNP5
Monte Carlo N-Particle version 5 (MCNP5) is a general purpose Monte- Carlo
code that is used for neutron, photon, electron and coupled particle transport. For
photons, the code utilizes both incoherent and coherent scattering and includes
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probabilities for fluorescent emission after a photoelectric absorption event. Electron
transport accounts for angular deflections from Coulombic scattering, collisional
energy losses, and secondary production of x-rays, knock-on and Auger electrons, and
bremsstrahlung (X-5 Monte Carlo Team 2008a; X-5 Monte Carlo Team 2008b;
Shultis & Faw 2004).
Energy regimes ranging from 1keV to 100GeV for photons and 1keV to 1GeV
for electrons can be modeled. The software is run via a user-created input file. Figure
10 illustrates the required input file structure.

Figure 10: MCNP5 input file structure

Cell and surface cards specify the problem geometry in a 3-dimensional
Cartesian coordinate system.

MCNP contains many different types of surfaces,

including planes, cylinders, spheres, and toroid. The geometry for the models created
in this work are lattice structures, and as such, do not use typical surface definitions.
A lattice establishes a regular grid in the problem geometry. Each grid location is a
voxel made of a single material. The lattices used in the models created herein are
composed of hexahedra, i.e., cubic solids with six faces. The lattice geometry is then
filled with materials from the data card as appropriate. The data card provides the
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code with problem materials, cross-section specifications, particle types, radiation
sources, tallies, and more; all problem data aside from geometry is included in this
section.
Monte Carlo transport methods obtain results by simulating individual
particles and recording some aspect of their average behavior within a user-specified
tally. Behavior of the system of particles is then extrapolated using the Central Limit
Theorem, which states that as the number of observations in a data set goes to infinity,
the distribution of sample means approaches a normal distribution provided that the
variance is finite. The statistical sampling process is based on random numbers, and
requires following numerous particles from birth to death (via absorption, escape, etc.).
Probability distributions are randomly sampled using transport data to determine the
outcomes at each life stage (X-5 Monte Carlo Team 2008a).
The MCNP output provides the user with an estimated mean, relative error,
and a variance of the second central moment. If the expected value (true mean) of X,
E(X), is:
E( X )   xf ( x )dx , then the estimated sample mean is: x 

1 n
 x i . This mean is the
n i 1

average value of scores for all histories calculated in the problem. The variance is a
measure of the spread of the average values, and the true variance is given by:

 2   ( x  E( x ))2 f ( x )dx  E( x )2  ( E( x ))2 ; the estimated variance is given by:
S2 

1 n
( x i  x )2 . The estimated variance of the estimated sample mean is:

n  1 i 1
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S2
, and it is relevant to note that this is an inherent drawback of the Monte Carlo
S 
n
2
x

method- the variance is proportional to

1
, meaning that to halve the variance, four
n

times as many histories need be calculated, which can be computationally expensive
(X-5 Monte Carlo Team 2008a). If the source cell is small, the code will have
problems with its source sampling efficiency, defined as the total number of particles
born in the source region to the total number of particles born. The default sampling
efficiency is 1%; this had to be modified to 0.1% for the models constructed in this
work.
Precision in Monte Carlo transport calculation is determined by the uncertainty
in the estimated sample mean ( x ) caused by statistical fluctuations in each
observation of the physical phase space that is sampled by the Monte Carlo process.
Portions of the phase space relevant to the question at hand may not be sampled if the
input file has not been carefully crafted to ensure proper modeling of the physical
reality. The error estimated by MCNP only refers to the precision of the answer and is
termed the coefficient of variance. Conversely, accuracy is a measure of the closeness
of the expected value of the sample mean ( x ), to the true value of the quantity being
estimated. The uncertainty estimates that Monte Carlo provides to the user are solely
a measure of the precision of the results, not the accuracy. It is entirely possible to
obtain a precise result that is not indicative of reality because the physical nature of the
system was incorrectly modeled by the user.
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MCNP was originally created in the 1960’s using the early FORTRAN
language, and still carries some of the limitations of early computing. The user must
be careful to ensure that none of these limitations are overlooked, as the code will not
always generate an error message when used improperly. Likewise, the number of
histories run is not indicative of the quality of the answer obtained, and the stability
and reliability of the results should always be rigorously questioned.

That said,

MCNP is a powerful and highly versatile tool to accurately model and quantify the
physical effects of radiation in an individual organism.
3.2 Physical Methods
3.2.1 The Dungeness crab
The Dungeness crab, Metacarcinus magister, was obtained post-mortem from
the North Point Fish Market in Corvallis, OR. It was a female, evidenced by the
markings on the abdomen. Figure 11 illustrates the different markings for male and
female Dungeness crabs, respectively.
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Figure 11: Dungeness crabs; male is on the left, female on the right

The crab was 17.1 centimeters (approximately 6.7 inches) in length at the
widest section (including points), and weighed approximately 680 grams (about 1.5lbs)
when purchased, suggesting that it was a young, albeit adult, female. Both the CT and
MRI scans were performed at the Oregon State University School of Veterinary
Medicine at a reduced cost. The x-ray tube of the scanner was set at 120 kVp and 50
mA with a 0.5 s pitch. The voxel dimensions of the crab were 0.695 x 0.695 x 1.0 mm,
corresponding to 168 x 168 x 62 rows, columns, and planes, respectively. From the
scans, five organs were readily identifiable- the hepatopancreas (i.e. digestive glands),
gonads, heart, gills and shell. The stomach was only visible on a few slices of the
scans as it was deflated, making it practically impossible to segment. It was thus it
was excluded from this analysis. Figure 12 indicates each organ within one of the CT
scan slices used in this model.
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Stomach;
deflated, not
modeled
Gonad
Gill
Hepatopancreas
(digestive
gland)
Heart

Figure 12: CT Scan with Organs Identified

One scan consisting of 62 images was uploaded into 3D Doctor for processing.
The auto-segment feature utilizes gray scale differences, but as figure 10 above and
figure 11 below show, the composition and density of the crab’s tissues were nearly
homogeneous, rendering this feature unusable. All organ boundaries were manually
drawn on each of the 62 slices (as 3D Doctor lacks the ability to draw global
boundaries) using the ‘trace boundaries’ tool within the boundary editor menu, aided
by a tablet and pen input. The boundaries were smoothed to reduce artificially sharp
edges producing a realistic surface for each organ. Figure 13 displays an image of the
3D Doctor program with all organ boundaries drawn.
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Figure 13: 3D Doctor Drawn Boundaries

A complex surface rendering was used to view the three dimensional model of the
crab, and after using a cutaway plane, it was confirmed that the organs were solid
objects and the shell was hollow. Figure 14 illustrates both the entire 3D rendering
and the split view.

Figure 14: 3D Rendering and Split View
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Once the boundaries were believed satisfactory, a boundary (.bnd) file was
exported into the Voxelizer GUI. In addition to uploading the file, the user must insert
the following information from the ‘image information’ tab in 3D Doctor: number of
rows, columns and planes; pixel width; slice thickness. The user must be careful to
insert the pixel width and slice thickness in the correct units- millimeters are default in
3D Doctor, but Voxelizer and MCNP5 use centimeters. Voxelizer uses a default
compression factor of 2, but this resulted in a file size much too large for the available
computing power. For the crab, a compression factor of 4 resulted in a model with
satisfactory spatial resolution (just over 1 million voxels) given the computing
constraints.
The MCNP file created in Voxelizer contains a universe for each organ, and it
sets a default density for each at 1.00 g/cm3. Previous models (Ulanovsky & Pröhl
2006; Ulanovsky et al. 2008; Larsson 2008) utilize a uniform isotropic model, which
states that the density of the organism and the surrounding media are both of the same
elemental composition and thus have the same density (Loevinger & Berman 1976).
The assumptions associated with the use of the uniform isotropic model are not met
when voxel geometry is used, and the creation of a new model will be essential for
application of the results from this research; this will be discussed in detail in the
conclusions and future work section. Crab tissues were taken to have the composition
of human tissues due to a lack of information available on the density and composition
of crab tissues. Table 1 details some relevant model parameters. The volume of each
organ was obtained from 3D Doctor’s ‘calculate volumes’ tool.
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Organ

Mass (g)

Volume (cm3)

Composition

Gills

68.32

68.32

Gonads

22.21

21.36

ICRP Four component
human tissue
ICRP Testes

Heart

2.26

2.17

Hepatopancreas

29.79

29.79

Shell

341.47

328.34

ICRP Striated Muscle
Tissue
ICRP Four component
human tissue
See table 2

Table 1: Crab Model Parameters

The shell of the crab was modeled using a composition detailed in Table 2 (Lee et al.
1997). The two percent of ‘other’ was simply incorporated into moisture.
Compound

Molecular Formula

Percent of Shell

Density (g/cm3)

Calcium
Carbonate
Chitin
Protein
(alphacrustacyanin)
Moisture
Other
OVERALL

CaCO3

58%

2.71

C8H15NO6
C15H11N2O2BrS

17%
10%

1.425 (Rezaei et al. 2009)
1.22 (Quillin & Matthews
2000)

H2O
--

13%
2%

1.00
-2.08605

Table 2: Crab Shell Composition (Lee et al. 1997)

The crab shell density was theoretically calculated based on this researched
composition, and the density was corrected for the modeled shell thickness, resulting
in a final model density of 1.04 g/cm3. Thus the appropriate density thickness of shell
was represented while avoiding the geometry errors caused by the three-dimensional
thin shell built by interpolation between only Z-coordinate slices. For the purposes of
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the MCNP model, the crab is assumed to sit in a near-infinite saltwater medium. This
saltwater volume was modeled as average ocean water from Castro and Huber’s
Marine Biology (Castro & Huber 2010). Due to the small size of the organs, the
default cell sampling efficiency used in MCNP5 had to be modified from 0.01 (1%) to
0.001 (0.1%). A sample annotated input file is given in Appendix B.
3.2.2 The Pleuronectid Flatfish
As mentioned previously, Pleutronectid flatfish are found off the coast of
Maine. A sand dab, Limanda limanda, was generously donated by the Harbor Fish
Market in Portland, Maine.

The fish was brought in on a Tuesday night haul,

purchased by the Harbor Fish Market at the Wednesday bazaar, and was received on
ice in Corvallis, Oregon on Thursday morning. The CT and MRI scans took place
early Thursday afternoon, while the fish remained fresh, which improved the quality
of the scans. Figure 15 is a photo of a sand dab, though not the same one scanned for
this research.
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Figure 15: Limanda limanda (courtesy of Andrew Marriott, published on the Marine Life Information
Network Website)

The sand dab was 32.7 centimeters (approximately 13 inches) in length from
the tip of the head to the end of the fin, 17.6 centimeters in height (about 7 inches),
and 30 millimeters (about 1 inch) in thickness at the thickest point. It weighed in at
1024 grams (approximately 2.25 lbs). Both the CT and MRI scans were performed at
the Oregon State University School of Veterinary Medicine at a reduced cost. The xray tube of the CT scanner was set at 120 kVp and 150 mA, with a 0.5 s pitch. After
viewing the CT images however, it was deemed necessary to perform an MRI to
obtain improved contrast. The CT scan not only had poor contrast, but also poor
resolution; the fish appeared essentially homogeneous except for bony phalanges that
appeared to connect to a central skeleton. As expected, the MRI was able to show
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significantly more tissue differentiation; T1 and T2 images were able to distinguish
the fatty tissues from empty spaces and water filled spaces in the fish, which proved
extremely useful during segmentation. Figure 16 and Figure 17 show scan images
from the CT and MRI, respectively.

Figure 16: CT Scan of Flatfish

Figure 17: MRI Scan of Flatfish

Another issue encountered while attempting to segment the dab was the lack of
dimension in the z direction. The thickest point in the flatfish was only approximately
30 centimeters, and the voxel dimensions were 1.3281 x 1.3281 x 3.5 mm, resulting in
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a scan with only 10 slices available for segmentation. This would likely have resulted
in an unrealistic looking fish, as the organs would not have been well defined.
Fortunately, 3D Doctor provides a re-slice feature, which is able to create a new image
stack with a thinner slice thickness. The user specifies a desired thickness, and using
interpolation algorithms the software adds additional image slices. The z-axis voxel
size was reduced from 3.5 mm to 1.167 mm to increase the number of slices available
from 10 to 27. From the scans, 13 organs were readily identifiable: muscle tissue, fins,
gonads, intestines, gills, eye choroid, gallbladder, kidney, liver, stomach, brain, spleen
and skeletal system. Figure 18 is an image from the MRI scan with organs identified.
Stomach
Gills
Spleen
Eye
Choroid Brain

Gallbladde
r
Liver

Figure 18: MRI Scan with Organs Identified

Kidney
Skeleton

Brain

Intestines

Gonad
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Once the boundaries were deemed complete and accurate, a boundary file was
exported from 3D Doctor into the Voxelizer software. A compression factor of 1
yielded a file of manageable size while still preserving maximum resolution. Again,
the default densities in MCNP are set at 1.00 g/cm3, and previous models assumed a
homogeneous compositon at this density value. The densities for this model were
modified from the default to be more realistic according to Table 3.

Organ

Density (g/cm3)

Volume (cm3)

Mass (g)

Brain

1.050 (estimate)

0.628

0.695

Eye Choroid

1.063 (Su et al.
0.540
2009)
1.050
(Webb 2.052

0.574

Liver

2.155

1990)
Spleen

1.050 (estimate)

1.318

1.384

Gills

1.050 (estimate)

2.189

2.298

Stomach

1.050 (estimate)

1.378

1.447

Kidney

1.050 (estimate)

3.301

3.466

Gall Bladder

1.050 (estimate)

9.055

9.508

Intestines

1.050 (estimate)

31.813

33.404

Gonads

1.060

(Webb 31.761

33.667

(Webb 120.725

133.522

(Webb 738.457

779.072

1990)
Fins

1.106
1990)

Muscle

1.055
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1990)
Skeleton

1.3 (Webb 1990)

Whole Fish

1.069

17.896

(Webb 961.113

23.265
1024.457

1990)

Table 3: Flatfish Model Parameters

Organ volumes were obtained from 3D Doctor’s ‘calculate volumes’ tool. Density
values are from a study performed by Webb in 1990 in which the tissue densities and
volumes of three types of fish with varying lifestyles (two benthic and one
benthopelagic) were compared to determine if benthic fish maximize body density to
help them maintain their passive-station holding abilities in currents (concluding
apparently that they do not). The paper used in saltwater (with the same composition
and density as modeled in this study) weighing and displacement techniques to obtain
highly accurate measurements of fish organ/tissue densities post-dissection.

The

kidney was unable to be removed from the fish due to its anatomy and texture, and
thus the density value used for this organ, along with the gall bladder, gills, spleen and
brain are assumed to be that of the liver. The eye choroid is the vascular layer of the
eye that lies behind the retina and is responsible for the maintenance of a high partial
pressure of oxygen there (Witterberg & Haedrich 1974; Copeland 1974). As the
density for the eye choroid of a fish was not found, bovine eye choroid density was
used instead.
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For the purposes of the MCNP model, the following tissues were modeled as
sources:


Stomach (ICRP human soft tissue)



Intestines (ICRP human soft tissue)



Gonads (ICRP testes)



Gills (ICRP human soft tissue)



Skeleton (ICRP cortical bone)



Liver (ICRP human soft tissue)



Gallbladder (ICRP human soft tissue)



Spleen (ICRP human soft tissue)



Kidneys (ICRP human soft tissue)



Muscle Tissue (ICRP skeletal muscle tissue)

The fins, brain and eye choroid were not used as sources, but tallies were included for
each as a possible target. The brain was modeled as ICRP brain tissue, the eye as
ICRP eye lens tissue and the fins as ICRP human soft tissue. Similar to the crab,
human tissue composition was used due to a lack of data on fish tissue composition.
According to the Food and Agriculture Organization of the United Nations, plaice are
81% water, 1.1-3.6% fat and 15.7-17.8% protein, which is not dissimilar to the
compositon of humans, thus this assumption is believed to be reasonable (Murray &
Burt 2001).
3.2.3 The Brown Algae
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The brown seaweed Fucus vesiculosus was picked from a rock in the shallows
of the Yaquina Jetty near Newport, Oregon. Care was taken to ensure that an entire
plant system, including the barnacle attachment to the rock, the stem, leaves and air
bladders, was picked. Figure 19 displays a photograph of the seaweed with sections
labeled.

Air
Bladder
Frond

Stipe

Holdfast

Figure 19: Fucus Seaweed from Yaquina Bay near Newport, OR

This particular species of brown seaweed has small flat fronds about two
centimeters wide, as well as small air filled bladders, and it grows up to one meter in
height. The samples taken from near-shore for the purposes of this work were small at
approximately 18 cm in height. The CT scan was performed at the Oregon State
University School of Veterinary Medicine at a reduced cost. The x-ray tube of the CT
scanner was set at 80 kVp and 50 mA, with a 0.5 s pitch.
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Initially scanning the seaweed in a saltwater volume to preserve geometry was
attempted, but seaweed has the same density the saltwater, and proved invisible on the
scan. Thus the seaweed was placed spread out on a towel and a scan was attempted
again. However, despite the use of post-processing algorithms, the single scan slice
that contained what was deemed a portion of the air bladder was not nearly sufficient
to perform any segmentation. Ultimately this is not all that surprising, and while it
may be that seaweed in particular is not amenable to this method of analysis, it is still
believed that other plants, e.g., the pine tree, may be responsive to this method. This
is because other plants, trees in particular, could show substantially more density
variations from their more complex structures than algae and likely grasses. It is also
possible that seaweed and grass are adequately modeled as simple geometric shapes,
and

may

not

require

the

extensive

further

analysis

that

animals

do.
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4. RESULTS AND ANALYSIS
4.1 Nature of the Results
Absorbed fractions were calculated at several discrete initial energies: 0.01,
0.015, 0.02, 0.03, 0.05, 0.1, 0.2, 0.5, 1.0, 1.5, 2.0, and 4.0 MeV for photons and 0.1,
0.2, 0.4, 0.5, 0.7, 1.0, 1.5, 2.0 and 4.0 MeV for electrons consistent with previous
models (Stabin et al. 2006; Kinase 2008).

AFs were then tabulated for each

identifiable organ as a source and target at each energy listed above. Files with the
surrounding saltwater volume as a source were also run, those results are reported as
external sources. AFs whose error exceeded 5% are marked with an underline in the
data tables; AFs whose error was higher than 10% were not reported, and are shown in
the tabulated data as a dashed line.

A zero indicates that there was no energy

deposition in that organ at that energy. A representative sample of the data is shown
for the crab and flatfish below; the complete data sets are located in Appendix A.
4.2 The Dungeness Crab
Figure 20 and Figure 21 show absorbed fractions of electron energy for
sources in the heart and gonads, respectively. These plots illustrate the significant
cross-irradiation observed for higher energy electrons in small biota.

The line

depicting the absorbed fraction for the source organ has a definitive negative slope as
the initial energy is increased above approximately 0.5 MeV, while the energy
deposited in other organs increases gradually with increasing incident electron energy.
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Contrary to the logic used in human protection of total electron energy absorption in
the source organ, this work indicates that high energy electrons should be treated as
penetrating radiations for small organ dosimetry in crustaceans. These results strongly
agree with the findings in the frog, rat and mouse studies.

Absorbed Fraction
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Heart
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1.00E-06
0.000

0.500
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1.500
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Energy (MeV)

Figure 20: Absorbed Fraction of Electron Energy; Heart as Source
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Figure 21: Absorbed Fraction of Electron Energy; Gonads as Source

Figure 22 and Figure 23 show absorbed fractions of photon energy for sources
in the gonads and shell, respectively. As incident energy increases, the amount of
energy deposited in the source organ decreases sharply, as illustrated in the decreasing
absorbed fraction values as initial energy increases. Photon AFs for organs other than
the source organ appear to reach a quasi-threshold value, despite the increasing
incident energy. This behavior is entirely consistent with the frog and mouse models.
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Figure 22: Absorbed Fraction of Photon Energy; Gonads as Source

1.00E+00

1.00E-01
Absorbed Fraction

Gills
Gonads
1.00E-02

Heart
Hepatopancreas
Shell

1.00E-03

1.00E-04
0.000

0.500

1.000

1.500

2.000

2.500

3.000

3.500

4.000

Energy (MeV)

Figure 23: Absorbed Fraction of Photon Energy; Shell as Source

AFs depend largely on organ mass and location relative to source organ
location. In all cases, the crab shell absorbs the most incident energy aside from the
source organ itself. This is likely due to the geometry of the crab structures. The shell
effectively surrounds the internal organs on all sides, implying that there is a greater
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area of shell available for energy absorption than there is for other internal organs.
The geometry of the other internal organs is such that there is only one surface that
will receive energy deposition from any given organ, thereby resulting in a smaller
energy deposition for those organs than for the shell.
Figure 24 displays the absorbed fractions for photon and electrons sources
distributed externally with the shell as the source. Only the shell is included in this
plot because all other organs were several orders of magnitude below the value for the
shell. This plot is ideal for discussing the differing behavior of photons and electrons.
For electrons, as incident energy increases, more electrons can reach the shell and
deposit energy there. Electrons are unlikely to be able to penetrate the shell and
deposit energy to the internal organs. Photon show an initial spike at lower incident
energies where the probability of photoelectric interactions (i.e. full energy deposition
events) is the highest. As incident energy is increased, photons will tend to travel
straight through the medium without experiencing any interactions, hence the quasithreshold seen. As discussed above, during molting, the contents of the shell are
absorbed into the hepatopancreas, implying that anything absorbed by the shell can be
trans-located to the vital organs of the crab. It is also interesting to note that the
gonads, gills and hepatopancreas absorb no energy until the incident energy surpasses
1 MeV, and subsequently they absorb nearly the same amount of energy, which is as
expected given the geometry, all three organs are virtually equally exposed.

66

1

Absorbed Fraction

0.1

0.01

Photon
Electron

0.001

0.0001
0

0.5

1

1.5

2

2.5

3

3.5

4

Energy (MeV)

Figure 24: Photon and Electron AF for an Externally Distributed Source with Crab Shell as Target

4.3 The Pleuronectid Flatfish
The flatfish exhibited a similar energy deposition pattern to that of the crab.
Figure 25 and Figure 26 illustrate the fraction of electron energy absorbed in the
source and target organs for the skeleton and spleen as sources, respectively. At
approximately 0.5 MeV the energy absorbed in the source organ begins to drop off
and the energy absorbed by other tissues increases. For both cases shown below, by
about 1.5 MeV the energy absorbed by the muscle tissue of the fish is greater than the
energy absorbed by the source organ in question. This pattern mimics that seen in the
crab, frog, mouse and rat studies, and indicates that electrons with energies about 0.5
MeV should be treated as penetrating radiations for the purpose of small organism
dosimetry. It is also apparent in these plots that organ location relative to the source
drives energy absorption. The majority of the smaller internal organs, i.e. the gonads,

67

intestines, gallbaldder, kidneys and liver, exhibit the exact same pattern, and their
absorbed fraction values are relatively clustered around the same order of magnitude.

1.00E+00
Muscle Tissue
Fins

1.00E-01
Absorbed Fraction

Gonads
Intestines
1.00E-02

Gills
Eye Choroid
Gallbladder

1.00E-03

Kidney
Liver
1.00E-04

Stomach
Brain

1.00E-05
0.000

Spleen
0.500

1.000

1.500

2.000

2.500

3.000

3.500

4.000

Skeleton

Energy (MeV)

Figure 25: Absorbed Fraction of Electron Energy; Skeleton as Source
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Figure 26: Absorbed Fraction of Electron Energy; Spleen as Source

3.000

3.500

4.000

Skeleton

68

Figure 27 and Figure 28 show absorbed fractions of photon energy for the
kidney and gallbaldder as a source, respectively. At the lowest energy (0.010 MeV),
there is full energy absorption in the source organ, but by 0.015 MeV only about half
of the initial energy is absorbed by the source organ, with the rest being distributed
throughout the fish. The plots demonstrate the significant cross irradiation that is
observed for low energy photons. As seen with the crab, the absorbed fractions reach
an asymptotic value and remain constant despite increasing initial energy.
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Figure 27: Absorbed Fraction of Photon Energy; Kidney as Source
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Figure 28: Absorbed Fraction of Photon Energy; Gallbladder as Source

Figure 29 and Figure 30 illustrate the energy absorbed by the flatfish in a
contaminated saltwater environment for electrons and photons, respectively. Not
surprisingly, only a small amount of electron energy penetrates the fish, and nearly all
that energy is absorbed into the muscle tissue. At 1 MeV the gonads and skeleton
begin to show energy deposition. This is likely due to organ location; the gonads run
along the side of the flatfish, and are thus more prone to receive dose than other
internal organs, e.g. the liver. For photons, the muscle tissue also absorbs the highest
amount of energy, but it is worth noting that all organs are irradiated to some degree,
even at very low photon energies. Again, the gonads show a higher energy deposition
than the other internal organs.
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Figure 29: Absorbed Fraction of Electron Energy; External Source
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Figure 30: Absorbed Fraction of Photon Energy; External Source

4.4 Comparison of Flatfish Results with Frog, Rat, and Mouse Models
The results obtained in this work mirror those of the mouse and frog models.
Figure 31 and Figure 32 show the similarities between the flatfish and the rat models.
Both graphs depict electron absorbed fractions for the liver as a source. Both graphs
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suggest that electrons should be treated as penetrating radiations for the purposes of
small organism dosimetry. Thus the assumption used in human dosimetry of total
electron energy absorption in the source organ is particularly inaccurate for small
organisms.
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Figure 31: Flatfish Electron AF; Source in Liver

4.000

72

Figure 32: Rat Electron AF; Source in Liver (Stabin et al. 2006)

Self-absorbed fractions are absorbed fractions where the source organ is the same as
the target organ. Figure 33 depicts electron self-AFs for the flatfish, frog and mouse
for the spleen, kidneys and liver. Both graphs show the same trend and same order of
magnitude values.

Figure 33: Electron Self AF for the Flatfish (left), Frog and Mouse (right, Kinase 2008)
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Figure 34 shows photon self-AFs for the flatfish, frog and mouse for the spleen,
kidney and liver. As with self-AFs for electrons, both graphs show the same trend and
same order of magnitude values.

Figure 34: Photon Self AF for the Flatfish (left), Frog and Mouse (right, Kinase 2008)

Both sets of plots suggest that a dosimetry system for small organisms should be
developed in order to demonstrate adequate radioprotection. The behavior of these
organisms with respect to humans is substantially different, and in applying the same
assumptions used for humans, it is likely that their doses will be incorrectly estimated.
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5. CONCLUSIONS AND FUTURE WORK
The results presented herein tended to follow a generalized pattern that has
been seen with all small organism dosimetry studies done to date. For low energy
photons, the full energy photoelectric absorption mechanism dominates, and absorbed
fraction values approach unity. As incident photon energy is increased, the energy
deposited in the source organ decreases to a quasi-threshold value where no additonal
energy is depsoited as photons are simply traversing the material without undergoing
interactions. For electrons with energies below 0.5-1.0 MeV, the absorbed fraction
value is unity, as anticipated since the path length of the electron is small compared to
the organ size. As incident electron energy is increased past this threshold, there is a
significant amount of energy absorbed by organs other than the target organ,
suggesting that electrons with sufficient energy should be treated as penetrating
radiations for small organism dosimetry.
The primary purpose of this research was to provide absorbed fraction data on
marine reference organisms by using voxel models. The approach attemped in this
work was highly successful for the crab and flatfish, but less so for the seaweed. The
data provided by this work will be used in conjunction with environmental
concentration data to determine derived consideration reference levels for varying
exposure situations. These DCRL’s will then be used to determine if and/or when
protections should be placed on an ecosystem, analogous to decisions made for the
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health of the public. The schematic in Figure 35, reprinted here with permission from
Pentreath 2009, illustrates this decision-making process.

Figure 35: Approaches to protection schematic (Pentreath 2009)

There are still a number of reference animals and plants left to model: the
deer, duck, bee, worm, pine tree, grass, and trout. The process described herein will
need to be performed for each of these organisms. Once the CT/MRI generated
models are completed, the validity and accuracy of the results will need to be
confirmed with experiments on each of the RAPs. Furthermore, a new model for
calculating dose conversion factors must be developed that does not rely so heavily on
the uniform isotropic model, whose limitations respective to voxel models are
insurmountable.

These efforts are crucial to assisting in the decision-making

processes that are and will become increasingly necessary as humans continue to rely
on the use of ionizing radiation to improve their lives.
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Appendix A: Complete Tabulated Results for Metacarcinus magister and

Limanda limanda
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Metacarcinus magister

84

85

86

87

88

89

90

91

92

93

94
Limanda limanda

95
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Appendix B: Sample MCNP5 Input Decks for Metacarcinus magister and

Limanda limanda

117

Metacarcinus magister
c ++++++++++++++++++++++++++++++++++++++++++++++
c
c Cells
c +++++++++++++++++++++++++++++++++++++++++++++++
c _________________________________
c What Happens Outside The Lattice
c
c ID | Mat | Dens(N/A | Surface
| Imp=importance
c
|
| if Mat=0) | Relationships |
c
999
0
999
imp:p 0 imp:e 0
$ outside
998
7
-.1205E-02
-999 100
imp:p 1 imp:e 1
$ air
c
c _________________________________
c Filling Universes
c
c ID | Mat | Dens
| Inside | Declare |
c # | # |(N/A if |the void | A
|
c
|
| Mat=0) |"Mortar" | Universe |
c
1
1
-1.04
-200
u = 1 imp:p 1 imp:e 1 $ Gonads
10
0
200
u = 1 imp:p 0 imp:e 0
2
2
-1.00
-200
u = 2 imp:p 1 imp:e 1 $ Gills
20
0
200
u = 2 imp:p 0 imp:e 0
3
3
-1.00
-200 u = 3
imp:p 1 imp:e 1
$ DigestiveGlands
30
0
200
u = 3 imp:p 0 imp:e 0
4
4
-1.04
-200
u = 4 imp:p 1 imp:e 1 $ Heart
40
0
200
u = 4 imp:p 0 imp:e 0
5
5
-1.04
-200
u=5
imp:p 1 imp:e 1
$ ShellHollow
50
0
200
u = 5 imp:p 0 imp:e 0
6
6
-1.025
-200
u = 6 imp:p 1 imp:e 1 $ SaltWater
60
0
200
u = 6 imp:p 0 imp:e 0
c ___________________________________
c Lattice Structure (Treated as a unit)
c
c ID | Mat | Dens | Inside | Lattice | Declare | "fill=" places long
c # | # |(N/A if | the
| Type | A
| list of universes in
c
|
| Mat=0) |"House" |
| Universe | specified x,y,z grid
c

118
996

0

-13
lat = 1 u = 996
imp:p 1 imp:e 1
fill = 0:127 0:127 0:61
6 7229r 5 6 126r 5 1r 6 124r 5 2r 6 124r 5 2r 6 125r 5 1r 6
125r 5 1r 6 125r 5 2r 6 123r 5 3r 6 123r 5 3r 6 123r 5 3r 6
124r 5 1r 6 15102r 5 6 125r 5 2r 6 123r 5 3r 6 122r 5 4r 6 122r 5
5r 6 121r 5 5r 6 121r 5 5r 6 121r 5 5r 6 121r 5 5r 6 121r 5
5r 6 122r 5 3r 6 124r 5 2r 6 14843r 5 2r 6 123r 5 5r 6 120r 5
7r 6 118r 5 9r 6 113r 5 13r 6 111r 5 20r 6 106r 5 20r 6 106r 5
20r 6 107r 5 19r 6 108r 5 17r 6 109r 5 16r 6 111r 5 15r 6 111r 5
14r 6 113r 5 9r 6 121r 5 4r 6 123r 5 3r 6 124r 5 6 14078r 5
1r 6 124r 5 3r 6 122r 5 5r 6 119r 5 8r 6 117r 5 10r 6 114r 5
14r 6 109r 5 19r 6 106r 5 22r 6 104r 5 22r 6 105r 5 21r 6 105r 5
21r 6 105r 5 20r 6 106r 5 20r 6 106r 5 19r 6 107r 5 19r 6 107r 5
18r 6 109r 5 16r 6 113r 5 10r 6 120r 5 5r 6 123r 5 6 13821r 5
2r 6 122r 5 5r 6 119r 5 9r 6 117r 5 10r 6 115r 5 12r 6 112r 5
16r 6 107r 5 20r 6 105r 5 23r 6 103r 5 24r 6 102r 5 24r 6 102r 5
24r 6 102r 5 24r 6 103r 5 22r 6 104r 5 22r 6 103r 5 23r 6 103r 5
23r 6 103r 5 23r 6 104r 5 19r 6 110r 5 15r 6 113r 5 1r 6 5 7r 6
120r 5 4r 6 13689r 5 5r 6 119r 5 10r 6 115r 5 12r 6 113r 5 14r 6
112r 5 14r 6 111r 5 16r 6 107r 5 23r 6 102r 5 24r 6 101r 5 26r 6
100r 5 26r 6 100r 5 25r 6 101r 5 25r 6 101r 5 25r 6 101r 5 25r 6
101r 5 26r 6 100r 5 26r 6 100r 5 25r 6 101r 5 25r 6 102r 5 22r 6
104r 5 20r 6 111r 5 14r 6 113r 5 11r 6 120r 5 5r 6 13429r 5
10r 6 115r 5 12r 6 114r 5 13r 6 112r 5 14r 6 111r 5 16r 6 109r 5
18r 6 106r 5 23r 6 101r 5 26r 6 97r 5 29r 6 97r 5 30r 6 96r 5
30r 6 96r 5 30r 6 96r 5 30r 6 96r 5 30r 6 96r 5 30r 6 97r 5
29r 6 97r 5 29r 6 97r 5 28r 6 99r 5 27r 6 99r 5 27r 6 100r 5
24r 6 104r 5 20r 6 109r 5 15r 6 113r 5 11r 6 119r 5 5r 6 13174r 5
2r 6 3r 5 2r 6 116r 5 12r 6 113r 5 13r 6 112r 5 15r 6 110r 5
17r 6 108r 5 19r 6 106r 5 23r 6 100r 5 28r 6 97r 5 30r 6 94r 5
32r 6 94r 5 32r 6 94r 5 32r 6 94r 5 32r 6 94r 5 32r 6 94r 5
32r 6 94r 5 4r 3 5r 5 13r 3 3r 5 3r 6 94r 5 4r 3 6r 5 11r 3
5r 5 2r 6 95r 5 3r 3 6r 5 11r 3 5r 5 2r 6 96r 5 2r 3 6r 5 12r 3
4r 5 2r 6 96r 5 2r 3 5r 5 13r 3 3r 5 2r 6 98r 5 2r 3 4r 5 20r 6
98r 5 4r 3 1r 5 20r 6 100r 5 24r 6 102r 5 22r 6 109r 5 16r 6
113r 5 11r 6 119r 5 3r 6 13046r 5 12r 6 114r 5 13r 6 112r 5
15r 6 110r 5 16r 6 108r 5 20r 6 105r 5 23r 6 102r 5 26r 6 97r 5
31r 6 93r 5 34r 6 91r 5 35r 6 91r 5 35r 6 91r 5 35r 6 91r 5
35r 6 91r 5 35r 6 91r 5 6r 3 2r 5 15r 3 4r 5 4r 6 91r 5 5r 3
6r 5 11r 3 5r 5 4r 6 92r 5 3r 3 7r 5 11r 3 5r 5 3r 6 93r 5 3r 3
6r 5 13r 3 5r 5 2r 6 94r 5 2r 3 6r 5 14r 3 4r 5 1r 6 96r 5 1r 3
5r 5 15r 3 4r 5 1r 6 96r 5 2r 3 4r 5 15r 3 3r 5 2r 6 97r 5 1r 3
4r 5 21r 6 98r 5 27r 6 100r 5 24r 6 104r 5 21r 6 109r 5 15r 6

119
113r 5 11r 6 120r 5 2r 6 12790r 5 11r 6 114r 5 14r 6 111r 5
16r 6 109r 5 17r 6 108r 5 20r 6 104r 5 23r 6 102r 5 26r 6 97r 5
31r 6 94r 5 34r 6 91r 5 36r 6 89r 5 38r 6 88r 5 38r 6 88r 5
38r 6 87r 5 39r 6 87r 5 8r 3 2r 5 17r 3 2r 5 6r 6 88r 5 6r 3
NOTE: This lattice pattern continues in a similar fashion for another 1500
lines; these are exculded here.
c
c Cell Containing Lattice
c
c
| Put in | Fill with |
c ID | Mat | Dens(N/A) | "House" | Lattice |
997
0
-100
fill = 996 imp:p 1 imp:e 1
c +++++++++++++++++++++++++++++++++++++++++++++++
c
c Surfaces
c +++++++++++++++++++++++++++++++++++++++++++++++
c
c Universe Boundary Selection (Sphere in this case)
c
c ID MacroBody
X
Y
Z
Radius
999
so
17.25 17.25
3.1
50
c
c Boxes for Filling Universes
c
c 100 = Dimensions for "House" in which to build the lattice
c 200 = Dimensions for "Brick" in which EACH voxel is placed
c 300 = Dimensions for "Mortar" (Optional void to prevent VisEd geom errors)
c
c ID MacroBody Xmin
Xmax
Ymin Ymax
Zmin Zmax
100 rpp
0.001
35.5840
0.001
35.5840 0.001 6.1999690
13 rpp
0.000
0.2780
0.000
0.2780
0.000 0.0999995
200 rpp
-0.01
0.29
-0.01
0.29
-0.01 0.12
c
c +++++++++++++++++++++++++++++++++++++++++++++++
c
c Materials
c +++++++++++++++++++++++++++++++++++++++++++++++
c
c Gonads
m1
1000 -0.104166
$(Gonads- ICRP testes)
6000 -0.092270
7000 -0.019940

120
8000
11000
12000
15000
16000
17000
19000
20000
26000
30000

-0.773884
-0.002260
-0.000110
-0.001250
-0.001460
-0.002440
-0.002080
-0.000100
-0.000020
-0.000020

c
c Gills
m2
1000
6000
7000
8000

-0.101172
-0.111000
-0.026000
-0.761828

$(Gills- ICRP human tissue)

c
c Digestive Glands
m3
1000 -0.101172
$(DG- ICRP human tissue)
6000 -0.111000
7000 -0.026000
8000 -0.761828
c
c Heart
m4
1000 -0.101997
$(Heart- ICRP Striated Muscle)
6000 -0.123000
7000 -0.035000
8000 -0.729003
11000 -0.000800
12000 -0.000200
15000 -0.002000
16000 -0.005000
19000 -0.003000
c
c ShellHollow
m5
20000 -0.2322 $ (crab shell- researched)
6000 -0.19297
8000 -0.49403
7000 -0.01851

121
1000 -0.03146
35000 -0.02200
16000 -0.00883
c
c Surrounding SaltWater
m6
1000 0.107177 $(SW-Castro and Huber's)
8000 0.860341
11000 0.010523
12000 0.001257
17000 0.018902
19000 0.0014
20000 0.000400
c
c Air
m7
7000 -0.755
8000 -0.232
18000 -0.013
c +++++++++++++++++++++++++++++++++++++++++++++++
c
c
Source
c +++++++++++++++++++++++++++++++++++++++++++++++
c
c particle types to be included in simulation
mode p e
c par=3 is electrons, par=2 is photons, eff=cell sampling efficiency cutoff
c cel card allows source to be in a specific cell (corresponds to organ in this
case)
sdef erg=2.0 par=3 eff=0.001 X=d1 Y=d2 Z=d3 cel=d4
si1 0.001 0.0695
sp1 0 1
si2 0.001 0.0695
sp2 0 1
si3 0.001 0.0999995
sp3 0 1
c source cell < lattice universe < universe box that contains lattice
c < means "outside of"
si4 L u=(1<996<997)
sp4 1
c tallies, *f8 is an energy tally with units in MeV
*f8:e u=(1) $gonads
*f18:e u=(2) $gills
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*f28:e u=(3) $dg's
*f38:e u=(4) $heart
*f48:e u=(5) $shell
*f58:e u=(1 2 3 4 5) $entire crab
c bins for monte carlo to place results in
c this is 50 bins, energy range 0-3.0 MeV
e8 0 0.001 50i 3.0
e18 0 0.001 50i 3.0
e28 0 0.001 50i 3.0
e38 0 0.001 50i 3.0
e48 0 0.001 50i 3.0
e58 0 0.001 50i 3.0
c number of histories in simulation
nps 5000000
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Limanda limanda
++++++++++++++++++++++++++++++++++++++++++++++
c
c Cells
c
c +++++++++++++++++++++++++++++++++++++++++++++++
c
999 0 999
imp:p 0 imp:e 0
$ outside
998 1 -1.0250 -999 1111 imp:p 1 imp:e 1 $ saltwater
c
c Filling Universes
1
6 -1.0550 -4444 u = 1 imp:p 1 imp:e 1 $Muscle
100 0
4444 u = 1 imp:p 0 imp:e 0
2
3 -1.1060 -4444 u = 2 imp:p 1 imp:e 1 $Fins
200 0
4444 u = 2 imp:p 0 imp:e 0
3
4 -1.0600 -4444 u = 3 imp:p 1 imp:e 1 $Gonad
300 0
4444 u = 3 imp:p 0 imp:e 0
4
3 -1.0380 -4444 u = 4 imp:p 1 imp:e 1 $Intestines
400 0
4444 u = 4 imp:p 0 imp:e 0
5
3 -1.0500 -4444 u = 5 imp:p 1 imp:e 1 $Gills
500 0
4444 u = 5 imp:p 0 imp:e 0
6
8 -1.0630 -4444 u = 6 imp:p 1 imp:e 1 $Eye choroid
600 0
4444 u = 6 imp:p 0 imp:e 0
7
3 -1.0500 -4444 u = 7 imp:p 1 imp:e 1 $Gallbladder
700 0
4444 u = 7 imp:p 0 imp:e 0
8
3 -1.0500 -4444 u = 8 imp:p 1 imp:e 1 $Kidney
800 0
4444 u = 8 imp:p 0 imp:e 0
9
3 -1.0500 -4444 u = 9 imp:p 1 imp:e 1 $Liver
900 0
4444 u = 9 imp:p 0 imp:e 0
10 3 -1.0380 -4444 u = 10 imp:p 1 imp:e 1 $Stomach
1000 0
4444 u = 10 imp:p 0 imp:e 0
11 7 -1.0500 -4444 u = 11 imp:p 1 imp:e 1 $Brain
1100 0
4444 u = 11 imp:p 0 imp:e 0
12 3 -1.0500 -4444 u = 12 imp:p 1 imp:e 1 $Spleen
1200 0
4444 u = 12 imp:p 0 imp:e 0
13 5 -1.3000 -4444 u = 13 imp:p 1 imp:e 1 $Skeleton
1300 0
4444 u = 13 imp:p 0 imp:e 0
14 1 -1.0250 -4444 u = 14 imp:p 1 imp:e 1 $Saltwater
1400 0
4444 u = 14 imp:p 0 imp:e 0
c
c Lattice Unit Cell
c
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996

0 -3333 lat = 1 u = 996 imp:p 1 imp:e 1
fill = 0:255 0:255 0:26
14 20301r 1 10r 14 234r 1 30r 14 221r 1 37r 14 216r 1 41r 14
210r 1 46r 14 206r 1 50r 14 203r 1 52r 14 201r 1 56r 14 196r 1
61r 14 192r 1 66r 14 187r 1 72r 14 181r 1 81r 14 172r 1 88r 14
165r 1 94r 14 159r 1 97r 14 156r 1 102r 14 151r 1 107r 14 145r 1
115r 14 138r 1 120r 14 133r 1 125r 14 127r 1 129r 14 124r 1
131r 14 122r 1 134r 14 119r 1 136r 14 117r 1 139r 14 114r 1
140r 14 113r 1 143r 14 111r 1 144r 14 109r 1 147r 14 106r 1
148r 14 105r 1 150r 14 104r 1 152r 14 101r 1 154r 14 99r 1 156r 14
97r 1 159r 14 94r 1 161r 14 93r 1 163r 14 91r 1 164r 14 89r 1
166r 14 88r 1 168r 14 86r 1 168r 14 86r 1 169r 14 85r 1 170r 14
84r 1 170r 14 84r 1 171r 14 83r 1 171r 14 83r 1 171r 14 84r 1
170r 14 84r 1 170r 14 84r 1 171r 14 83r 1 171r 14 84r 1 171r 14
83r 1 171r 14 84r 1 170r 14 84r 1 170r 14 85r 1 169r 14 86r 1
168r 14 87r 1 167r 14 88r 1 166r 14 88r 1 166r 14 89r 1 165r 14
89r 1 165r 14 90r 1 164r 14 92r 1 161r 14 93r 1 161r 14 94r 1
160r 14 95r 1 159r 14 96r 1 158r 14 97r 1 156r 14 99r 1 155r 14
101r 1 153r 14 102r 1 151r 14 105r 1 149r 14 106r 1 147r 14
108r 1 146r 14 109r 1 144r 14 112r 1 141r 14 113r 1 139r 14
23684r
NOTE: This lattice pattern continues in a similar fashion for another 1500
lines; these are exculded here.
c
c Cell Containing Lattice
c
997 0 -1111 fill = 996 imp:p 1 imp:e 1
c
c +++++++++++++++++++++++++++++++++++++++++++++++
c
c Surfaces
c
c +++++++++++++++++++++++++++++++++++++++++++++++
c
999 so 50 $50cm universe sphere
c
c Box for Filling Universes
c
1111 rpp 0.001 33.99936 0.001 33.99936 0.001 3.1509
3333 rpp 0.11 0.13281 0.000 0.13281 0.000 0.1167
4444 rpp -0.01 0.14000 -0.01 0.14000 -0.01 0.12
c
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c +++++++++++++++++++++++++++++++++++++++++++++++
c
c Materials
c
c +++++++++++++++++++++++++++++++++++++++++++++++
c
c Saltwater - Castro and Huber's
m1
1000 0.107177
8000 0.860341
11000 0.010523
12000 0.001257
17000 0.018902
19000 0.001400
20000 0.000400
c
c
c ICRP Human Soft Tissue
c stomach, intestines, gills, liver, gallbladder, spleen, kidneys, fins
m3
1000 -0.104472
6000 -0.232190
7000 -0.024880
8000 -0.630238
11000 -0.001130
12000 -0.000130
15000 -0.001330
16000 -0.001990
17000 -0.001340
19000 -0.001990
20000 -0.000230
26000 -0.000050
30000 -0.000030
c
c ICRP testes
c gonads
m4
1000 -0.104166
6000 -0.092270
7000 -0.019940
8000 -0.773884
11000 -0.002260
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12000
15000
16000
17000
19000
20000
26000
30000

-0.000110
-0.001250
-0.001460
-0.002440
-0.002080
-0.000100
-0.000020
-0.000020

c
c ICRP Cortical Bone
c skeleton
m5
1000 -0.047234
6000 -0.144330
7000 -0.041990
8000 -0.446096
12000 -0.002200
15000 -0.104970
16000 -0.003150
20000 -0.209930
30000 -0.000100
c
c ICRP Skeletal Muscle Tissue
c muscle tissue
m6
1000 -0.100637
6000 -0.107830
7000 -0.027680
8000 -0.754773
11000 -0.000750
12000 -0.000190
15000 -0.001800
16000 -0.002410
17000 -0.000790
19000 -0.003020
20000 -0.000030
26000 -0.000040
30000 -0.000050
c
c ICRP Brain Tissue
c Brain
m7
1000 -0.110667
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6000 -0.125420
7000 -0.013280
8000 -0.737723
11000 -0.001840
12000 -0.000150
15000 -0.003540
16000 -0.001770
17000 -0.002360
19000 -0.003100
20000 -0.000090
26000 -0.000050
30000 -0.000010
c
c ICRP Eye Lens Tissue
c Eye choroid
m8
1000 -0.099269
6000 -0.193710
7000 -0.053270
8000 -0.653751
c
+++++++++++++++++++++++++++++++++++++++++++++++
c
c
Source
c
c
c +++++++++++++++++++++++++++++++++++++++++++++++
c
mode p e
sdef erg=4.0 par=2 eff=0.0001 X=d1 Y=d2 Z=d3 cel=d4
si1 0.001 0.132
sp1 0 1
si2 0.001 0.132
sp2 0 1
si3 0.001 0.116
sp3 0 1
si4 L u=(1<996<997)
sp4 1
*f8:e u=(1) $muscle
*f18:e u=(2) $fins
*f28:e u=(3) $gonads
*f38:e u=(4) $intestines
*f48:e u=(5) $gills
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*f58:e u=(6) $eye
*f68:e u=(7) $gallbladder
*f78:e u=(8) $kidney
*f88:e u=(9) $liver
*f98:e u=(10) $stomach
*f108:e u=(11) $brain
*f118:e u=(12) $spleen
*f138:e u=(13) $skeleton
c only two energy bins were used in this model
c the first (zero) bin is the "trash" bin where negative energies from knock-on
electrons will be placed
c the second is the total amount of energy deposited in the referenced
source cell
e8 0 0.0000001 6.0
e18 0 0.000001 6.0
e28 0 0.000001 6.0
e38 0 0.000001 6.0
e48 0 0.000001 6.0
e58 0 0.000001 6.0
e68 0 0.000001 6.0
e78 0 0.000001 6.0
e88 0 0.000001 6.0
e98 0 0.000001 6.0
e108 0 0.000001 6.0
e118 0 0.000001 6.0
e128 0 0.000001 6.0
e138 0 0.000001 6.0
nps 2000000

