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Abstract
The aim of this work was to develop a computational tool that integrates
several statistical analysis features for biodistribution data from internal
contamination experiments. These data represent actinide levels in biological
compartments as a function of time and are derived from activity measurements
in tissues and excreta. These experiments aim at assessing the influence of
different contamination conditions (e.g. intake route or radioelement) on the
biological behavior of the contaminant. The ever increasing number of datasets
and diversity of experimental conditions make the handling and analysis of
biodistribution data difficult. This work sought to facilitate the statistical
analysis of a large number of datasets and the comparison of results from
diverse experimental conditions. Functional modules were developed using
the open-source programming language R to facilitate specific operations:
descriptive statistics, visual comparison, curve fitting, and implementation of
biokinetic models. In addition, the structure of the datasets was harmonized
using the same table format. Analysis outputs can be written in text files and
updated data can be written in the consistent table format. Hence, a data
repository is built progressively, which is essential for the optimal use of
animal data. Graphical representations can be automatically generated and
saved as image files. The resulting computational tool was applied using data
derived from wound contamination experiments conducted under different
conditions.

Original content from this work may be used under the terms of the Creative
Commons Attribution 3.0 licence. Any further distribution of this work must maintain
attribution to the author(s) and the title of the work, journal citation and DOI.
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In facilitating biodistribution data handling and statistical analyses,
this computational tool ensures faster analyses and a better reproducibility
compared with the use of multiple office software applications. Furthermore,
re-analysis of archival data and comparison of data from different sources is
made much easier. Hence this tool will help to understand better the influence of
contamination characteristics on actinide biokinetics. Our approach can aid the
optimization of treatment protocols and therefore contribute to the improvement
of the medical response after internal contamination with actinides.

Keywords: internal contamination, radionuclides, statistical analysis,
biokinetics, biodistribution data, computational tool, radiotoxicology

(Some figures may appear in colour only in the online journal)

1. Introduction

Understanding of the behaviour of actinides within the body after internal contamination is
essential to the accurate assessment of doses, and to the development of optimal medical
treatment of contaminated personnel (ICRP 1993, 2015, Castellani et al 2013). Actinides can
be transported from the site of entry in the body to systemic tissues, be retained in differ-
ent biological compartments and excreted more or less quickly. This behavior referred to as
biokinetics depends largely on the nature of the contamination (e.g. the route of entry, the
radioelement(s) and the physico-chemical form of the compound). Animal experiments have
been used to evaluate the influence of several contamination conditions on actinide biokin-
etics. In these experiments, the radiocontaminant is administered through one possible route
of intake (e.g. inhalation or wound). The actinide amount in the different biological com-
partments is monitored as a function of time using activity measurements in excreta and in
tissues collected after sequential euthanasia. These measurements of actinide biodistribution
generated a large number of data depending on the conditions of contamination (Métivier et al
1989, Durbin 2006, Van der Meeren et al 2008, 2012, Griffiths et al 2012, Doyle-Eisele et al
2014, Weber et al 2014).

However, analysis of biodistribution data can be complicated due to the large number of
datasets and the diversity of the experimental conditions explored. Furthermore, this analysis
requires several statistical techniques and should be well documented. Hence, it has been chal-
lenging to find a single tool that meets all these requirements and that would facilitate: (i) the
re-analysis of multiple historical datasets to test new hypotheses as an alternative to animal
experiments, (ii) the comparison of results across experiments, and (iii) the comparison of
results with human data. Furthermore, the lack of such a tool may prevent comprehensive data
analysis and the development of new knowledge.

To overcome these difficulties, this work proposed a common organization for biodistribu-
tion data and a harmonization of analysis methods through the development of an integrated
computational tool. The required functional specifications are the following. The standard
data format should enable archiving of data from previous experiments, and also inclusion
of new data (Schofield et al 2010). The computational tool that takes these formatted data as
input should facilitate biodistribution data analyses. These analyses aim mainly at evaluat-
ing the influence of diverse experimental conditions on activity retention and excretion as a
function of time after contamination (Durbin 2006). To conduct these analyses, descriptive
statistics is generally and primarily applied: the central tendency and spread of the data are
calculated at each time point for each group of animals exposed to the same experimental
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conditions (e.g. group mean and standard deviation). To get a direct understanding of actinide
biokinetics, it is often necessary to represent as a function of time the central values of activi-
ties retained in tissues or excreted. Furthermore, to quantify the kinetics of activity retention
and excretion, the biodistribution data are fitted using a sum of exponential functions of the
time (Rang et al 1995, Doyle-Eisele ef al 2014, Weber et al 2014). Also, when a comprehen-
sive set of data is available, biokinetic models can be derived to predict actinide biokinetics
depending on the characteristics of the contamination (Leggett 1992, Leggett et al 2005).
In internal dosimetry, biokinetic models are compartmental models classified in two types:
(i) entry models describing the radioelement behavior from the site of contamination to the
blood, e.g. respiratory or wound models; and (ii) systemic models describing the radioelement
uptake and clearance in systemic tissues, and the urinary and fecal excretions. Biokinetic
models are subsequently used in the assessment of internal dose after contamination (ICRP
1993, 2015, Castellani et al 2013). Therefore, the comparison of biodistribution data with the
predictions of biokinetic models and with human data is essential to consolidate and improve
further the understanding of influential parameters in the biokinetics of actinides.

To include the necessary features for a comprehensive statistical analysis of biodistribu-
tion data, the computational tool presented in this paper was implemented using the open-
source R Project for Statistical Computing (R Core Team 2015). The R language has powerful
graphics capabilities and, along with RStudio (RStudio Team 2015), presents a convenient
environment for development. A practical example of data derived from a set of wound con-
tamination experiments is used as an illustration along this paper (Griffiths et al 2012).

2. Analysis methodology and development of the computational tool

2.1. Formatting and archiving the raw data

Biodistribution data comprise radionuclide activities (Bq) measured in tissues and excreta at
several time points for different groups of animals exposed to different contamination condi-
tions. The approach presented in this paper was based on an example of biodistribution data
derived from an experimental rodent model of wound contamination (Griffiths et al 2012).
The purpose of this experimental setting was to quantify the influence of the experimental
conditions on the biodistribution data by comparing the resulting excretion and retention data
between wound types, radioelements and physico-chemical forms. The experimental condi-
tions of interest included two realistic wounds (shallow or deep incision), two radioelements
(plutonium or americium), and two physico-chemical forms (nitrate or oxide). The oxide
was a mixed oxide, MOX, containing a mixture of uranium, plutonium (Pu) and americium
(Am). Only the behaviour of Pu and Am were considered since these elements are the major
alpha emitters in MOX that contribute to a potential radiological risk following contamination
(Priest 2001). The deposited activity was measured locally at the wound site at day 0 immedi-
ately after contamination when the animal was still anesthetized, using a sodium iodide scin-
tillation detector and a proportional counter (Griffiths er al 2012). The daily urinary excretion
was measured from day 1 to 7 and the skeleton and liver activity retentions were measured at
day 7. There were five or six animals per set of experimental conditions.

One difficulty when analyzing biodistribution data is to handle the heterogeneity of data
format. To develop a global approach for the statistical analysis of biodistribution data, it was
required to define a standardized format of table. This table format should primarily contain
the radioelement activity measured in tissue or excreta samples at different time points. It
should also include the administered activity and the initial proportion of each radioelement
for contaminants composed of a mixture of radioelements like the MOX. The content of this
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Table 1. List and description of the variables used in the standard format for the raw

data file.

Number Variable Description

1 original_data_file Name of the file where the data were
originally stored

2 exp_id Identification of the experiment

3 rat_id Identification of the animal

4 solution_id Identification of the solution

5 pH pH of the solution

6 chemical_form Chemical form of the contaminant

7 element Chemical element measured

8 isotope Isotope measured

9 element_alpha_act_ Activity fraction of the element in the

fraction contaminant

10 intake_route Route of intake

11 contamination_date Date of contamination

12 adm_alpha_act_Bq Total administered activity in becquerels

13 excreta_or_tissue Nature of the sample

14 time_h Sample collection date in hours after
contamination

15 time_d Sample collection date in days after
contamination

16 act_Bq Measured activity in the sample in becquerels

table should facilitate (i) the assessment of the influence of any contamination conditions;
(ii) the data comparison between experimental conditions and with human data; and (iii) the
re-analysis of data to test new hypotheses. It was therefore necessary to include in this table a
detailed identification of the sample and a full description of the contamination conditions.

In the format proposed in this methodology, data were structured in tables as comma
separated values (CSV) files, in which the header contained variable names (e.g. route of
intake, element and physico-chemical form) and each line contained the value of each variable
for one observation (e.g. deep wound, americium and nitrate, respectively). The full list of
variables and the corresponding description can be found in table 1. Each observation cor-
responded to one activity measurement of a sample conducted at one time point under a given
set of experimental conditions. One CSV file was created per group of animals exposed to the
same set of experimental conditions and for one sample type (e.g. urine). Raw data from the
wound experiments were stored using this standard format and directly imported into R (using
dataframe objects). There were 42 CSV files, corresponding to the different experimental con-
ditions, which consisted of a total of 900 observations. Table 2 illustrates the standard format
on a selected set of data corresponding to wound contamination.

2.2. Implementing the biodistribution data analysis in a single computational tool

The computational tool was designed to handle and analyze each raw data file individu-
ally, i.e. for each group of animals exposed to the same experimental conditions and for
one sample type (e.g. urine). Programs were written in R (R scripts) to automate the spe-
cific operations related to data analysis. The tool was subdivided into four modules: descrip-
tive statistics, regression analysis, biokinetic modeling and data comparison (figure 1). The
computational tool was also designed to build a structured repository of data and analyses.
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Table 2. Example of raw biodistribution data from the wound experiments organized
in the table format. Each block of this table represents one time point with six animals
per group. One line of this table represents one observation (i.e. activity measurement
in one biological sample in a given set of experimental conditions). Each column repre-
sents one variable characterizing the samples.

element_alpha_  adm_alpha_

rat_id chemical_form element act_fraction act_Bq time_d act_Bq
MB_101_51 MOX Pu 0.73 10293 1 0.4
MB_101_52 MOX Pu 0.73 7618 1 0.8
MB_101_53 MOX Pu 0.73 12209 1 6.3
MB_101_54 MOX Pu 0.73 7412 1 4.1
MB_101_55 MOX Pu 0.73 14545 1 5.8
MB_101_56 MOX Pu 0.73 6417 1 0.7
MB_101_51 MOX Pu 0.73 10293 2 14
MB_101_52 MOX Pu 0.73 7618 2 0.4
MB_101_53 MOX Pu 0.73 12209 2 2.3
MB_101_54 MOX Pu 0.73 7412 2 0.8
MB_101_55 MOX Pu 0.73 14545 2 4.6
MB_101_56 MOX Pu 0.73 6417 2 33
AB_111_11 Nitrate Am 1 6348 3 28.4
AB_111_12 Nitrate Am 1 5827 3 20.6
AB_111_13 Nitrate Am 1 4464 3 15.7
AB_111_14 Nitrate Am 1 4753 3 16.8
AB_111_15 Nitrate Am 1 6943 3 375
AB_111_16 Nitrate Am 1 6274 3 24.4
AB_111_11 Nitrate Am 1 6348 4 19.0
AB_111_12 Nitrate Am 1 5827 4 21.0
AB_111_13 Nitrate Am 1 4464 4 17.7
AB_111_14 Nitrate Am 1 4753 4 9.6
AB_111_15 Nitrate Am 1 6943 4 28.2
AB_111_16 Nitrate Am 1 6274 4 21.0

Hence, each step was implemented so that graphical representations of the data and results
were automatically generated. In addition, updated data and results of analysis were saved in
text files. Several rules were observed to name the files: no blanks, no special characters (e.g.
accents), and inclusion of the experiment identification and of the nature of the data (e.g. raw
or statistics). The naming of output files and the storage in the appropriate folder was done
automatically. The comparison of results between experimental conditions was also imple-
mented. The following sections will deal in turn with each module of the computational tool.

2.3. Module for descriptive statistics

A functionality was developed to analyze each raw data file, (i.e. set of experimental conditions
with one sample type; Module #1 in figure 1). Because the administered activity may vary
between experiments of internal contamination (table 2), it is often useful to normalize the raw
data to the administered activity. Data normalization enables comparing data between various
experiments. Furthermore, a radioelement may behave differently in the body if administered
as a single contaminant or if administered together with other elements. In case of a mixture
of radioelements (e.g. plutonium and americium), it is therefore necessary to follow-up the
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o DESCRIPTIVE STATISTICS

INPUT
* Load the raw data
Raw data in CSV » * Normalize
table file e Compute descriptive statistics

* Plot graphs

A 4

OUTPUT

Statistics, scatter plots, updated data

@ REGRESSION ANALYSIS @ BIOKINETIC MODELING
* Determine fitting curves ¢ Implement entry and
systemic models

Pooled
datasets

OUTPUT OUTPUT
Fitted retention and Predicted retention
excretion functions and excretion curves

I DATA AND ANALYSIS REPOSITORY ]

¥

o DATA COMPARISON

* Extract data characteristics

e Compare across experimental conditions
e Compare across laboratories

e Compare with human data

Figure 1. Flow chart of the functionalities of the computational tool developed to
conduct statistical analyses of biodistribution data. The four main modules are described
in the text.

percentage of the activity due to a particular element in relation to the total activity. Hence
the automatic computation of new variables corresponding to different normalizations was
included in this module. These variables were: (i) the percentage of the total activity in the
sample per unit of administered activity, (ii) the percentage of the element activity in the
sample per unit of administered activity, and (iii) the percentage of activity from one element
in relation to the total activity in the sample.

The analysis of biodistribution data necessitates the determination of the central tenden-
cies. Group statistics were systematically computed for each set of experimental conditions
and time point (Freedman 2007). The following group statistics were derived for items (ii) and
(iii) described above: the mean and standard deviation, the median, the extrema, and the stand-
ard error of the mean. The number of animals per dataset was also retrieved in the process.

To follow-up retention and excretion of activity as a function of time, functionalities
for automatic plotting were developed thus enabling a direct, fast and convenient visual
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Figure 2. Comparison of urinary excretion of plutonium after a deep wound between
two physico-chemical forms of plutonium: nitrate and oxide (MOX: mixed oxide
of uranium, plutonium and americium) using scatter plots. Each line represents one
animal. Broken lines indicate missing values.

representation of the data. The plotting of raw data and group statistics were implemented
using scatter plots (Sarkar 2008, 2015). Biodistribution data of actinides are usually character-
ized by a wide variability between animals. In addition, the complexity of actinide manipula-
tion, animal experimentation and actinide spectrometry may lead to the generation of extreme
values. Identification of extremes is necessary to trace back the information related to the
corresponding sample, to understand potential reasons and to decide how extremes should be
treated. Therefore, it was essential to represent the (normalized) raw data, before calculating
mean values, and to visualize directly the data spread at each time point easily. Finally, a quali-
tative comparison of data across different experimental conditions was facilitated using side
by side representation of data in different panels with the same axis scales. As an example,
figure 2 illustrates the differences in the daily urinary excretion of plutonium during 7 d after
deep wound contamination between two physico-chemical forms: nitrate and oxide (MOX).

Graphical representation was useful to identify potential outliers. In addition, Tukey’s
method was used to test for outliers (Tukey 1977, Zhang 2013). As an example, at day 4 of
the Pu-nitrate data from figure 2, two data points, with values of 0.21% and 0.13% percent
of the administered activity respectively, were identified as outliers. However, the user has to
look at the individual experimental details of these particular rats to evaluate whether these
data should be removed or not from the analysis. Also other activity measurements from this
animal (e.g. feces) may facilitate the decision.

2.4. Module for curve fitting of retention and excretion data

To quantify the retention and excretion kinetics, it is necessary to derive functions, usually the
sum of one or more exponential terms, which give the best fit to the bioassay data (Rang et al
1995). Hence, the retained or excreted activity A(f) in percent of the administered activity can
be modelled as a function of time 7 (days) by the following formula:
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n
Ar) =D ae™™
i=1
Where n is the number of exponential terms, a; and )\; are the regression coefficients associated
with the exponential function i. A; corresponds to a rate per day.

In practice, non-linear regression analysis is required to derive the regression coefficients
for the mathematical function that best describes the data (Motulsky and Ransnas 1987). The
computation of non-linear regression and model selection are generally challenging steps in
data analysis. To facilitate these operations, specific functionalities were designed in Module
#2 from figure 1. The statistical technique was selected depending on the characteristics of
the data. These data consisted of repeated measurements over time on a group of subjects. The
data were not normally distributed and reflected variability within and between subjects. Also,
results for each subject were not independent across time. Hence, the maximum likelihood
technique (Myung 2003) was implemented using mixed effects in the model (Lindstrom and
Bates 1990, Tornoe et al 2004).

The graphical observation of data suggested that there should be one or two exponentials
in the model. In addition, as the number of animals per set of experimental conditions was
limited, a parsimonious model was desirable. Therefore, mono-exponential and bi-exponential
functions were tested (n = 1 and 2 in the regression formula). The fixed effects were com-
puted for regression coefficients (a; and k;) leading to coefficient estimates corresponding to
the overall mean value of the response variable. The random effects (animal and time) were
included to indicate that data were repeated measures on the same animal over time.

The goodness of the non-linear regression fit was assessed by different means that enable
qualitative or quantitative evaluation of the closeness of the fit in relation to the data. The fitted
curve superimposed on the raw data using a linear scale, and diagnostic plots of the residu-
als were automatically generated: standardized residuals as a function of fitted values, actual
values as a function of fitted values and normal quantile-quantile plot of the standardized
residuals. To complement the diagnostic plots, the akaike information criterion (AIC) was
used to select the best model (Yamaoka et al 1978).

Figure 3 illustrates the application of the method on urinary excretion data of Am-241 in
nitrate form after wound contamination from day 1 to day 7. The bi-exponential model was
found to describe the data better than the monoexponential model. The biexponential model
presented the smallest AIC (—43.3 versus 42.9 for the monoexponential model), which con-
firmed the visual comparison of the corresponding fitted curves superimposed on the data
(figure 3).

2.5. Module for the implementation of biokinetic models

Biokinetic models predict the distribution of activity in the body as a function of time depending
on the contamination characteristics. These compartmental models are derived from animal
and available human data (Leggett 1992, Leggett et al 2005). The resulting predictions are
the basis for the calculation of the committed effective dose (ICRP 1993, 1994, 2006, 2007).
Newly generated biodistribution data are usually compared to existing biokinetic models.

To facilitate this comparison, a specific module was designed to implement the biokinetic
models (Module #3 in figure 1). The set of compartments and transfer rates defining a biokinetic
model can be formalized into a system of first-order differential equations. Solutions to this
system are difficult to obtain analytically. Therefore, a computational integration technique
was used (Soetaert et al 2010). This module for the implementation of biokinetic models was
designed to facilitate importation of any entry model, any systemic model or any combination
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Urine Am (% of Am administered activity)
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Figure 3. Comparison of the monoexponential (a) and the biexponential (b) fitted curves
(black lines) of the urinary excretion data (colored points) from a wound experiment
with americium in the nitrate form. Each color represents one animal.

of an entry and a systemic model. The following components were included in this module:
the system of first-order equations governing the biokinetic model, the transfer rates between
compartments, the initial conditions related to the activity in compartments, and the time steps
for the calculation. This module was elaborated so that the user can easily change the transfer
rates of an existing model or define its own model.

The NCRP wound model for soluble radiocontaminants and the ICRP systemic model of
Am were implemented using this module (ICRP 1993, NCRP 2006). Transfer rate files were
generated for each retention category defined in the NCRP model (weak, moderate, strong,
avid) and for the systemic model. Initial conditions were set so that 100% of the activity at
t = 0 was in the soluble compartment for the NCRP wound model and in the blood compart-
ment for the systemic model. The predicted urinary excretion of Am from the model combi-
nation of the wound and systemic models, and from the systemic model of Am alone, were
automatically represented as a function of time (figure 4) and compared with the experimental
data previously introduced. Because model predictions and data were structured as R data-
frames using the same format, plotting them on the same graph was immediate. The conveni-
ence of this comparison allowed evaluation of the category of the wound model to which the
data could be associated.

2.6. Module for exploring and comparing data from the archive

The computational tool presented here provides helpful functionalities in the statistical analy-
sis of a set of biodistribution data. Because a large number of datasets have been generated, a
functionality was developed to list the available datasets and retrieve their main characteris-
tics (Module #4 in figure 1). This feature was elaborated to get an overview of the available
datasets and to foster ideas for data re-analysis, comparison, and pooling. It was designed
to be applied to a set of raw data files. It extracts from each file the experimental condi-
tions, including the range in administered activity and the number of rats per group and data
point. The characteristics of the 42 datasets from the wound experiments corresponding to 42
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Figure 4. Comparison of biokinetic model predictions in humans with experimental
rodent data for the urinary excretion of americium during 7 d after contamination. Data
are from Griffiths ef al (2012) and are represented using the group mean and standard
deviation (N = 6). Predictions were computed using (i) the NCRP wound model for the
four retention categories (Weak, Moderate, Strong, Avid) of soluble radiocontaminants
(NCRP 2006), and (ii) the ICRP 67 systemic model of americium (ICRP 1993).

observations were extracted like displayed in table 3. As an example, data from experiment
‘AB_111" consisted in daily urinary excretion up to day 7 and skeleton activity at day 7.

Data comparison is highly facilitated because all datasets share the same format as illus-
trated in figure 2. Also, the modules developed in this computational tool are applicable to
pooled data.

3. Discussion

The analysis of biodistribution data aims at assessing the conditions that influence the biokinetics
of the radiocontaminants. Contamination experiments with actinides conducted over the last
decades have generated a large amount of experimental data including numerous combinations
of experimental conditions. Comparison of data from diverse experimental conditions, from
different laboratories, with model predictions and with human data is needed to improve the
understanding and characterization of actinide biokinetics. Re-analysis of data may also be
helpful to test new hypotheses (Schofield et al 2010). Besides, data analysis includes different
levels of investigation that require increasing understanding of statistics. Therefore, it became
necessary to design an approach to organize the biodistribution data and facilitate their global
analysis including the functionalities listed above.
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Table 3. Extract of the main characteristics from the wound experiments as contained
in CSV files. One line of this table represents one set of experimental conditions.

chemical_ act_range_ excreta_ number_
Line # exp_id form element kBq or_tissue time_d of _rats
1 AB_111 Nitrate Am 4.46-6.94 Skeleton 7 6
AB_111 Nitrate Am 4.46-6.94 Urine 1,2,3,4,5, 6
6,7
3 MB_101 MOX Am 0.0864—-14.5 Skeleton 7, 30, 90 17
4 MB_101 MOX Pu 0.0864—14.5 Skeleton 7, 30, 90 17
5 MB_101 MOX Am 6.42-14.5 Urine 1,2,3,4,5,6, 6
7,25, 26, 30,
57, 58, 85, 86
6 MB_101 MOX Pu 6.42-14.5 Urine 1,2,3,4,5,6, 6
7,25, 26, 30,
57,58, 85, 86
42 PB_121 Nitrate Pu 0.997-5.23  Urine 1,2,3,7 24

The methodology described in this paper made the handling and analysis of data easy, fast,
reproducible and traceable for the user. By including several functionalities within an integrated
tool based on the R language, this approach avoided the use of different software packages and
data formats that necessitate several manual operations (for example, ‘copy and paste’), which
are prone to errors and time-consuming. Moreover, raw and transformed data, results of analysis
and graphical representations were automatically saved in text, CSV, or pdf files. The reprodu-
cibility and traceability of the analyses were warranted because this methodology started directly
with the raw data, and any transformation and operation conducted were done systematically
through a piece of code, which prevented any manual action. Furthermore, the development of a
single tool and the coding of the different operations facilitated and accelerated the data analysis
that needed to be applied on numerous sets of data with different experimental conditions. Hence
the use of R has significantly improved data analysis workflow, as compared to the use of mul-
tiple commercial software packages which would necessitate much more manual interaction.

The operations implemented were designed to conduct an analysis as comprehensive as
possible. In addition to the automatic computation of group means and standard deviation,
scatter plots of raw data were systematically generated (Weissgerber et al 2015). These repre-
sentations gave an actual visualization of the data spread, which can be large with biological
data. Additionally, more complex operations such as model building through non-linear regres-
sion analysis generated detailed outputs available to the user. In this work, the computational
tool was applied using 42 datasets from actual wound experiments (Griffiths et a/ 2012) and
the functionalities of the tool were illustrated in this paper using selected parts of these data.

The RATDOSE software package (Miller et al 2012) has a different objective from the present
tool. Using analyses from animal data, RATDOSE was developed to assess the efficacy of chelat-
ing agents in terms of reduction in effective dose. The work in the present paper was elaborated to
analyze the influence of contamination parameters on biodistribution data of radiocontaminants.
It facilitates the comparison of results between different contamination conditions, laboratories
and with human data. Hence, this approach is rather complementary with RATDOSE.

The computational tool described in this paper was designed to foster the creativity by
facilitating the exploration of data, the re-analysis of former data, the incorporation of data
from other groups, and from human cases of contamination. Hence, new hypotheses can
be directly tested on previous data and remaining questions on biodistribution of actinides
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after internal contamination may be elucidated from meta-analysis of these experiments. The
methodology presented in this paper is therefore fully consistent with the application of the
3 Rs rule (Replacement, Reduction and Refinement) of the ethical principles applied now in
experimental animal research. Furthermore, the computational tool generates a data reposi-
tory, which is in line with recent efforts made worldwide to promote access to existing data
such as the STORE database (Schofield ef al 2010). However, to guarantee the security of
these valuable experimental data, this repository still needs to be managed using a database
system that controls any access and records any changes to the data.

Additional modules based on the same data structure could be easily included to complement
the computational tool. The first application dealt with data derived from wound contamina-
tion but the approach can be easily extended to any biodistribution study of radionuclides. This
extension may also include (ii) data derived from other routes of accidental contaminations,
and (ii) animal or human data obtained with treatments for example to assess the efficacy
of treatment protocols. In facilitating the archiving, handling and analysis of biodistribution
data, this tool should contribute to the improvement of the medical response after internal
contamination with radioelements.

4. Conclusion

The computational tool developed in this work facilitates and harmonizes the statistical
analyses of biodistribution data from internal contamination experiments with actinides. Based
on a structured organization of the data, the computational tool coded in the open-source R pro-
gramming language implements a comprehensive analysis including several modules: descrip-
tive analysis, retention and excretion curve fitting using non-linear regression, implementation
of compartmental models and data comparison. An application of the computational tool was
illustrated using data derived from wound contamination experiments with actinides. This tool
was designed to make easier exploration of datasets, re-analysis of previous data, comparison
across different experimental conditions and laboratories. It will also enable direct comparisons
with human data, and allow conduction of meta-analyses. In addition, this methodology led to a
repository essential to preserve results from animal radiotoxicological experiments. The use of
this approach may be extended to broader applications related to internal contaminations with
radionuclides in particular to improve the medical treatment of contaminated persons. This
work is consistent with the general determination to improve the data analysis from experi-
ments spread over time and originated from different sources.
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