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The biokinetic and dosimetry models recommended by the International Commission on Radiological
Protection do not incorporate dosimetric uncertainty. Recently, Bayesian approach—offering
distribution of dose estimates rather than a single point value—has been applied in epidemiological risk
modeling. Although the true dose is unknown, Bayesian analysis is assumed to provide information

on the true dose through a posterior distribution. This study presents a unique opportunity to validate
that assumption. Radiation dose is directly related to the time-dependent radionuclide activity
deposited or retained in organs and tissues. Therefore, uncertainties in organ activity predictions
derived from biokinetic modeling can serve as proxies for the uncertainties in dose estimation. In this
study, uncertainties in model predictions of 23°Pu organ activities were evaluated for 20 former nuclear
workers with known plutonium inhalation. Ten individuals from Los Alamos were primarily exposed

to soluble Pu-nitrate, while ten from Rocky Flats were exposed to insoluble PuO,. All individuals were
volunteer tissue donors to the United States Transuranium and Uranium Registries. Urine bioassay
data and post-mortem measurements of 23°Pu in the liver, skeleton and respiratory tract were

used in the analysis. Latin hypercube sampling was employed to generate parameter sets for each
realization, varying only two parameters of the human respiratory tract model: the rapidly dissolved
fraction, f, and slow dissolution rate, s_. For each realization: (i) intake was estimated using maximum
likelihood fitting of the urine bioassay data, and (ii) post-mortem organ activities, used as surrogates
of true doses, were predicted based on the estimated intake. Predicted distributions of 23°Pu organ
activities were compared to point estimates based on default parameters for soluble and insoluble
plutonium, as well as to the measured post-mortem values. Results showed that in most cases, the
predicted distributions did not cover the measured values (75% for liver, 90% for skeleton, and 50% for
the respiratory tract), indicating a need to improve current biokinetic models. Additionally, in some
cases, the model predictions were not conservative, which raises concerns from a radiation protection
standpoint.
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bb Bronchioles
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INT Interstitium
LANL Los Alamos National Laboratory
LNTH Thoracic lymph nodes

LOD Limit of detection

MDA Minimum detectable activity

MMD Mass median diameter

NCRP National Council on Radiation Protection and Measurements
NIOSH  National Institute for Occupational Safety and Health

RFP Rocky Flats Plant

RT Respiratory tract

SD Standard deviation

USTUR  United States Transuranium and Uranium Registries

To estimate health risks of exposure to ionizing radiation, epidemiological studies generally rely on the radiation
dosimetry system recommended by the International Commission on Radiological Protection (ICRP)'.
Radiation doses delivered to sensitive organs/tissues from incorporated radionuclides are usually inferred using
the appropriate mathematical models referred to as biokinetic models applied to relevant measurement data.
The currently recommended biokinetic models for internal dosimetry of workers are described in the ICRP
Occupational Intakes of Radionuclides (OIR) series of publications?S. These models are primarily designed for
practical applications in radiological protection, such as ensuring compliance with dose limits in occupational
exposure scenarios. For epidemiological studies, however, it is advisable, where feasible, to perform case- or
cohort-specific dose assessments. Such assessments may rely on ICRP reference models, appropriately adapted
to reflect the specific characteristics of the study population. The primary source of information for dose
assessment in radiation epidemiological studies of nuclear workers is bioassay monitoring data, such as urinary
excretion measurements, in-vivo chest counts, etc.

The ICRP biokinetic and dosimetry models do not account for dosimetric uncertainty which arises from
uncertainties and variabilities in the model parameters and structure, as well as from uncertainties in the
measurement data. In most of the published epidemiological studies, the internal dose estimates are usually point
values provided without uncertainties”®. For reliable risk estimation, it is important to account for uncertainties
in dose estimates’.

Bayesian analysis approach which provides a distribution of dose estimates rather than a single point
value!'®17 has been recently employed in epidemiological risk models'®-?2 Since the true dose is unknown,
the base modeling assumption is that Bayesian methods yield information on the true dose, which is part of
the posterior distribution’. It is assumed that the true dose can be adequately described by an arithmetic mean
of a posterior dose distribution”?>?3, or that with enough exposure realizations, one or more dose vectors can
be found to be or close to be the true dose vector®2*2!, This study aims to evaluate the assumptions using the
“true” dose measurements from human tissue and organ samples collected postmortem. The time-dependent
radionuclide activity deposited/retained in organ/tissue is directly related to the radiation dose, thus precision
in organ activity prediction using biokinetic modeling can serve as a surrogate for the uncertainties in radiation
dose estimations.

The United States Transuranium and Uranium Registries (USTUR) is a unique resource of human data from
voluntary tissue donors (posthumously) with documented occupational intakes of actinides?*-*’. The USTUR
currently retains records on exposure history and bioassay measurements, as well as post-mortem tissue
radiochemical analysis results for 369 Registrants. More than 70% of these individuals were exposed to various
types of plutonium (**®Pu, 2?Pu) material with inhalation as a primary route of intake.

In this study, uncertainties in biokinetic model predictions of organ activities as surrogates of radiation
dose estimates from internally deposited 2*Pu were evaluated using data from a group of 20 deceased USTUR
Registrants.

Materials and methods

This study was performed as a part of the USTUR research program, which was reviewed and approved by the
Central Department of Energy Institutional Review Board (USA) No. WASU-68-50181. All measurement and
data analysis methods used in this study were carried out in accordance with relevant guidelines and regulations.
All tissue donors to the USTUR, or their legal representative(s), signed a written authority for autopsy and
detailed study of the collected organs and tissues, as well as for the release of radiation exposure and medical
records.

Study group

The study group is comprised of two subgroups of ten deceased USTUR Registrants each from Los Alamos

National Laboratory (LANL)?! and from Rocky Flats Plant (RFP). Informed consent was obtained from all

individuals and/or their legal representative(s) according to the USTUR human subjects assurances protocol.
Table 1 summarizes information on study cases including the worksite, smoking status, exposure duration,

time after exposure to death, and estimated post-mortem activities in the liver, skeleton, and respiratory tract

(RT).

LANL subgroup

Ten individuals included in the LANL subgroup were members of the ‘UPPU’ (You Pee Pu) club, a group of 26
former Manhattan Project plutonium workers who were selected by the worksite health physics personnel for
medical follow-up due to their high intakes of plutonium?®2. The ‘UPPU’ club members worked in plutonium
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Time (d) Post-mortem activity (Bq)
Case | Site Smoker | Exposure? | Post-exposure® | Liver Skeleton | RT*
0060 | LANL | Yes 408 10,464 507 76x21 461+ 14
0193 | LANL | Unk 452 13,416 49+3 50.7+0.3 | 182+4
0255 | LANL | Yes 320 15,611 53+2 28+13 24+2
0631 | LANL | No 391 23,785 92+2 116 +36 7.2%0.1
0634 | LANL | Yes 340 26,106 230+5 188+53 | 56.4+£0.9
0635 | LANL | Yes 412 20,015 92017 774+£3 871
0680 | LANL | No 578 19,211 661+11 700+2 282+3
0719 | LANL | Yes 259 18,967 178+3 160+31 | 22.0+£0.3
0745 | LANL | Yes 1678 20,642 21011 240+54 | 53.7+0.9
0769 | LANL | No 409 15,972 79+3 147.4+0.8 30+1
0028 | RFP Yes 4784 0 9.6 20.6 1887
0202 | RFP Yes 7257 3985 102+3 218+87 | 6550+110
0407 | RFP No 6268 11,905 123+4 197+74 | 1957+38
0410 | RFP Yes 10,888 11,204 28+1 27+8 244+8
0503 | RFP No 1549 10,008 25.8+0.5 9.2+0.1 528+8
0706 | RFP Yes 6405 5131 399+8 254+4 502
0720 | RFP Yes 10,360 7356 709+0.6 | 110.9+0.8 | 241+3
0744 | RFP Yes 10,576 4930 30.0+£0.5 | 87.1+0.4 93+2
0787 | RFP No 10,587 9290 20+1 19+7 155+3
0821 | RFP Yes 959 9742 28.6+0.8 19+11 |1046+19

Table 1. Summary of 20 study cases. *Assumed to be the same as employment except Cases 0193 and 0255°!.
Time from exposure to death. “Respiratory tract includes the lungs and thoracic lymph nodes.

purification, fluorination, and reduction operations under “extraordinary crude conditions” at Los Alamos
Scientific (now National) Laboratory in the 1940s and handled large quantities of plutonium, from milligrams to
kilograms®233. Over the several decades post-exposure, the worksite personnel periodically conducted medical
examinations of the ‘UPPU” members, as well as bioassay measurements to estimate intakes and systemic
deposition of plutonium. This follow-up was reported in multiple publications®>3*-37.

Thirteen ‘UPPU” members voluntarily registered to be tissue donors at the USTUR. Ten out of these 13
(seven whole-body and four partial-body tissue donors) were included in this study, because only for these ten
cases, the tissue radiochemical analysis results were available for all three key target organs (liver, skeleton, and
respiratory tract).

All individuals in this subgroup had significant potential for both chronic and acute inhalation intakes.
Based on the worksite exposure records, the most common material encountered by these workers during their
operational activities was assumed to be 2*Pu nitrate with small particle sizes, typically< 1 pm AMAD (activity
median aerodynamic diameter).

Case descriptions and selected data were previously published elsewhere3!:%,

RFP subgroup

Ten individuals included in this subgroup (six whole-body and four partial-body tissue donors) worked at RFP
during the 1950s-1960s. Based on their job descriptions, as well as plutonium processing operations routinely
conducted at the facility, these workers mostly were exposed to relatively insoluble plutonium materials via both
acute and chronic inhalation; however, contaminated wounds were also common.

All individuals in the RFP subgroup, except Case 0706, were involved in the same acute inhalation accident
due to a glove-box fire which resulted in significant release of the airborne ‘high-fired; refractory #°PuO,. The
particle size of the released aerosols, generated at an estimated temperature of 1800 °C, was measured as a 0.32-
pum mass median diameter (MMD), equivalent to 1 pm AMAD, with a geometric standard deviation (GSD)
of 1.83. The detailed description of the accident was reported elsewhere’*?. The magnitudes of inhalation
exposure encountered by these workers during the accident differ significantly, given their work locations and
proximity to the fire. Based on worksite exposure records, the fire accident was a single or major plutonium
internal deposition event for five individuals, while the remaining four were also involved in other significant
internal contamination incidents.

Case 0706 had two major incidents: plutonium contaminated wound and acute inhalation confirmed by the
positive chest measurement.

Data
Data used for biokinetic modeling includes urine bioassay measurements and post-mortem activities in the
liver + skeleton and respiratory tract.
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Bioassay

At both worksites, urine measurement techniques and, consequently, analysis precision/accuracy varied over
time*42, In historical records, specific information on measurement uncertainties, as well as sample-specific
limits of detection (LOD) and/or minimum detectable activities (MDA) are not commonly available. To check
the data against the historical limits of detection, median MDA values for the corresponding time periods
provided in the technical basis documents for the National Institute for Occupational Safety and Health (NIOSH)
Radiation Dose Reconstruction Program*!2 were used. The reported urine bioassay measurement results equal
or greater than the MDA/2 were assumed to be positive and treated as real data in calculations. The less than
MDA/2 measurements were replaced by MDA/2 and marked as ‘< LOD’ Urinary excretion rates for the LANL
subgroup cases were previously published?!. Urine data for the RFP subgroup are provided as Supplementary
Tables S1-S10.

No measurement uncertainties were reported for any study cases in both subgroups. To account for
uncertainties in urine data, a standard assumption of lognormal error distribution*> was used with GSD values
chosen to represent the level of confidence that can be placed in the corresponding measurement techniques.
The GSD values for LANL cases were 3.0 for data before 1949, 2.0 between 1949 and 1957, and 1.6 after 195731
For RFP cases, GSD of 2.0 was used.

Unlike the LANL subgroup where a few available in vivo chest measurements (if any) are typically below the
detection limits, historical data for the RFP cases includes extensive sets of positive chest measurement results.
However, analysis of all cases was performed using urine data only, which is the most common approach for dose
assessment in radiation epidemiology”*4.

Post-mortem tissue activities
The post-mortem measurement results of plutonium activities in the liver, skeleton and respiratory tract with
the total propagated uncertainties are provided in Table 1. Plutonium was radiochemically separated from acid-
digested tissue samples and measured using alpha-spectrometry*>46.

In calculations, plutonium activities in the liver and skeleton were combined to minimize the effect of a
wide inter-individual variation in the partitioning of activity between these organs®**748, The uncertainties in
the liver + skeleton and respiratory tract activities were assumed to be normally distributed with an arbitrary

standard deviation (SD) of 10%.

Exposure scenario

In a conventional dosimetric approach for radiation epidemiology, it is common to assume chronic intakes over
the entire period of employment (e.g.”). This is typically done to standardize the dose assessment procedure
across the large cohorts of exposed individuals and because detailed information on specific exposure incidents
may not be available for all individuals in the cohort. Therefore, to quantify uncertainties expected in radiation
dose assessment for epidemiology, an assumption of chronic inhalation of plutonium with a particle size of 1 pm
AMAD during entire employment (Table 1) was adopted in this study.

Analysis

The Bayesian statistical approach was used in this study to calculate uncertainties in biokinetic model parameters
and predictions expressed in the form of posterior probability distributions conditional on measurement data.
The Bayes™ theorem defines the joint posterior probability distribution of intake and model parameters, given
the measurement data as:

P(I,p|M) o< L(M|I,p) P (I)P (p)dldp, (1)

where P(I) and P(p) are the prior probability density functions of intake and the vector of model parameters p,
respectively, and L (M |I, p) is the joint likelihood function representing the conditional probability density
function of observing the vector of measurements M given intake I and the model parameters p'*!%!4. Hence,
this approach allows incorporating all available prior knowledge concerning the exposure scenario into
biokinetic calculations. In other words, the prior probability distribution which defines the state of knowledge
on the quantities of interest (material characteristics, model parameters, etc.) can be updated when relevant
information (e.g. bioassay measurement data) is obtained. Selection of prior distributions for parameters is of
great importance and must be based on objective information available for the problem.

The likelihood function described in IDEAS Guidelines** was used for the interpretation of measurement
values:

1[In (M:) —In(1fi (p))

2 In(SF;)? @

Li (Mi|I,p) < exp [—

where M, is the measurement value, I is the intake amount, and fl.(p) is the retention or excretion function per
unit intake calculated using the model parameters p; SF, is the total scattering factor given as follows:

SF; = eXp(\/[ln (SFa)” + [In (SFz,))*. ®

This equation includes two components:
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1. Type A component, SF4, which represents uncertainty arising solely from measurement statistics and can
be calculated as SFa, = exp ( i ) where g, is the SD, estimated using the normal approximation.

2. Type B component, SFp; which accounts for uncertainty dominated by biological variability.

The combined likelihood function, L (M;|1, p) is the product of the likelihood functions for n independent
measurements:

L(M;|I,p) =[] L (M| I, p). (4)
=1

The chi-square test statistics calculated as:
X* = ~In(L(Mi|I,p)) (5)
was used to examine the goodness-of-fit for the realization of different vectors of model parameters.

Implementation of biokinetic models

The retention or excretion functions, f(p), after an inhalation intake were calculated by solving the system of
models (Fig. 1) which consists of the ICRP 130% human respiratory tract model (HRTM), the ICRP 100*° human
alimentary tract model (HATM), and the ICRP Publication 141° systemic model for plutonium.

The biokinetic models were implemented in the in-house code USTUR-iRAD, a new, flexible, adaptable
computer code for radiation dosimetry following intakes of actinides. Python 3.9 was chosen as the programming
language®*°!. The USTUR-iRaD is designed in an object-oriented manner and can be run in the command line
environment as a single realization or as a batch, simplifying studies on uncertainties.

Calculations are based on analytical solutions of the systems of linear differential equations representing the
models using a slightly modified version of the Birchall and James®? rate matrix algorithm. Briefly, if [R] is the
matrix of transfer rates in the compartmental model, the amount in the model compartments at time ¢ is given

by
z(t) = ez (0, (6)

where matrix [A] was obtained by replacing the diagonal elements of each row of [R] with the negative of the
sum of the transfer rates in that row and the decay constant and then transposing the matrix, and x(0) is the
column vector of initial quantities in the model compartments. The initial quantity x(0) is obtained from the
HRTM deposition model with deposition fractions for a reference worker for assumed particle size of 1 um
taken from Annex A of ICRP Publication 1302,

The instantaneous activity in a compartment i at time t is the i element of the column matrix x(¢). For
excretion quantities such as urine, the 24-h excretion on day ¢ is given by the difference between the instantaneous
activity in the “urine” compartment at ¢ and that at £ — 1, corrected for radioactive decay.

The biokinetic models were validated by comparison with predictions generated using the IMBA Professional
Plus internal dosimetry software®, special research version 4.1.66. The USTUR version of the IMBA enables
modification of HRTM parameters, including those related to deposition, particle transport and absorption, as
well as the construction and solution of compartmental systemic models. As the standard IMBA module does not
incorporate the most recent biokinetic models recommended by the ICRP in its OIR series, the updated HRTM
from ICRP Publication 130 and plutonium systemic model from ICRP Publication 141° were implemented in
IMBA using these advanced customization features.

Prior distributions
There is no recommended set of priors for biokinetic model parameters, and each parameter has a different
impact on the results of analyses”!4155%55,

Sensitivity analysis was performed for following HRTM parameters: fraction dissolved rapidly, f, slow
dissolution rate, $3 particle transport rates alveoli to bronchioles (ALV to bb), alveoli to interstitium (ALV to
INT), interstitium to LNTH (INT to LNTH), and k,,—factor to multiply the remaining particle transport rates.

Only f, and s, were used in the final analysis. A umform prior distribution between 0 and 0.2 was used for
f,anda lognormal prior with a median of 0.00005 d™! and GSD of 6 truncated at 0.002 d™! was used for s The
bounds for f, were selected based on the assumption that its value was likely to lie below the default value for
23puy nitrate. The selected median of prior distribution for s_is between the default values for ***Pu dioxide and
Pu-nitrate and the truncation limit was set to ehmlnate the values higher than the upper limit of this range. All
other parameters were fixed at their default values>®

Calculations

To calculate posterior probability distributions, the USTUR-iRaD was run in a batch mode using a Latin
hypercube sampling®® to generate 5000 sets of parameters, same for all 20 cases. Each set of parameters
determines one realization. Each realization consists of two steps: (i) fitting measurement data and estimating
intake with the corresponding ‘goodness-of-fit’ statistics, and (ii) using the intake to predict the organ activity
at the time of death, both with a sampled set of model parameters. The maximum likelihood method was used
for fitting the data. The fit was performed twice using: (i) the urine bioassay data and (ii) the post-mortem tissue
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Fig. 1. System of models for plutonium inhalation: human respiratory tract model?, human alimentary tract
model*, and plutonium systemic model°.

analysis data (plutonium activities in the respiratory tract and the liver + skeleton). In total, for 20 cases, 200,000
realizations (20 x 2 x 5000) were ran.

The likelihood of each realization (i.e. each set of parameters) was the value of the likelihood function
calculated for the maximum likelihood fit of either urine bioassay data or post-mortem tissue measurements.
The likelihood value was recorded for each realization. The posterior probability distribution was constructed by
weighing the prior values by the likelihood.

Additionally for comparison, the intake scenarios were simulated using the default absorption parameters
for *°Pu nitrate and **PuO,.

Results
Based on the sensitivity analysis results, the derived posterior distributions for the particle transport model
parameters, ALV to bb, INT to LNTH, ALV to INT and k,,, did not significantly differ from the corresponding
priors indicating that the data were not informative for these parameters.

Results of final analysis are presented in Figs. 2, 3, 4, 5, 6 and Tables 2, 3,4, 5 and 6.
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Fig. 2. Posterior probability distributions of fraction dissolved rapidly, f, calculated using tissue radiochemical
analysis results (autopsy-posterior) and urine bioassay data (urine- posterlor) vs. prior distributions for study

cases (individual case numbers are identified in each panel).

Model parameter posterior distributions

Figures 2 and 3 and Tables 2 and 3 show the posterior probability distributions and the descriptive statistics for
model parameters, fraction dissolved rapidly, f, and slow dissolution rate, s.. The plots show the priors, as well
as the posterior probability distributions derived from (i) post-mortem tissue radiochemical analysis results
only (autopsy-posterior) and (ii) the urine bioassay measurement data only (urine-posterior). The descriptive
statistics including mean, median, geometric mean (GM), SD, GSD are summarized in Tables 2 and 3.

Organ activity prediction

Figures 4, 5, 6 and Tables 4, 5, 6 summarize a posteriori estimates of post-mortem organ activities calculated
from the posterior distributions of selected absorption parameters based on urine bioassay data with all other
model parameters fixed at default values. Figures also show predictions of organ activities using default PuO, and
Pu-nitrate material parameters, as well as the ‘true’ measured values. Descriptive statistics presented in Tables 4,
5, 6 include mean, SD, median, GM, GSD, as well as 2.5% and 97.5% quantiles (Q2.5 and Q97.5, respectively).

Discussion

Bayesian approach, which provides a distribution of radiation dose estimates, can be essential to evaluate
uncertainties in epidemiological risk modeling. In this study, Bayesian analysis was used to estimate uncertainties
in biokinetic model predictions of long-term retention of plutonium in key target organs such as the liver,
skeleton, and respiratory tract in the form of posterior probability distributions. The uncertainties derived in this
study can be used as the surrogates of uncertainties in organ dose estimates for radiation epidemiology. While
the true dose is unknown, it is generally assumed to be a part of the Bayesian posterior distribution®. Hence, this
study provided a unique opportunity to validate this assumption.

The posterior distributions of selected absorption parameters, f. and s, were used to determine how
informative the urine and post-mortem tissue analyses data were for these parameters and, subsequently, for
model predictions.

Results presented in Fig. 2 showed that, for all cases in both subgroups, the posterior distributions of the
rapidly dissolved fraction, f, constructed using likelihood values from the fit of urine data (urine-posterior) did
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Fig. 3. Posterior probability distributions of slow dissolution rate, s, calculated using tissue radiochemical
analysis results (autopsy-posterior) and urine bioassay data (urine-posterior) vs. prior distributions for study
cases (individual case numbers are identified in each panel).

not significantly differ from the prior. This suggests that the urine bioassay data did not provide information
on this parameter. For some cases the probability of the higher f values seemed to slightly increase for urine
fits. This might be influenced by the prior distribution of the parameter s_. Both these parameters describe the
same effect; the lower their value the lower the solubility of the inhaled material, therefore they are correlated.
Dissolving more material into the bloodstream, and subsequently to systemic tissues, may be achieved either by
increasing the fraction which dissolves rapidly (rapid dissolution rate, s, remaining on the default value of 0.4
d-" for all cases) or by increasing the slow dissolution rate.

The posteriors of dissolution parameters constructed using likelihood values from the fit of post-mortem
tissue analyses (autopsy-posterior) are less consistent with priors (Figs. 2 and 3). In some cases, the difference is
highly significant. More pronounced examples of these differences are the posterior distributions of f, for Cases
0028, 0202, 0503, and 0821 where autopsy-posteriors are very well-defined as opposed to urine-posteriors which
mostly follow the prior distributions (Fig. 2). Hence, direct measurements of the activity retained in the organs
seem to be more informative in terms of material solubility.

An examination of the posteriors of s, for LANL subgroup, as shown in Fig. 3, indicates that the posterior
distributions derived from urine bioassay data tend to have higher probability densities in the lower s_ values. In
contrast, the posterior distributions based on post-mortem tissue measurements exhibit the higher probabilities
at greater s_ values, suggesting exposure to more soluble material for LANL cases except Cases 0060 and 0193,
whose distributions indicate inhalation of more insoluble compounds. Therefore, the overall pattern of autopsy-
posteriors for this subgroup is more consistent with available information on predominantly soluble plutonium
material more likely encountered at the worksite during the corresponding exposure period.

Nine out of ten RFP cases were involved in the same incident that resulted in inhalation of ‘high fired’ PuO,
particles and, therefore, could be assumed to be exposed to the same, likely insoluble material. Figure 2 shows
that data for most of these nine cases are in fact more consistent with the inhalation of insoluble plutonium
compounds. Moreover, four of these individuals, for whom the fire incident was the major internal contamination
event, appear to be exposed to extremely insoluble material (Cases 0028, 0202, 0503, 0821). The posterior
distributions for these cases are significantly different from all other study cases. The medians of f, posteriors are
0.004, 0.011, 0.015, and 0.010 for Cases 0028, 0202, 0503, 0821, respectively. The entire posterior histograms lie
below 0.04. In simulation practice, this may cause undersampling of other potentially relevant parameter values

Scientific Reports |

(2025) 15:20476

| https://doi.org/10.1038/s41598-025-04799-3 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Probability (-)

liver ——- Measured -+ PUO,-U  -o-- Pu-nitrate -U [ Urine
i H - - - . .
1 ! 0060 : . 0193 0255 1 0631 i 0634
1 : 1 1 1 1
1 1 | 1 1
1 1 i 1 1 1 1
b 1 1 1 1 1
1 1 1 1 1 1
1 g 1 1 1 1 g 1
1 1 1 1 1
1 1 1 1 1
} - T . T — . - T L — T T L v —L
0 50 100 150 200 20 30 40 50 60 0 20 40 60 40 60 80 100 0 100 200
Activity (Bq) Activity (Bq) Activity (Bq) Activity (Bq) Activity (Bq)
) . T : ) g i 1
1 0635 : 0680 1 0719 0745 ! 0769
: 1 1 : 1 1 1 1 :
: 1 ] 1 1 1 :
: 1 1 | 1 1
1 1 1 1 1
1 1 1 1 1 1
1 1 1 1 1
1 1 1 1
1 1 1 1
T + - L 1 T . T = r1 . T —L L =
0 250 500 750 1000 600 800 1000 100 125 150 175 200 100 150 200 250 50 100 150 200
Activity (Bq) Activity (Bq) Activity (Bq) Activity (Bq) Activity (Bq)
I . 1 1 1 :
! 0028 1 ! 0202 ! 0407 ! 0410: 0503
1 : | : 1 1 : 1 1 : 1 :
11 : : H H :
1 1 1
1 g 1 1
11 1 1 1 1 1 p
1 1 1 1
1 1 1 1
1 1 1 1
L T T By 1 T “r ¥ — -l T - T T
0 50 100 150 0 100 200 0 50 100 150 200 0 20 40 60 0 50 100 150
Activity (Bq) Activity (Bq) Activity (Bq) Activity (Bq) Activity (Bq)
] 1 ) i j 1 i ) 1 i ) i
! 0706 g ! 0720 ! 0744 0787 - 0821
. P | : IR 1 1. :
1 1 1
1 1 1
| 1 1 4 | I
1 1 1 1 b 1
B 1 1 1 1
:{L 1 1 1 1
e } — —1 T o T T - - T — L T —
0 200 400 600 800 O 50 100 150 0 50 100 150 200 0 20 40 60 0 25 50 75 100

Activity (Bq)

Activity (Bq) Activity (Bq) Activity (Bq) Activity (Bq)
Fig. 4. Distribution of a posteriori estimates of liver activity predicted using urine bioassay data compared to
model predictions with the default PuO, and Pu-nitrate material parameters and the measured values for study

cases (individual case numbers are identified in each panel).

since 80% of the realizations have practically zero likelihood (0.04-0.20) and, therefore, do not contribute to
the posterior distribution. Moreover, the posterior distributions of s_ for these cases have the lowest medians
among all cases confirming highly insoluble material: 4.4x 1075, 4.1x 1076, 4.2x 107, 3.8 x 1075, respectively.
These values are consistent with previously published evaluations of Cases 0202 and 04073%>457,

Data from Cases 0720 and 0744 suggest higher solubility not consistent with the ‘high fired’ plutonium
inhalation. These two individuals had additional significant intakes (inhalations and/or wounds) other than the
fire incident which can explain this difference. Exposure material was less insoluble also for Case 0706 who was
not involved in the fire incident.

The above-mentioned examples show the danger of assigning material solubility parameters according to a
worksite. Individual analysis of all data about a worker seems to be essential for proper analysis. Using the chest
count results, if available, can be critical to correctly assign the solubility parameters of the inhaled plutonium
material.

For all cases, a posteriori (weighted by fit likelihood) predictions of organ activities at time of death were
calculated from urine bioassay and compared to the measured values, as well as predictions using default Pu-
nitrate and 2*°PuQ, parameters.

Results demonstrated that the distributions of organ activity predictions did not cover the measured values
in most cases (Figs. 4, 5, 6).

The measured liver activity for 15 cases lay outside of the boundaries of 2.5% and 97.5% quantiles. The
distributions of the liver activity were relatively narrow, the GM ratio of 97.5% and 2.5% quantiles was 1.53 for
all cases (Table 4). The mean absolute bias between measured activity and median of the distribution was 59%.

Only for two cases the measured skeleton activity lay between 2.5% and 97.5% quantile boundaries. The GM
of the boundary ratios was 1.45 (Table 5), indicating that the distributions were even narrower in general. The
mean absolute bias of the median to the measured skeleton activity was 56%.

For the respiratory tract, the urine data did not provide any useful information. The distributions were
very wide; the GM ratio of quantile boundaries was 228 (Table 6). However, even with these extremely broad
distributions, the measured value lay outside the boundaries for 10 out of 20 cases. The mean absolute bias of the
distribution medians was 989%.

In radiation protection, underestimations should generally be avoided to stay conservative. The measured
liver and skeleton activities were higher than the 97.5% quantile for nine and eight cases, respectively, indicating
that the calculations underestimated the true activity. For the respiratory tract, the true values were greater than
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Fig. 5. Distribution of a posteriori estimates of skeleton activity predicted using urine bioassay data compared
to model predictions with the default PuO, and Pu-nitrate material parameters and the measured values for

study cases (individual case numbers are identified in each panel).

the predicted 97.5% quantile for only four out of 20 cases, however, it is important to emphasize again the very
large values of the corresponding 97.5% quantiles for the respiratory tract activity (Table 6).

Conclusions

In this study, Bayesian analysis was used to estimate uncertainties in biokinetic model predictions of long-
term retention of plutonium in key target organs such as the liver, skeleton, and respiratory tract in the form
of posterior probability distributions. The uncertainties derived in this study can be used as the surrogates of
uncertainties in organ dose estimates for radiation epidemiology.

Analysis showed that the choice of an appropriate prior for each model parameter is critical for accurate
interpretation of the data and for the efficient use of computational resources.

Urine bioassay did not provide conclusive information on material solubility parameters for the selected
cases. Site-specific material solubility parameters might not be reliable in some cases. Post-mortem tissue
analysis of the respiratory tract or in vivo chest measurements during life are essential to correctly assign the
solubility parameters of the inhaled material.

Application of current biokinetic models to urine bioassay data provided narrow a posteriori distributions
for systemic organ activity predictions with median values within 60% of measured organ activities. However,
median predictions of the respiratory tract activity based on urine data were highly inaccurate. Calculated
distributions of organ activity predictions did not cover the measured values in most cases (75% for the liver,
90% for the skeleton, and 50% for the respiratory tract) suggesting that the Bayesian modeling approach of
uncertainty analysis in dose assessment using the current biokinetic models may not be adequate in providing
“true dose” information for epidemiological risk models.

In addition, the model predictions were not conservative for some cases; the upper 97.5% boundaries of
distributions were lower than the measured values in 45% of the cases for the liver, 40% for the skeleton, and 20%
for the respiratory tract. This might pose a problem for radiation protection if not accounted for.

Scientific Reports |

(2025) 15:20476

| https://doi.org/10.1038/s41598-025-04799-3 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

lungs —--- Measured - PUO, -U oo Pu-nitrate - U [ Urine
1 1 : : :
_ ! 0060 . 0193 0255 ) 0631 : 0634
i i
e LK TR e S L) L P L+ SN
0 500 1000 1500 2000 O 500 1000 1500 2000 O 250 500 750 1000 O 250 500 750 1000 O 500 1000 1500 2000
Activity (Bq) Activity (Bq) Activity (Bq) Activity (Bq) Activity (Bq)
| : _
i 0635 | 0680 1 ¢ 0719 i 0745 0769
H ] : :
4 | 4
]
T
—~ ! ) 1
f I
& 0 2500 5000 7500 10000 O 2500 5000 7500 10000 O 2000 4000 0 2000 4000 0 2000 4000
E Activity (Bq) Activity (Bq) Activity (Bq) Activity (Bq) Activity (Bq)
© i : R 1 1 1
-8 1 0028 i 0202 1 ! 0407 ! 0410 . ! 0503
st [ : 1 1 : 1 1 1
o 1 1 1 : 1 ] 1
1 4 ] 1 1 ]
g 1 1 1 1 1 1
1 ] ] - 1 ]
1 ] ] ] 4 ]
"1\\ i i i M i
] ] ] 1 ]
T L T - —L + u — : T T s T
0 1000 2000 3000 O 2000 4000 6000 8000 O 1000 2000 3000 4000 O 200 400 600 O 250 500 750 1000
Activity (Bq) Activity (Bq) Activity (Bq) Activity (Bq) Activity (Bq)
1 Hi ’ 1 1 1 .
i 0706 ! 0720 I 0744 ! 0787 ! 0821
11 ) . 1 1 1 H
1 | : | 1 :
1 1 | | 1 :
1 hl 1 :
41 () e ] H
E ] ) 1 H
1 | L i :
— l T ' — . 'l —
0 2500 5000 7500 10000 O 2000 4000 0 2000 4000 0 200 400 0 500 1000 1500 2000
Activity (Bq) Activity (Bq) Activity (Bq) Activity (Bq) Activity (Bq)

Fig. 6. Distribution of a posteriori estimates of respiratory tract activity predicted using urine bioassay data
compared to model predictions with the default PuO, and Pu-nitrate material parameters and the measured
values for study cases (individual case numbers are identified in each panel).

Case | Mean | Median | GM | SD GSD
0060 | 0.072 | 0.076 0.056 | 0.037 | 2.5

0193 |0.120 | 0.129 0.096 | 0.056 | 2.4
0255 | 0.105 | 0.110 0.079 | 0.058 | 2.6
0631 | 0.105 | 0.107 0.084 | 0.054 | 2.3

0634 | 0.104 | 0.107 0.080 | 0.056 | 2.5
0635 | 0.106 | 0.107 0.086 | 0.053 | 2.2
0680 |0.103 | 0.108 0.079 | 0.058 | 2.5

0719 | 0.105 | 0.107 0.085 | 0.054 | 2.2
0745 | 0.102 | 0.104 0.077 | 0.057 | 2.6
0769 |0.107 | 0.109 0.085 | 0.056 | 2.3

0028 | 0.003 | 0.004 0.003 | 0.002 | 2.2
0202 |0.011 | 0.011 0.009 | 0.006 | 2.4
0407 | 0.055 | 0.053 0.044 | 0.032 | 2.2
0410 | 0.067 | 0.068 0.055 | 0.033 | 2.2
0503 | 0.016 | 0.015 0.012 | 0.009 | 2.5
0706 | 0.099 |0.097 0.076 | 0.056 | 2.4

0720 |0.120 | 0.132 0.095 | 0.058 | 2.5
0744 | 0.113 | 0.119 0.090 | 0.056 | 2.4
0787 | 0.071 | 0.073 0.057 |0.036 | 2.3
0821 |0.010 |0.010 0.008 | 0.007 | 2.6

Table 2. Posterior distribution parameters for f, based on post-mortem tissue measurements.
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Case

Mean

Median

GM

SD

GSD

0060

1.2E-05

1.0E-05

8.3E-06

8.5E-06

2.7

0193

1.9E-05

1.8E-05

1.5E-05

1.1E-05

2.2

0255

9.7E-05

9.7E-05

9.7E-05

1.3E-05

1.1

0631

1.6E-04

1.6E-04

1.6E-04

8.9E-06

1.1

0634

9.3E-05

9.3E-05

9.2E-05

8.0E-06

1.1

0635

1.6E-04

1.6E-04

1.6E-04

1.0E-05

1.1

0680

9.8E-05

9.8E-05

9.8E-05

1.1E-05

1.1

0719

1.6E-04

1.6E-04

1.6E-04

1.1E-05

1.1

0745

3.1E-04

1.7E-04

2.1E-04

3.4E-04

2.2

0769

1.4E-04

1.4E-04

1.4E-04

1.2E-05

1.1

0028

3.9E-06

4.4E-06

3.1E-06

2.2E-06

2.0

0202

4.0E-06

4.1E-06

2.9E-06

2.2E-06

2.8

0407

7.3E-06

6.4E-06

5.2E-06

5.7E-06

2.6

0410

7.8E-06

7.2E-06

5.7E-06

5.1E-06

2.5

0503

4.3E-06

4.2E-06

3.7E-06

2.1E-06

1.9

0706

3.3E-04

3.3E-04

3.3E-04

2.6E-05

1.1

0720

3.3E-05

3.1E-05

2.9E-05

1.4E-05

1.6

0744

7.0E-05

6.9E-05

6.7E-05

1.9E-05

1.3

0787

9.3E-06

8.7E-06

6.7E-06

6.2E-06

2.6

0821

3.2E-06

3.8E-06

2.3E-06

1.8E-06

2.8

Table 3. Posterior distribution parameters for s based on post-mortem tissue measurements.

Case | Mean | SD | Median |GM | GSD | Q2.5 | Q97.5 | Q97.5/Q2.5
0060 | 105.5 |12.8 | 104.0 104.7 | 1.1 84.4 | 1356 |1.61
0193 | 46.7 | 2.4 | 46.5 46.6 | 1.1 42,6 | 51.8 1.22
0255 | 17.6 | 0.8 | 17.6 17.6 | 1.0 16.2 | 19.3 1.20
0631 | 47.9 1.7 | 475 479 | 1.0 459 | 51.9 113
0634 | 614 | 55| 60.4 61.1 | 1.1 51.6 | 73.8 1.43
0635 | 477.9 | 19.1 | 474.8 477.6 | 1.0 451.8 | 520.0 | 1.15
0680 | 672.8 | 35.8 | 672.9 671.9 | 1.1 611.8 | 751.3 | 1.23
0719 | 139.5 3.2 13838 1394 | 1.0 135.5 | 147.1 | 1.09
0745 | 1164 | 5.5 | 115.0 116.3 | 1.0 109.7 | 130.6 | 1.19
0769 | 110.1 3.5 1094 110.0 | 1.0 1055 | 117.8 | 1.12
0028 | 50.1 |20.8 | 449 46.7 | 1.4 27411094 |3.99
0202 | 91.7 | 254 | 87.6 88.7 | 1.3 61.8 | 158.7 |2.57
0407 | 55.6 | 145 | 51.5 541 | 1.3 40.1 | 92.2 2.30
0410 | 195 15| 189 194 | 1.1 17.9 | 23.6 1.32
0503 | 279 |10.8 | 25.7 262 | 1.4 15.8 | 55.1 3.50
0706 | 131.5 8.0 | 129.1 131.3 | 1.1 1229 | 153.0 | 1.24
0720 | 107.2 3.3 | 106.4 107.2 | 1.0 103.6 | 116.0 | 1.12
0744 | 63.8 1.6 | 63.4 63.8 | 1.0 62.1 | 68.1 1.10
0787 | 21.2 09 | 21.0 21.2 | 1.0 20.2 | 23.7 1.17
0821 | 26.1 8.7 | 244 249 |13 144 | 48.2 3.36
GM 1.53

Table 4. Parameters of a posteriori distribution of liver activity predicted using urine bioassay.
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Case | Mean | SD | Median | GM | GSD | Q2.5 | Q97.5 | Q97.5/Q2.5
0060 | 146.4 | 14.7 | 144.6 145.7 | 1.1 122.3 | 181.4 1.5
0193 | 64.0 | 2.6 | 63.8 64.0 | 1.0 59.7 | 69.5 1.2
0255 | 24.8 | 0.7 | 24.8 248 | 1.0 235 | 26.4 1.1
0631 | 71.8 | 1.3 | 714 71.8 | 1.0 70.2 | 75.1 1.1
0634 | 884 | 62 | 873 882 | 1.1 77.9 11025 | 1.3
0635 | 690.7 | 15.8 | 687.2 690.6 | 1.0 | 671.6 | 7293 | 1.1
0680 | 952.8 |32.4 | 951.2 952.3 | 1.0 | 899.6 | 1028.1 | 1.1
0719 | 200.1 | 3.3 |199.2 200.1 | 1.0 198.8 | 213.6 | 1.1
0745 | 172.2 6.1 | 170.7 172.1 | 1.0 165.0 | 187.5 1.1
0769 | 156.8 2.7 | 156.0 156.8 | 1.0 154.1 | 164.0 1.1
0028 | 68.0 | 262 | 61.6 639 | 1.4 389 | 1432 |37
0202 | 123.8 |31.3 | 118.7 1204 | 1.3 86.8 | 206.1 |24
0407 | 76.3 | 183 | 71.1 74.5 | 1.2 56.7 | 122.1 |22
0410 | 27.6 | 1.9 | 27.0 275 | 1.1 25.6 | 32.7 1.3
0503 | 38.6 |14.1 | 35.7 36.6 | 1.4 22.8 | 74.1 3.2
0706 | 184.8 9.9 | 181.7 1845 | 1.1 174.1 | 211.5 1.2
0720 | 147.7 4.0 | 146.8 147.7 | 1.0 1434 | 158.4 1.1
0744 | 879 | 19 | 874 879 | 1.0 85.8 | 93.0 1.1
0787 | 29.6 | 1.1 | 293 29.6 | 1.0 284 | 32.6 1.1
0821 | 362 |11.4 | 34.0 347 | 1.3 20.6 | 64.7 3.1
GM 1.45

Table 5. Parameters of a posteriori distribution of skeleton activity predicted using urine bioassay.

Case | Mean | SD Median | GM | GSD | Q2.5 | Q97.5 | Q97.5/Q2.5
0060 | 597 951 | 357 267 |5 2 2967 | 1875
0193 | 415 585 | 227 248 |3 45 1992 | 44
0255 | 140 159 |95 102 |2 29 529 19
0631 | 465 409 | 366 364 |2 110 | 1406 |13
0634 | 450 650 | 254 259 |3 30 2074 | 69
0635 | 3945 | 3963 | 2996 2944 |2 665 | 13,346 | 20
0680 | 4489 | 5817 | 3024 2399 |4 8 18,943 | 2517
0719 | 1005 | 1099 | 797 536 |5 2 3491 1979
0745 | 1016 | 967 | 819 527 |7 1 3033 | 2098
0769 | 831 862 | 647 527 |4 2 2821 1323
0028 | 216 534 |93 42 11 0 1253 | 3948
0202 | 430 876 | 235 105 |10 1 2346 | 3472
0407 | 321 493 | 220 110 |9 0 1479 3222
0410 | 143 152 118 49 12 0 471 2291
0503 | 156 271 | 94 73 5 0 774 2048
0706 | 1155 | 942 | 899 1002 | 2 597 3141 5
0720 | 907 706 | 721 791 |2 485 2406 |5
0744 | 541 415 | 430 476 |2 296 | 1434 |5
0787 | 185 148 144 161 |2 96 505 5
0821 |91 217 |37 16 11 0 573 2767
GM 228

Table 6. Parameters of a posteriori distribution of respiratory tract activity predicted using urine bioassay.

Data availability
The parts of the dataset used and analyzed during the current study, which were not previously published else-
where, are included in this published article and its supplementary file. The remaining part of the dataset was
previously published and is available for download at: https://doi.org/https://doi.org/10.1371/journal.pone.025
9057.s001.
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