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Standard Paradigm: Bypassing Uncertainty

The Input: Radiation
epidemiology relies heavily
on worksite records and
bioassay measurements to
estimate historical exposure.

The Engine

Standard ICRP biokinetic
and dosimetric models
translate this data
into time-dependent
radionuclide activity

retained in organs, The Output constraint:

and consequently, into These models produce
radiation dose static point estimates.
They do not explicitly

incorporate or quantify

dosimetric uncertainty.
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The Bayesian Shift and
the Core Validation Problem

The Shift

Epidemiological risk modeling is increasingly adopting
Bayesian analysis methods to provide a posterior distribution
of dose estimates rather than a single point value.

The Assumption

It is assumed that this Bayesian posterior distribution
contains the true dose.

The Test

Because radiation dose is directly related to time-
dependent radionuclide activity in tissues, we can use
uncertainties in predicted organ activities as a direct
surrogate to test uncertainties in dose estimation

The Question: When we test these probability distributions
against actual human autopsy data, do they hold up?

https://en.wikipedia.org/wiki/Thomas_Bayes

Gl e WS
B
LTI

A NotebookLM




United States Transuranium and Uranium Registries

The Mission

Studying the biokinetics and
tissue dosimetry of actinides
in former nuclear workers.

USTUR data

/ The Cohort
Work history 371 voluntary, posthumous
_ whole-body and partial-
Medical records body tissue donors (former
Smoking history? DOE site workers).

Chemical exposure records]

Radiation exposure records

i

Bioassay measurements

Primary Exposures & Entry

239py, 238py, 241Am, Unat, HEU, DU.
Entry requires documented 148 Bq
(4 nCi) internal deposition or 100
mSv (10 rem) external exposure.

Tissue analyses results
9 - self-reported

The Advantage

Provides actual post-
mortem tissue analysis to
bypass bioassay-driven

i

modeling assumptions.
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Qualified Case Selection

371 cases

Health Physics
database

309 cases
a-Pu/233Pu urine
bioassay

Highly qualified cases

122 ﬁ?::s with complete
measurements >MDA radiochemical analysis
(Liver 21 Bq kg,
112 cases Skeleton 20.1 Bq kg™).

No extensive
chelation

89 Cases
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Study Group: 35 Cases from Three Worksites
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Distinct Operational and Material Physico-chemical Profiles
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Material Solubility by Worksites

p < 0.000001 (Kruskal-Wallis test)
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Analytical Engine: USTUR-IRAD
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Computational Workflow

System employs Latin hypercube sampling of parameters from prior distributions

Scale: 10,000 distinct realizations
generated for every single case

For each realization:

1. Estimate intake using maximum
likelihood fit of the urine bioassay

2. Predict organ activity at the time of
death based on estimated intake

Intake scenario assumption:
Chronic inhalation over the employment

Input

Latin hypercube sampling of
parameters from prior

distributions. Key parameters:

rapid dissolution fraction and
slow dissolution rate.

Output

Build the posterior probability
distribution from the
generated realizations.

Estimation

Calculate the intake using a
maximum likelihood fit of the
worker's historical urine bioassay.

Prediction

Predict the specific 23%Pu
organ activity at the exact
time of death based on that
estimated intake.
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Establishing the Boundaries: Prior Distributions

Human Respiratory Tract Model:
* Two absorption parameters, f. and s, selected for sampling
* Particle transport rates INT>LN,,, ALV>INT, ALV->bb, and k; scaling factor for the

remaining parameters tested, but default values ultimately used

U(min=0; max=0.2)

[ | §\ o

(Rapidly dissolving  (Slow dissolution rate)

fraction) ==
LN(median=1x10%; GSD=6)
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Reality Check 1: Liver Predictions Fail
to Capture Reality

2.5% 97.5%
Quantile Quantile

The Test: Liver activity
predicted from historical urine
bioassays vs. post-mortem
measured reality.

The Result: The predicted
distribution fundamentally fails
to cover the measured value in
Measured  ;yast number of cases.

sty The Data: For 26 out of 35
individual cases, the actual
measured liver activity fell
entirely outside the 95%
credible interval of the model
prediction.

Conclusion: The models are
missing the ground truth.




Reality Check 2: Systematic
Underprediction in the Skeleton

2.5%
Quantile

97.5%
Quantile
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Measured
Autopsy

The Test: Skeletal activity
predicted from bioassays vs.
post-mortem measurement.

The Result: Similar to the liver,
the uncertainty ranges modeled a
posteriori simply do not capture
the true 2°°Pu organ activities.

The Data: For 31 out of 35
individual cases, the measured
skeleton activity lay entirely
outside the 95% credible interval.

Observation: The failure isn’t
isolated to soft tissue; skeleton
(primary long-term retention site)
is also systematically
mischaracterized by the
predictive distributions.




Reality Check 3: Unusable Margins
In the Respiratory Tract

2.5% Quantile Measured
: Autopsy Value

97.5% anntile

The Test: The Result: The Data:
Respiratory tract While the true value Geometric mean of
activity predictions. sometimes falls inside the 2.5% and 97.5%

the boundaries, the guantile range is an

predictive distributions  astonishing 997.
so wide they lose

practical utility.
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Conclusion:

An uncertainty range
this broad provides no
decision-useful
information for
retrospective dosimetry
or radiation protection.




The Synthesis: Correlated Bias over

Random Variability

Predicted

Measured

O
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Correlated Bias

The bias in model predictions was highly correlated across organs.
We observed systematic patterns, including correlated under- or
overprediction of liver and skeleton activities across individuals.

Not Just Noise

These patterns cannot be explained by random biological
variability alone.

The Missing Biology

Even when differences in material solubility (Pu-nitrate vs. PuO,)
were correctly inferred, substantial discrepancies remained. This
reflects well-documented inter-individual variability in plutonium
retention and partitioning that current reference models

completely ignore. S,
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Mechanical Failure: The “Chronic Intake” Constraint

Assump;ri:;ﬁ Assumed Chronic Inhalation

Artificially delays

systemic uptake
The Reality

Actual Acute Exposure Events
O Years 5 Years 10 Years 15 Years 20 Years

The Assumption: The Reality: The Consequence:
Standard assumption of chronic This assumption artificially By constraining the timing of
inhalation over employment distributes the intake over time. systemic uptake, the model

inherently contributes to a downward

forces model predictions to bias in predicted skeletal activities.
make the math work. The math breaks the biology. 5
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Conclusions: Limits of Posterior Predictions
from Urine Bioassay Alone

The Core Challenge

Modeled uncertainty ranges
frequently fail to capture true
239Pu organ activities. This
directly challenges the
foundational assumption that
Bayesian posterior dose
distributions inherently
contain the "true dose”.

The Safety Concern

In approximately half of the
evaluated cases, the model
predictions were not
conservative. From a global
radiation protection standpoint,
underpredicting retained dose
Is a critical vulnerability.
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The Path Forward

The empirical evidence from
USTUR autopsy data
demonstrates a need for
improved dose modeling by
incorporating realistic intake
timing assumption and
accounting for true biological
variability in long-term organ
retention and partitioning.
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Thank you for your attention!
Questions?

m.avtandilashvili@wsu.edu
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