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Implications of Recent Epidemiological Studies for Compensation of Veterans Exposed
to Plutonium

Jan Beyea1
Abstract—The objective of this paper is to compare post-2007 ep-
idemiological results for plutonium workers to risk predicted by
the software program NIOSH-IREP (IREP for short), which is
used to determine the lowest dose for a US veteran to obtain can-
cer compensation. IREP output and methodology were used to
predict excess relative risk per Gy (ERR Gy−1) for lung cancer
at the 99th credibility percentile, which is used for compensation
decisions. Also estimatedwere relative biological effectiveness fac-
tors (RBE) predicted for workers using IREPmethodology. IREP
predictions were compared to results for Mayak and Sellafield
plutoniumworkers, separately and pooled. Indications that IREP
might underpredict 99th-percentile lung cancer plutonium risk
came from (1) comparison of worker RBEs and (2) from compar-
ison of Sellafield results separately. When Sellafield and Mayak
data were pooled, ERR Gy−1 comparisons at the 99th percentile
roughly matched epidemiological data with regression dose range
restricted to < 0.05 Gy, the most relevant region to veterans, but
overpredicted for the full dose range. When four plausible distri-
butions for lung cancer risk, including both new and old data,
were combined using illustrative weighting factors, compensation
cutoff dose for lung cancer matched current IREP values unless
regression results below 0.05 were chosen for Sellafield, producing
a two-fold reduction. A 1997 claim of a dose threshold in lung can-
cer dose response was not confirmed in later literature. The ben-
efit of the doubt is given to claimants when the science is unclear.
The challenge for NIOSH-IREP custodians is dealing with the
Sellafield results, which might best match US claimants.
Health Phys. 123(2):133–153; 2022
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INTRODUCTION

EPIDEMIOLOGICAL DATA play a key role in cancer compensa-
tion decisions for US veterans exposed to ionizing radiation
as part of their military service (Kocher et al. 2008). The
data serve as inputs to the software program NIOSH IREP,
which is used to assess risk to a veteran or worker in the nu-
clear weapons industry given an individual’s dose history
(Otchin 2007; Kocher et al. 2008). NIOSH-IREP, herein
called IREP for short, stands for “National Institute of Occupa-
tional Safety and Health Interactive RadioEpidemiological Pro-
gram.” Excess relative risks (ERR) predicted by IREP do not
appear in the program’s public output but are translated into an-
other risk metric that is directly used for compensation, specifi-
cally an “assigned share” of an individual’s cancer causation
probability. Assigned share is calculated as ERR divided by
1 + ERR. It is an imputed probability of causation based on a
simple biologicmodel, not a number identifiable from epidemi-
ological data alone (Robins and Greenland 1989; Beyea and
Greenland 1999; Greenland 1999). Assigned share is a useful
policy construct, but the science lies in estimating ERRs and
is the focus here. Unlike the situation in civil legal proceedings,
compensation criteria in IREP are based on the upper 99th-
credibility percentile and give additional benefits of the doubt
to veterans and worker claimants, which makes questioning
the uncertainties in assigned share a minor issue.

The program relies on epidemiological and other data
analyzed prior to 2007. At the time of IREP’s development,
there were limited direct epidemiological data for plutonium
exposures, so risks were determined primarily from data for
the Japanese atomic bomb survivors (the low-LET reference
source) using an uncertain quality factor, labeled as a relative
effectiveness factor (REF), of which there are two in IREP
for (high-LET) alpha particles (see Appendix). Multiplica-
tion by the appropriate REF converts an absorbed alpha par-
ticle dose into a biologically effective dose to be entered into
133
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regression equations for risk determined from a low-LET
source of radiation with photon energies above 250 KeV.

IREP documentation gives distributions for uncertain
adjustment factors that can be used to convert an REF into
a relative biological effectiveness factor (RBE) with confi-
dence limits, as is done in this paper. The RBE, in turn,
can be compared with results from plutonium worker stud-
ies. In these studies, the external radiation that served as the
reference radiation was protracted and composed of both
high and low energy photons, which was not the case in
the radiation exposure experienced by atomic bomb survivors.
In what follows, a “worker RBE” is one that was determined
using risk coefficients for the external reference radiation
experienced by workers. Use of an REF was not necessary
for comparing plutonium ERR Gy−1 because those could
be obtained directly from IREP output by inverting the
equation for assigned share.

When risk is assessed in IREP, dose-response linearity
for exposure to alpha radiation is generally assumed for solid
cancers, with the exception of exposure to radon (Kocher
et al. 2008). Thus, there is no dose-and-dose-rate effective-
ness factor (DDREF) used for alpha particle exposure above
and beyond a small 20% average effect included to account
for chronic exposures being slightly more deleterious than
acute exposures (Kocher et al. 2005). However, dose linearity
is not assumed for low-LET radiation, and uncertain distribu-
tions for a DDREFare used in IREP to account for non-linear
possibilities for such low-LET exposures, as well as differ-
ences in dose rate.

Today, a number of plutoniumworker studies are available
and have been reviewed in ICRP Publication 150 (Tirmarche
et al. 2021). The major post-2007 studies (for Mayak and
Sellafield) are listed in Table 1. These studies separate the
contributions of internal plutonium exposures from external
radiation exposures using multivariate regression analysis.
The external radiationwas protracted, so any RBEs estimated
in these studies cannot be used to infer plutonium risk from
atomic bomb external reference radiation without adjustment
(Tirmarche et al. 2021). An RBE is a quantity that is obtained
experimentally by comparing the doses required to achieve a
specific level of biological result (UNSCEAR 2012). Worker
exposures fall into the class of unplanned experiments.

Two of the worker studies (Gilbert et al. 2013; Gillies
et al. 2017a) presented worker RBEs for mortality complete
with uncertainty ranges. These RBE values can be com-
pared to corresponding IREP-based predictions, which are
based primarily on animal and cell data and must be ad-
justed to account for the low-energy photon component that
was present in the external radiation experienced by
workers. Even with adjustment, the comparison would be
somewhat inexact because the predictions of RBEs for
workers derived from IREPmethodology, like all IREP out-
put, are for incidence and not mortality.
www.health-phy
In addition, values of excess relative risk per Gy of plu-
tonium exposure (ERR Gy−1) for lung cancer diagnosed at
age 60 are available from these two studies, along with a third
(Labutina et al. 2013). The values and their uncertainty ranges
can be compared to illustrative ERRGy−1 values derived from
transformations of IREP program output. The IREP-based il-
lustrative predictions sometimes require pooling of cohort data
(Appendix). For instance, pooling was necessary for the IREP
results by IREP-defined smoking status tomatch, to the extent
possible, the smoking-status mix of epidemiological cohorts,
which vary from study to study and do not generally match
the mixes defined in IREP.

The worker plutonium data for lung cancer has some
limited potential to check for nonlinearity in dose response
by examining results that ratchet down the upper boundary
for regressions and less satisfactorily by graphical analysis
at low doses. Additional plutoniumworker studies not listed
in Table 1 are discussed separately. These are (1) a study of a
European cohort (Grellier et al. 2017), (2) a cohort at the
Los Alamos National Laboratory (LANL) (Boice et al. 2022),
and (3) a cohort at Rocky Flats (Brown et al. 2004).

The subject of this paper is the implications of this new
post-IREP plutonium risk data for claimant compensation
decisions. For veterans, the cohorts whose claims might po-
tentially be affected would include those service members
who helped clean up plutonium contamination at Palomares
in Spain in 1996 (Beyea and von Hippel 2019) and near
Thule Air Force base in Greenland in 1968 (USAF 1970),
as well as claims from service members who worked in, or
helped clean up, plutonium contaminated areas on Johnston
Atoll after 30 June 1963 (Rademacher 2016). Claims for
workers in the nuclear weapons industry might potentially
be affected also, specifically claims filed by those who
worked in US plutonium-separation and nuclear weapon
R&D and production sites at Rocky Flats, Hanford, Lawrence
Livermore, Savannah River, and Los Alamos.

NIOSH-IREP and claimant benefits
IREP implements recommendations of a 2003 report

of the NCI-CDC Working Group to Revise the 1985 NIH
RadioEpidemiological Tables (USDHHS 2003) established
at the request of the Department of Veterans Affairs (DVA).
A claimant’s radiation “assigned share” of cancer causation
probability determines compensation. As previously stated,
assigned share is defined as excess relative risk divided by
1 + excess relative risk. It must reach 50% in IREP to justify
an award, but the 50% is based on the 99th “credibility” per-
centile (US DHHS 2003; Kocher et al. 2008). Thus, the es-
timated likelihood of the assigned share actually reaching
50% can be as low as 1 in 100. This “benefit of the doubt”
approach is intended to make it very unlikely that a rejected
veteran was treated unfairly by the IREP methodology.
Compensation is an all or nothing decision. The use of the
sics.com
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Table 1. Dose-response findings on lung, liver and bone, as reported in Mayak studies of workers exposed to plutonium.a

Study Cancer site
Dose-response findings

and comments
Dosimetry
version Study typeb

Smoking
adjustment

Quadratic
term

Threshold
analysis

Tokarskaya
et al. 1997

Lung Threshold at 0.8 Gy,
quadratic or linear +
quadratic

Pre-1997 Case control Yes P = 0.0001 Yes

Tokarskaya
et al. 2002

Lung Stated that not
adjusting for smoking
could overestimate
risks, possibly obscure
threshold

2000 Case control Yes No No

Tokarskaya
et al.2006)

Liver Increased odds ratio for
2–16 Gy relative to
0–2 Gy category

2000 Case control Yes No No

Labutina
et al. 2013

Lung Linear fit to full dose
range

2008 Cohort Yes P = 0.25 No

Liver Linear-quadratic up to
6 Gy

LQ effect “diminished”
when restricted
internal dose <2 Gy”

2008 Cohort Yes P = 0.001 No

Bone No definite dose response
Only 4 cases with Pu

exposure

2008 Cohort Yes No No

Gilbert et al. 2013 Lung Linear fit for full dose
range and if restricted
to <0.2 Gy

Not mentioned by AF
report. Lung
cancer mortality

2008 Cohort Yes P = 0.5 No

Gillies et al.
2017a

Lung Linear fit for full
dose range

Dismissed in an Air
Force (AF) report
because of no
smoking adjustment
(Rademacher 2020)

2013 Pooled cohort No P > 0.5 No

Stram et al.
2021

Lung Linear fit for full dose
range, adjusted for
dose error

Adjusted for SES
status. Published
after AF report

2013, 2016 Cohort Yes No No

aOther earlier Mayak papers were not listed here, because they have been superseded by the publications listed.
bCohort = cohort study following workers over time.
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word “credibility” rather than “probability” in the phrase,
“99th-credibility percentage,” is a convention fromBayesian
statistics indicating that uncertainties have been estimated
based in part on prior knowledge and expert judgement.

All cancers in IREP are deemed to be radiogenic. Ex-
cess risk for 33 cancer types can be calculated as a function
of estimated organ dose and converted into assigned share
using the IREP program’s online calculator. Chronic lym-
phocytic lymphoma was added in a 2013 update (https://
irep.oraucoc.org/update.asp). The focus in this paper is on
solid cancer, primarily lung cancer. For blood cancers, like
lymphoma, the target organs for dose calculations are not al-
ways obvious and must be determined before IREP can be
used (NIOSH 2005). There is post-2007 epidemiological
data of possible relevance to compensation for lymphoma,
www.health-phy
which is noted here (Richardson et al. 2009; Hunter and
Haylock 2022) but not discussed.

Specific inputs to IREP include a claimant’s age at ex-
posure, age at diagnosis, smoking status, and dose history,
which is entered year by year. An individual’s radiation
dose history comes from the government agency that has
historical dosimeter measurements and other records for a
claimant or has experts/contractors who provide doses esti-
mated when dosimeter readings are incomplete (CFR
2021b and c). Alternatively, veteran claimants may be able
to provide their own dose estimates for consideration, pro-
vided their designated expert is deemed qualified by the
agency. If a range of doses is provided for a veteran, the
highest value in the range is entered into IREP, without an
uncertainty range (Otchin 2007). For a nuclear weapons
sics.com

https://irep.oraucoc.org/update.asp
https://irep.oraucoc.org/update.asp
http://www.health-physics.com


136 Health Physics August 2022, Volume 123, Number 2
worker, uncertainty in dose can be entered as a distribution
into IREP. Doses inputted into IREP for alpha particles are
entered as equivalent dose in Sv, i.e., the dose in Gy weighted
by a factor of 20. Questions about assigning dose estimates in
the face of limited dosimetry are also important, e.g., in the
case of veterans of plutonium cleanups (Beyea and von
Hippel 2019), but are not dealt with here.

Regulations for veterans (CFR 2021b) require that,
when there is an uncertain range of doses for a claimant,
the highest level is to be chosen. However, IREP itself is
intended to provide unbiased estimates of excess relative
risks (ERR) and assigned shares of causation of cancers,
given the input dose history, whenever possible. “All the ef-
fort in modeling that is incorporated in IREP is directed at
estimating ERR for a specific cancer in an exposed individ-
ual and its uncertainty” (Kocher et al. 2008). When the sci-
ence is reasonably clear, the only benefit given to the claim-
ant in the programming is the use of the 99th-percentile cred-
ibility level. Alternatively, when a parameter value needed for
an IREP calculation is so uncertain that no clear scientific ba-
sis exists to make a choice for its distribution, assumptions
favorable to the claimant are made. For instance, should it
not be possible to choose one risk model incorporated into
IREP over another, and should there be conditions of expo-
sure that are considered plausible, the model or assumption
most favorable to the claimant is chosen (Kocher et al.
2008; USC 2011).

These are all benefits given for service to the country,
an example of the “veteran’s canon,” which goes back to
US Supreme Court decisions as early as 1943: "The Soldiers'
and Sailors' Civil Relief Act is always to be liberally con-
strued to protect those who have been obliged to drop their
own affairs to take up the burdens of the nation" (Harper
2019). Another motivation for giving benefit of the doubt
to claimants may have been to assure future soldiers that,
should they be exposed to radiation, they could expect favor-
able treatment in risk assumptions and dosimetry analysis.

The veteran’s canon does not apply to civilian workers
in the nuclear weapons industry. Instead, they are covered
under the Energy Employees Occupational Illness Compen-
sation Program Act (EEOICPA), which adopted the claim-
ant favorable approach used in IREP’s predecessor, the
1985 Radioepidemiolgical Tables (US DHHS 2003). The
use of NIOSH-IREP to replace the Tables for use in com-
pensation under EEOICPA was formalized in regulations
(CFR 2022). There is a history of favorable treatment for
worker compensation claims in general, but the degree varies
by state (Spieler 2016).
2

Note that, unless specifically labeled as weighted values, all doses in Gy
are unweighted, i.e., no factor of 20 or any other quality factor or RBE
value used.
Is there a plutonium dose threshold in lung cancer dose
response?

A recent Air Force report (DVA 2020; Rademacher
2020), written in defense of the Air Force’s treatment of vet-
www.health-phy
erans of the Palomares, Spain, plutonium cleanup in 1966,
claims evidence of a dose threshold for lung cancer in the
dose response for Mayak plutonium workers below 0.2 Gy.2

If correct, such a finding could have a major impact on IREP,
possibly challenging the long-standing assumption of dose lin-
earity for alpha radiation. However, no uncertainty range was
assigned, either in risk or threshold dose position. The claim
is therefore operationally unusable because a veteran’s com-
pensability is determined by the upper tail of the risk distribu-
tion at the veteran’s assigned dose. If there should be a true
threshold in cancer dose response at dose, d, the key uncer-
tainty of interest for compensation is not the uncertainty
around the position of the dose threshold but the uncertainty
around the dose response risk at d and below. Neither uncer-
tainty is covered by the Air Force report nor in the one paper
from 1997 (Tokarskaya et al. 1997) that actually claimed a
threshold (using out-of-date dosimetry and a small number
of datapoints for regression). To get usable uncertainty infor-
mation, there would likely need to be a fit to the original data
with a dose response threshold function, followed by extrac-
tion of prediction errors calculated from the fit as a function
of dose. This could only be done by the original authors unless
the data were made publicly available.

Without an uncertainty range, an uncertain claim of a
dose threshold in lung cancer dose response cannot be used
to dismiss as irrelevant criticism of dosimetry made by the
US Court of Appeals for Veterans Claims in its order for a
reassessment of Palomares veterans’ dosimetry (CAVC 2020).
Nevertheless, it is possible that the dose threshold claim
might play a role in the reassessment ordered by the Court,
should the order survive the Veteran Administration’s ap-
peal to the Federal Circuit court (PACER 2021). Therefore,
a search was made for any claims of dose threshold in the
published post-IREP epidemiological plutonium studies.

Particular attention has been given here to the lowest
dose region for which plutonium epidemiological data are
available, which is well below the 0.2-Gy region that is sus-
pect to the Air Force. The focus here is on the dose region
below 0.05 Gy, which is a range for which ERR Gy−1 has
been determined from regression of Mayak and Sellafield
data. If there is no threshold in dose below 0.05 Gy, there
will not be one above. Even lower than 0.05 Gy and of most
direct relevance to claimants are plutonium lung doses be-
low 0.02 Gy (0.4 Sv equivalent dose). This is the level
judged compensable at the 99th-credibility percentile by
the Air Force for lung cancer in veterans exposed during
the Palomares cleanup, as listed in Table 1 of Beyea and
von Hippel (2019). It is the Sellafield data, which the Air
Force report did not discuss, that dominates the number of
excess cancers at plutonium doses below 0.02 Gy.
sics.com
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In subsequent sections, after Materials and Methods,
four sets of results are presented:

1. Statements about linearity and dose threshold in cancer
dose response from the assessed studies are listed, as are
relative risk values for all studies discussed at doses be-
low 0.2 Gy;

2. Linear fits to lung cancer ERR for the dose region 0–
0.05 Gy are plotted, along with individual datapoints,
to allow a (subjective) visual assessment of a hypothet-
ical dose threshold in lung cancer dose response;

3. RBE values predicted for workers generated using IREP
methodology are compared to those study values that
were accompanied by published confidence limits; and

4. Illustrative IREP-based predictions for lung cancer ERR
Gy−1 are compared to ERR Gy−1 values standardized to
age 60 that were given in three studies (Gilbert et al. 2013;
Labutina et al. 2013; Gillies et al. 2017a).

What these results might mean for future IREP methodol-
ogy is then discussed.
MATERIALS AND METHODS

Prediction of RBEs for workers using IREP
methodology

IREPmethodology provides the steps for translating its
relative effectiveness factors into predictions of RBEs (Ap-
pendix) for different reference radiations, including predic-
tions of RBEs for use with protracted reference exposures at
any dose and for any energy of ionizing photons. In the case
of photon energy, IREP accounts for different biological ef-
ficiencies in three ranges, which are <30 Kev, between 30
and 250 KeV, and > 250 Kev. Although the external radiation
received by plutoniumworkers contained gammas and x rays
with photon energies <250 KeV, the percentage distribution
does not appear in the published literature. External radiation
came from fission products in the reactor, radiochemical
plant, and plutonium production plant, including contamina-
tion from process leaks. The energy range for the protracted
external radiation delivered in theMayak study included con-
siderable flux of gamma rays between 100 and 300 KeV for
manyworker situations (Vasilenko et al. 2007).As for Sellafield
workers, although 90% of the doses were estimated to come
from photon energies in the range of 100 KeV to 3 MeV
(Thierry-Chef et al. 2007, 2015), Sellafield workers were ex-
posed to some ionizing photons with energies < 250 KeV.

Therefore, in the absence of a known distribution for
photon energies, three separate estimates of RBEs for workers
have been made for IREP’s three different photon energy
ranges, all for low dose/low dose rate photons. If the published
RBEs for workers are above the highest of the three IREP-
derived predictions, the published RBEs would also be above
any weighted sum of the three estimates.
www.health-phy
The RBEs estimated in the worker studies are relative
to the protracted external radiation to which workers were
exposed and not to prompt exposures towhich atomic bomb
survivors were exposed. However, these RBE predictions
can be compared to RBEs estimated from fits to epidemio-
logical data for Mayak and Sellafield workers.

Predicting lung cancer ERR Gy−1 using IREP output
Unlike predicting worker RBEs, no knowledge of the

inner workings of IREP is necessary to obtain ERR Gy−1.
All that is needed is to convert IREP output for assigned
share into excess risks, as is done in this section. The con-
version is possible because assigned share (AS) and excess
relative risk (ERR) have a one-to-one correspondence.

The output from the online calculator gives assigned
share at various percentage credibility levels: 1, 5, 50, 95,
and 99. The 99%-credibility limit, favorable to claimants,
is the one used in adjudicating claims for compensation.
Values for 2.5 and 97.5 were obtained through simulation
of a lognormal distribution. A lognormal distribution was
found to be consistent with the output percentage values pro-
vided (Appendix). Assigned share (AS), expressed as a frac-
tion, is related to excess relative risk (ERR) by the equation:

AS ¼ ERR

1þ ERR
: ð1Þ

AS is a “probability of causation” assuming a simple, “inde-
pendent of background” biological model (Beyea and
Greenland 1999). AS is often labeled as PC/AS. The inverse
of equation 1 gives the formula for converting AS output
from IREP to the underlying ERR:

ERR ¼ AS

1−AS
: ð2Þ

If ERR values at various credibility levels as deter-
mined by eqn (1) are plotted as a function of input dose,
slopes of the curves can be determined to give numerical
values for ERR Gy−1. These in turn can be compared to re-
sults from epidemiological studies of plutonium workers,
although some adjustment of an IREP-based result is neces-
sary in principle to account for transfer of risk values, e.g.,
between worker populations in the US, the UK, and the
Russian Federation (Appendix). For this purpose, the generic
methodology used in IREP to transfer risk from Japanese
atomic bomb survivors to US populations was adopted,
which depends on the baseline mortality rates for that can-
cer in each country/area considered.

Linear fits to the ERR data for lung cancer to obtain the
slope values (ERRGy−1) were made using the “lm” function in
the R-statistical programming language (R_Core_Team 2020).
For the regression dose ranges considered here, all fits were
found to be linear with no intercept. They passed through
the originwith a deviation that waswithin computational error.
sics.com
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The ERRGy−1 values were obtained for 3 smoking histories:
Never, Former, and Current (with 20–39 cigarettes per day as
a midrange choice).

IREP allows inputs for claimant’s age at diagnosis. To
most easily match IREP-based ERR Gy−1 predictions for
lung cancer to published epidemiological values, analysis
was restricted to one attained age. Age 60 was chosen be-
cause ERR Gy−1 results for lung cancer risks standardized
to age 60 are often presented in the plutonium worker liter-
ature (Gilbert et al. 2013; Labutina et al. 2013; Gillies et al.
2017a). Each worker had a range of years when exposed to
plutonium, but information sufficient to specify the distri-
butions was not available. Analysis indicates, however, that
the IREP lung cancer results are similar over a broad range
of exposure ages (Table 2). Cumulative doses received at
ages 30–50 can therefore be assigned to one exposure age
to generate an approximate result. An age at exposure of
35 was chosen for this purpose. The resulting ERR Gy−1

comparisons cannot be precise, but they should be useful
for identifying broad trends in IREP-based risk predictions
relative to epidemiologically obtained values.

The inverse of ERR Gy−1 at the 99th-credibility percen-
tile is called the compensation dose in this paper. Multiplying
the compensation dose by ERR Gy−1 gives an ERR of unity.
At unity, the ERR is half the relative risk of 1 + ERR, which
means the assigned share has reached 50% at 99th-credibility
percentile, the minimum value for compensation under IREP.
Compensation dose is strictly defined for the claimant condi-
Table 2. ERR Gy−1 for lung cancer incidence at age 60 predicted
using output from NIOSH-IREP for a claimant who is a former
smoker exposed to high-LET radiation at 5 earlier ages, all for
various credibility percentiles.a

Age exposed

Credibility percentile 20 25 35 50 55

Male ERR Gy−1

2.5b 0.58 0.46 0.40 0.38 0.003

5 0.82 0.64 0.58 0.54 0.005

50 5.0 3.8 3.8 3.6 0.13

95 30 23 22 22 1.80

97.5b 43 32 31 29 2.95

99 69 50 40 38 5.59

Female

2.5b 1.4 1.4 1.4 1.3 0.015

5 2.0 2.0 2.0 1.8 0.025

50 12 12 12 11 0.40

95 65 65 65 61 5.3

97.5b 90 90 90 84 8.7

99 121 121 121 117 16

aAssigned share outputs from IREP converted to ERR for a range of doses (not
shown) that were fitted to a linear function. Unweighted Gy. IREP output for
chronic alpha exposure.
bERR Gy−1 values in this row were extrapolated assuming lognormal distribution.

www.health-phy
tions generating the ERRs, which here include exposure at
age 35 and lung cancer diagnosis at age 60.

Combining four plausible ERR Gy−1 distributions
In some IREP analyses, there were models, such as ab-

solute vs. multiplicative risk model, that needed to be com-
bined because therewas scientific and/or theoretical support
for an in-between model. The IREP program handles this
with an uncertain distribution for merging. In this paper,
for a simplified example, there were four ERR Gy−1 distri-
butions, Ei, that were merged. A simple weighting scheme
was used. Let s1, s2, s3 be random variables uniformly dis-
tributed between 0 and 1. Then the merged distribution is
written as

Emerged ¼ s1* s2*E1 þ 1−s2ð Þ*E2ð Þ
þ 1−s1ð Þ* s3*E3 þ 1−s3ð Þ*E4ð Þ: ð3Þ

This is equivalent to treating E1 and E2 equally likely, as
well as treating E3 and E4 equally likely, while also treating
the two-paired combinations as equally likely.

Review of relevant plutonium epidemiology
Epidemiological studies of cancer in Mayak and pooled

Mayak and Sellafield workers published since 2007 were ex-
amined (Table 1). Also included in the review were additional
studies of plutonium lung cancer mortality in European
worker populations (Grellier et al. 2017), 60% of whose can-
cer cases were Sellafield plutonium workers, and two studies
of US plutonium workers, one published in 2004 (Rocky
Flats) (Brown et al. 2004) and one in 2022 (Los Alamos Na-
tional Laboratories) (Boice et al. 2022). In addition, consider-
ation was given to a recent detailed assessment of the major
plutonium worker studies, ICRP Report 150, which included
point-value estimates of worker RBEs derivable fromMayak
and Sellafield studies, although without corresponding esti-
mates of confidence limits (Tirmarche et al. 2021).

A 2011 study of bone sarcomas in atomic bomb survi-
vors was a non-plutonium study assessed for this paper
(Samartzis et al. 2013). Older epidemiological studies that
were available during the development of IREP, and there-
fore implicitly included in the IREP uncertainty analysis,
were not generally considered.

RESULTS

Reported findings about plutonium dose response
Findings about plutonium dose response reported by

the bulk of the modern plutonium studies are summarized
in Table 1 (Tokarskaya et al. 1997, 2002, 2006; Gilbert et al.
2013; Labutina et al. 2013; Gillies et al. 2017a, 2017b;
Stram et al. 2021). Also listed are early studies by
Tokarskaya et al., which the Air Force report emphasizes.
Not listed in Table 1 are studies carried out on workers at
Los Alamos and Rocky Flats; they are discussed separately.
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Table 3. Worker radiobiological effectiveness factors (RBEs) for lung
cancermortalitywith confidence limits (95%) as reported in plutonium
worker studies compared with lung cancer incidence predictions based
on IREP methodology for 3 different protracted photon energy mixes.a

99th-percentile values estimated.b

Source
RBE from published studies

or IREP-derived Details

Mayak (Gilbert et al., 2013)c 45 (21, 240)d

99th = 330
Mortality

Mayak + Sellafield (Gillies
et al., 2017a)e

21 (9, 178)
99th = 270

Mortality

IREP-derived RBE for
photon energies >250 KeV.f

18 (3.4, 100)
99th = 140

Incidence

IREP-derived RBE for photon
energies >30 KeVand
< 250 KeV.g

10 (1.4, 70)
99th = 99

Incidence

IREP-derived RBE for photon
energies <30 KeV.h

7.8 (1.0, 54)
99th = 78

Incidence

aWorker external radiation was protracted, with a mix of photon energies. The
study values were the only identified values complete with confidence limits.
They cannot be used to infer plutonium risk from A-bomb external reference
radiation without adjustment. Note the different endpoints: mortality for worker
studies, incidence for IREP-based predictions.
bAssuming a lognormal distribution for the RBE.
cAdjusted for smoking.
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In only one case in the post-2007 studieswas a quadratic
term retained in modeling for the plutonium dose response.
That was for liver cancer, although the nonlinearity “dimin-
ished” when the internal doses were restricted to less than
2 Gy (Labutina et al. 2013). As for lung cancer, a quadratic
term was suggestive in the European cohort study of Grellier
et al. (2017), with a P value of 0.07. Note that none of the
modern plutonium studies were able to successfully fit bone
cancer data to a dose-response curve, which is not surprising
given the paucity of cases.

Quotations from the modern Mayak studies about dose
effects among the plutonium workers are presented in Sup-
plemental Digital Content Table S-1, http://links.lww.com/
HP/A217. No support was expressed by modern authors
for a dose threshold in cancer dose response. As will be dis-
cussed, a number of the studies do, however, provide con-
siderable information that allows examination of lung can-
cer risks at the very low end of the dose range, either by
assessing model fits to ERR Gy−1 restricted to the low dose
range or by (subjective) visual assessment of clusters of
datapoints whose risks seem high or low.
d33 (14, 98), 99th = 120, for a conditional model in which themodifying effects
of sex and attained age were assumed the same for internal and external dose.
ePooled study, not adjusted for smoking. This result applies only to cancer mor-
tality and the case of slow solubility of Pu nitrate. Results were not given for fast
solubility coefficient.
fThis is the IREP alpha REFL result, defined for photons with energies > 250
KeV. As a starting point for subsequent Table entries, the upper 95% confidence
limit and the central valuewere used to generate 30,000 replications from a log-
normal distribution.
gTo obtain the statistics for this case, each replication of the alpha REFL lognor-
mal distribution (footnote f ) was divided by a draw from a photon REFL with a
mixed distribution (Kocher 2005):75% weight assigned to a lognormal distribution
with 95% confidence interval between 1.0 and 5.0 (geometric mean of 2.2). 25%
weight assigned to the value 1.0
hTo obtain the statistics for this case, the distribution given in footnote g was
further divided by draws from a triangular distribution with a minimum of
1.0, a maximum of 1.6, and a mode of 1.3 (Kocher 2005).
Published lung cancer RBE values for workers
compared to predictions based on IREP documentation

A number of estimates of RBEs derived from data on
plutoniumworkers have been published without confidence
limits, as listed and discussed in Supplemental Digital Con-
tent, Text S-1, http://links.lww.com/HP/A217, but central
values alone are not useful for compensation purposes.
Thus, attention here is focused on the two published studies
that included confidence limits along with central values
(Gilbert et al. 2013; Gillies et al. 2017a). The comparison
is indirect because various non-statistical (not random) un-
certainties (Amrhein et al. 2019) in the study data were
not included in confidence limits, a step that appears to have
been an important part of the IREP development process
when the original datasets were incorporated. Such assess-
ments are best made by a review committee, so none were
attempted for this paper.

An RBE value of 45 (21–240, 95% CI) was given for
Mayak workers in the 2013 study by Gilbert et al. Assuming
the underlying distribution was lognormal, the imputed 99th

percentile would be 330 (Table 3). An alternate result was
33 (14, 98, 95% CI), with an imputed 99th-percentile value
of 120 (Table 3). The alternate result was for a conditional
model in which the modifying effects of sex and attained
age were assumed the same for internal and external dose.
Note that smoking was controlled for to the extent possible
in this study (Gilbert et al. 2013).

In a 2017 study of pooledMayak and Sellafield workers
(Gillies et al. 2017a and b), an RBE value completewith con-
fidence limits was given, but only for mortality and only for
the slow, not the fast, case of plutonium nitrate solubility. The
www.health-phy
result was 21 (9–178, 95%CI), with an imputed 99th-percentile
value of 270. There was no control for smoking. Because
only 1 of 4 possible RBE results were given in the paper,
there is a potential for selection bias in using the one set
of numbers available, which must be borne in mind. Gillies
et al. (2017a) made calculations for two solubility numbers
for plutonium nitrate because, unlike absorption of pluto-
nium oxide, there was no solid data on which to rely.

Putting aside the alternate conditional calculation made
by Gilbert et al. (2013) for the moment, the other two RBE
confidence limits for lung cancer presented in the epidemi-
ological studies are higher by at least a factor of 1.8 than the
values that would be predicted by IREP-based models for
all three external photon energy ranges that span the mix of
external radiation to which workers were exposed (Table 3).
Therefore, although the percentage to be assigned to each ex-
ternal photon energy mix is not known, it doesn’t matter be-
cause the epidemiology-derived RBEs are higher than any
sics.com
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combination of the three IREP-based versions that were cal-
culated for different photon energymixes. Thus, according to
this illustrative comparison of worker RBEs, IREP makes it
harder for a claimant to receive lung cancer compensation
than would be justified based on the epidemiological values
for RBE.

As for the alternate RBE estimated by Gilbert et al.
(2013), its upper 95% confidence limit of 98 matches the
IREP-based estimate for photons with energies >250 KeV
and exceeds it for photon energies <250 KeV. It was not in-
cluded in comparisons with IREP-based RBEs. Had it been,
the combined scaling factor would have been 1.6, not 1.8.
The alternate RBE was a second choice of the authors, with
an unquantified ranking, making its scientific use unclear.
Therefore, it was excluded from consideration, consistent
with the veterans’ canon.

Illustrative predictions of ERRGy−1 based on IREPoutput
Table 4 gives the ERR Gy−1 predictions and confi-

dence intervals that were obtained from the IREP output
by transforming assigned share (AS) into ERR as a func-
tion of input dose, followed by linear regression as a func-
tion of input dose. Results for three smoking histories are
given in Table 4 for males and females. Results for 90%
CI come directly from regressions to the IREP ERR out-
put. The 95% CI, however, were imputed using lognormal
simulation as described in the Appendix. Table 4 shows that
predicted ERRGy−1 declineswith increased smoking and that
the predicted ERR Gy−1 is higher for females. IREP makes
predictions about individual risk, dependent on claimant char-
acteristics, such as smoking status. As such, Table 4 gives pre-
dicted conditional probabilities thatmay need to be statistically
Table 4. ERR Gy−1 statistics for lung cancer incidence at age 60
predicted using NIOSH-IREP output for claimant exposed to high-
LET radiation at age 35 for 3 smoking histories.

Smoking status at age 60

Statistic identifier
(C-dosea =

compensation dose) Never Former
Current

(20-39 cigs/d)

Male

90% CI 6.9 (0.92, 47) 3.8 (0.58, 22) 2.7 (0.41, 17)

95% CIb 6.9 (0.63, 67) 3.8 (0.40, 31) 2.7 (0.29, 24)

99th percentile 91 40 34

C-dosea (Gy) 0.011 0.025 0.029

Female

90% CI 20 (3.1, 130) 12 (2.0, 65) 8.8 (1.3, 52)

95% CIb 20 (2.2, 185) 12 (1.4, 90) 8.8 (0.94, 72)

99th percentile 200 120 99

C-dosea (Gy) 0.0036 0.0083 0.01

aCompensation dose (C-dose) is the inverse of the 99th-percentile ERR Gy−1,
corresponding to a 50% assigned share at 99th-credibility limit for a claimant
exposed at age 35 and diagnosed with lung cancer at age 60.
bValues in this row were extrapolated assuming a lognormal distribution.
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combined to compare to epidemiological results for differ-
ent subgroups (Appendix).

Also included in Table 4 are results for the 99th percen-
tile and the “compensation dose.” Compensation cutoff dose
(C-dose in the Table) is the inverse of the 99th-percentile
ERR Gy−1, corresponding to a 50% assigned share at 99th-
credibility percentile for a claimant exposed at age 35 and diag-
nosed with lung cancer at age 60. Compensation doses are pre-
sented as unweighted Gy, not Sv, although the absorbed dose
would need to be converted to Sv (by multiplying by a factor
of 20) before being entered into the IREP online calculator.

To compare illustrative predictions based on IREP out-
put to published ERR Gy−1, it is necessary to account for
smoking histories. The three smoking history choices cov-
ered in Table 4, available in IREP output, do not always ex-
actly match the smoking categories that have generally been
used in studies of plutonium workers, which in most cases
did not distinguish nonsmokers by Never and Former cate-
gories. In other words, the nonsmoking category in most of
the epidemiological studies considered here is made up of
an aggregate of former smokers and never smokers. The
IREP-basedERRGy−1 predictions for different cohorts shown
in Table 4 were aggregated separately for males and females
using weighted pooling (Appendix) based on the smoking
prevalence assumptions listed in Supplemental Digital Con-
tent Table S-2, http://links.lww.com/HP/A217.

Table 5 gives the ERR Gy−1 comparisons for the study
by Gillies et al. (2017a and b), whose confidence intervals
were 90%-values, not 95%-values (Gillies et al. 2017a).
Study results are only included in the Table for the case of
fast plutonium nitrate absorption, which was generated by
Gillies et al. (2017a) using parameters based on results
for volunteers from the UK’s Public Health England. Sub-
sequent to publication, the UK absorption parameters were
adopted for Mayak workers (Vostrotin et al. 2018).

As for the ERRGy−1 comparisons with the lung cancer
studies by Labutina et al. (2013) and Gilbert et al. (2013),
they are shown in Table 6 (95% CI). Note that the results
from Gilbert et al. (2013) are for cancer mortality, not inci-
dence, so only the comparisons to the results of Gillies et al.
(2017a) and Labutina et al. are strictly equivalent as to end
points. However, the ERR Gy−1 values tend to be the same
for mortality and incidence across the range of studies of
plutonium workers considered here (Supplemental Digital
Content Text S-2, http://links.lww.com/HP/A217)

In general, the ERR Gy−1 illustrative age-60 predic-
tions given in Tables 5 and 6 using IREPoutput have central
estimates that are lower than the central values found in the
epidemiological studies (Tables 5 and 6). However, it is the
upper percentiles of the ERR Gy−1 distributions that deter-
mine compensation in IREP. There the results are mixed.
The regressions to Sellafield data alone (Table 5) have (im-
puted) 99th percentiles that are 2 to 3 times higher than the
sics.com
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Table 5. ERR Gy−1 statistics for pooled lung cancer incidence of monitored workers at age 60 from Gillies et al. (2017a and b),
compared with illustrative IREP-based incidence predictions made at age 60 for alpha particle exposure to US workers at age
35.a,b 90% CI.

Gillies et al. 2017a and b

Dose range restrictions

Cohort
Statistic identifier

(C-dosec) = compensation dose)
IREP-based illustrative prediction

for US workers
None (all doses)
Fast Pu nitrated

Dose < 0.05 Gy
Fast Pu nitrated

Sellafield males

ERR Gy−1 (90th CI) 3.8 (0.67, 23)e 26 (-1.9, 65) 59 (19, 110)

99th percentile 48f > 81f > 130f

C-doseb (Gy) 0.021 < 0.012 < 0.0076

Mayak males

ERR Gy−1 (90th CI) 2.9 (0.46, 18)g 7.3 (5.2, 10.2) -0.08 (<0, 14)

99th percentile 38f > 11f > 20f

C-dosec (Gy) 0.026 < 0.091 < 0.05

Mayak females

ERR Gy−1 (90th CI) 20 (2.1,180)h 24 (12, 49) NA

99th percentile 280f > 66f

C-dosec (Gy) 0.0038 < 0.015

Sellafield males + Mayak males

ERR Gy−1 (90th CI) 3.4 (0.55, 21)i 7.5 (5.3, 10.4) 8.4 (<0, 24)

99th percentile 44f > 12f > 30f

C-dosec (Gy) 0.023 < 0.083 < 0.033

aAlthough IREP-based predicted values for ERR Gy−1 distributions were obtained for but one exposure age, the values are similar for a wide
range of exposure ages (Table 2). Study results for male workers with monitored doses come from Tables 5 and S10 in Gillies et al. (2017a and
b). Mayak females, age 60, from Table 3. CI for IREP-based predictions = credibility interval. The < and > signs indicate that the raw study
values are limits because they have not been adjusted to account for non-statistical (nonrandom) uncertainties.
bAccounting for risk transfer from study cohorts to a US population using IREP methodology would have led to a reduction of approximately
+20%, −20%, and − 9% in the 99th-percentile values for Mayak males, Mayak females, and Sellafield males, respectively, using 2005 lung
cancer mortality rates (Supplemental Digital Content Tables S-3 and S-8, http://links.lww.com/HP/A217).
cCompensation dose (C-dose) is the inverse of the 99th-percentile ERR Gy−1.
dAssumed nitrate absorption coefficient used in plutonium dose estimation.
e4% never smokers, 96% former smokers for SellafieldMales. If the 96% is assigned to current smokers instead, the results drop to 2.8 (0.43, 18),
99th-percentile = 40.
fIREP-based 99th values were based on logarithmic difference between upper CI and the central value, divided by 1.65 for 90% CI, which was
used for the logarithmic standard deviation. For 99th values in the study column, a normal distribution was assumed. The result is not neces-
sarily the same as the 99th percentile that would be found in actual study data.
g76% current smokers with remaining 24% assumed to be never smokers for Mayak males. If assume 24% are former smokers, the IREP re-
sults increases to 3.3 (0.49, 24), 99th percentile = 56.
h4% current smokers; 96% nonsmokers.
iUsing the alternate smoking assumptions indicated in footnotes d and f, the IREP results are 3.0 (0.46, 21), 99th percentile = 48.
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99th percentiles for the illustrative IREP-based ERR Gy−1

values, suggesting that IREP might be underpredicting risk.
On the other hand, for the Mayak worker data alone, the im-
puted 99th-percentile values are 2 to 5 times lower than the
illustrative IREP-based values, suggesting that IREP might
give too much benefit of the doubt to claimants. The 99th

percentiles for the pooled Mayak and Sellafield data are also
lower than the corresponding IREP-based values, although
only by 30%when regressions are limited to < 0.05 Gy. Note
that the study values for ERR Gy−1 have not been adjusted
for transfer of risk from a Russian or UK population with
different lung cancer mortality rates, but this is not an adjust-
ment that would change the overall picture. For instance, trans-
fer might increase the imputed 99th-percentile values for
Mayak males by about 20% (Supplemental Digital Content
www.health-phy
Table S-3, http://links.lww.com/HP/A217), bringing them
closer to, but still below, the IREP-based values. Transfer cal-
culations were not possible for the pooled UK and Russian
Federation cohorts using IREP methodology because of the
mixed countries of origin.

Tempering all of these comparisons is the fact that the
IREP-based calculations are only illustrative, as well as the
fact that 99th-percentile values for the epidemiological stud-
ies do not account for study limitations. Ideally, before com-
parisons with IREP-based predictions were finalized, study
values would be adjusted to quantitatively account for study
limitations that go beyond the statistical measures of random
error that come out of regression analyses (Amrhein et al.
2019) and possibly to account for unexplained variations
across study results. Accounting for additional uncertainties
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Table 6. ERR Gy−1 statistics for lung cancer incidence and mortality at age 60 from 2 Mayak studies (2013) compared with
illustrative IREP-based incidence predictions for age 60 made for exposure of USworker exposed to high-LET radiation at age
35.a,b 95% CI.

Study and cohort
Statistic identifier

(C-dosec) = compensation dose)
IREP-based illustrative incidence

prediction (for a US worker at age 60) Mayak worker, full dose range

Labutina et al. 2013, incidence

Mayak Non-smokers

ERR Gy−1 (95% CI) 13 (1.0, 140)d 31 (21.9, 40.8)

99th percentile 220 > 43e

C-dose (Gy) 0.0046 < 0.023

Mayak Smokers

ERR Gy−1 (95% CI) 2.8 (0.31, 17) 8.0 (5.2, 11.7)

99th percentile 25e > 12.4e

C-dose (Gy) 0.040 < 0.080

Gilbert et al. 2013, mortality

Mayak Males

ERR Gy−1 (95% CI) 2.9 (0.32, 25)b,f 7.4 (5.0, 11)

99th percentile 38 b,e > 12e

C-dose (Gy) 0.026 < 0.083

Mayak Females

ERR Gy−1 (95% CI) 20 (2.1, 180)b,g 24 (11, 56)

99th percentile 280b,e) > 62e

C-dose (Gy) 0.0038 < 0.015

aThe 2 epidemiologic study results come from Table 3 in each of their articles. Although IREP-based predicted values for ERR Gy−1 distribu-
tions were obtained for but one exposure age, the values are similar for awide range of exposure ages (Table 2). The < and > signs indicate that
the raw study values are limits because they have not been adjusted to account for non-statistical (nonrandom) uncertainties.
bAccounting for risk transfer from study cohorts to a US population using IREP methodology would have led to a reduction of approximately
+20% and− 20% in the 99th-percentile values forMayakmales and females, respectively, using 2005 lung cancer mortality rates (Supplemental
Digital Content Tables S-3 and S-8. http://links.lww.com/HP/A217).
cCompensation dose (C-dose) is the inverse of the 99th-percentile ERR Gy−1.
dAssumes all male nonsmokers are former smokers and all female nonsmokers are never smokers.
e2.3 standard deviations above the central value. Based on an assumed normal distribution for regression coefficients, the standard deviation
was obtained by dividing the difference between upper CI and the central value by 1.96. The 99th-percentile values here are not necessarily
the same as the 99th percentile in the actual study data.
f76% current smokers with remaining 24% assumed to be never smokers. If assume the 24% are former smokers, the results change to 3.3
(0.49, 24), 99th percentile = 56.
g4% smokers; 96% never smokers.
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can only increase the 99th-ERRGy−1 study percentiles and only
decrease their inverses (compensation doses). For this reason,
entries in Tables 5 and 6 have “<” and “>” symbols to indicate
that the listed values are upper or lower limits, respectively.
Merging discordant information, the simplified example
There are four models for ERR Gy−1 that are plausible

given the new and old data, assuming the illustrative IREP-
based predictions are reasonably correct and assumingmore
precise assessments verified them:

1. First, there is the current IREP approach that was used
to predict ERR at a dose, d;

2. The second ERR approach is based on doubling the up-
per confidence limit to match the higher values in the
assessed RBEs from Gilbert et al. (2013) and Gillies
et al. (2017a) This might be done in IREP by doubling
the 95th upper confidence limit for the appropriate un-
certain relative effectiveness factor (REF);
www.health-phy
3. The third model that might play a role in compensation
calculations is based on the direct ERR Gy−1 incidence
values found in the Gillies et al. study (2017a and b) for
the Sellafield cohort, either for the full regression dose
range or the dose range < 0.05 Gy; and

4. The fourth approach is to take the all-dose incidence results
of Gillies et al. (2017a and b) for the Mayak cohort. This
last term leads to a less favorable compensation dose for
a claimant than is calculated by the current IREP program.

Reliance on the models in Gillies et al. (2017a and b) is
consistent with their use in the ICRPReport 150 to compute
lifetime risk from plutonium intake (Tirmarche et al. 2021),
although here the separate Sellafield low dose regression (be-
low 0.05 Gy) is also used as an alternate because it represents
the model most favorable to a US veteran cohort. The two
direct ERR terms taken from study results would need in
principle to be adjusted for non-random uncertainty factors
(Amrhein et al. 2019) before being incorporated into IREP
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http://links.lww.com/HP/A217
http://www.health-physics.com


143Compensating veterans exposed to plutonium c J. BEYEA
data, but this has not been attempted for the simplified example.
Not considered for this simplified example is accounting for
risk transfer from study ERR Gy−1 to values appropriate for a
US population, but this is a modest effect using the IREP trans-
fer methodologywith 2005 lung cancer mortality rates: approx-
imately +20%, −20%, and − 9% for Mayak males, Mayak fe-
males, and Sellafield males, respectively (Supplemental Digital
Content Table S-3, http://links.lww.com/HP/A217).

The numericalweighting distributions needed to combine
the four EER distributions would likely be best determined
by consensus of a review committee. For the simplified ex-
ample, a combination of uniform distribution discussed in
the Methods section was used. No adjustment in weighting
was made for the possible selection bias in the RBE-based
values. In any case, given the uniform weighting, the lung
cancer compensation dose was cut in half if the Sellafield
term with regression doses was limited to below 0.05 Gy.
If, on the other hand, the Sellafield term with no dose re-
striction on regression was used in the combining equation,
the corresponding compensation dose remained roughly
unchanged from the current IREP value.

Avalid alternate approach in IREP to merging these four
distributions would be to take only the term that gave the most
favorable outcome for a claimant, whichwould be the Sellafield
fit, which produces compensation cutoff doses 2-3 times lower
than under the current IREP program, as shown in Table 5, de-
pending on which regression dose range is considered.
Other lung cancer risk data for plutonium doses below
0.05 Gy

There is additional epidemiological information on ERR
Gy−1 values at low doses, which, due to the absence of results
for a single worker age, could not be compared quantitatively
to the IREP-based predictions. Nevertheless, the results are
informative. For instance, the European lung cancer mortal-
ity case/control study, which did control for smoking, has
(approximate) relative-risk values at internal plutonium doses
below 0.05 Gy, as shown in Supplemental Digital Content
Table S-4, http://links.lww.com/HP/A217, that are consistent
with the Sellafield results given in Gillies et al. (2017a and
b), which did not consider smoking (Gillies et al. 2017a and
b). The Sellafield data dominates the European plutonium co-
hort, so the agreement provides additional support for the
idea that controlling for smoking does not affect results
for internal plutonium exposure. Although the European
cohort study did control for smoking, the authors did recog-
nize that the smoking datawas limited (Grellier et al. 2017).

An earlier case/control study of lung cancers following
plutonium exposures at Rocky Flats also found little effect
of smoking on worker plutonium risks (Brown et al. 2004).
Finally, a 2021 study of workers at Los Alamos National
Laboratory (LANL) receiving low plutonium doses had only
19 lung cancers among the 447 workers with plutonium lung
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doses >5 weighted mGy (weighting factor of 20 assumed).
With so few cases exposed to plutonium, the study had limited
statistical ability to assess risk with precision (Boice et al.
2022). The hazard ratio for mortality of 1.15 (95% CI 0.66.
1.99) obtained for lung cancer per (weighted) 100 mGy of in-
ternal plutonium exposurewas compatiblewith plutonium risks
obtained by regression toMayak data, according to the authors.
Note that a hazard ratio is approximately equal to a relative risk
when the outcome is rare (VanderWeele 2020), as is the case
with lung cancer. The results of these three studies are discussed
further in Supplemental Digital Content Text S-3, http://links.
lww.com/HP/A217, along with an explanation of why the re-
sults from Grellier et al. (2017) that were given as excess odds
ratios are approximately equal to excess relative risks.
Graphical presentation of lung cancer ERR below
0.05 Gy plutonium dose

If hypothetical variations in lung cancer ERRGy−1 as a
function of plutonium dose not included in IREP were to be
taken into account in compensation decisions based on epi-
demiological results, then the dose region most relevant to
cohorts like the Palomares cleanup veterans, based on Air
Force dose assignments to Palomares veterans (Beyea and
von Hippel 2019), would be the region below 0.05 Gy, i.e.,
below an equivalent dose of 1 Sv. Current compensation cut-
offs in IREP already allow for lung cancer compensation for
Palomares veterans at doses of 0. 015–0.025Gy for males di-
agnosed at age 60 after exposure at a wide range of ages, as
can be deduced from the ERR Gy−1 values given in Table 2,
by taking their reciprocals at 99th-percentage credibility.

Risks for lung cancer below 0.02 Gy plutonium dose can
be extracted from data presented in the paper by Gillies et al.
(2017a and b) for cancer incidence and are plotted in Fig. 1
and Supplemental Digital Content Fig. S-1, http://links.lww.
com/HP/A217, with 90% CI shown. Recall that it is the cred-
ibility limits for ERR Gy−1 that determine compensation cut-
off doses in NIOSH-IREP, not the central values. The worker
data in Fig. 1 was obtained by fitting risk to dose data deter-
mined assuming a “fast” solubility for the subset of workers
exposed to plutonium nitrate, mainly thosewhoworked in ra-
diochemical plants, as opposed to production plants, where
plutonium oxides were the dominant exposure, at least for
thosewith high exposures. At Sellafield, the default exposure
assumption in Gillies et al. (2017a) was that 90% of those
workers were exposed to the nitrate form of plutonium. Sup-
plementalDigitalContentFig. S-1, http://links.lww.com/HP/A217,
shows the low-dose results assuming slow nitrate solubility, which
look broadly similar to the results assuming fast nitrate solubility
shown in Fig. 1. In any case, no conclusion of this paper would
change if results for the slow solubility assumption were
used for plutonium nitrate intakes.

The raw data used for the plotted Sellafield and Mayak
datapoints can be found in Supplemental Digital Content
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Fig. 1. Excess relative risks of lung cancer incidence in Mayak and
Sellafield male workers for plutonium doses below 0.05 unweighted
Gy as reported in Gillies et al. (2017a and b). 90% confidence limits
on data points as reported in Table S10 of Gillies et al. (2017b). If avail-
able in study data, fitted linear lines have upper and lower 90% confi-
dence limits around them. The linear fits were made to combined data
for Mayak and Sellafield workers. Risk values shown were calculated
in the Gilles et al. study assuming a fast absorption solubility ratio for
plutonium nitrate. Circles = Sellafield data; Triangles = Mayak data;
Solid lines = fit to all dose data; Dashed lines = fit to dose data below
0.05 Gy but without a lower 90% CI slope, given only as <0. Dotted
lines are illustrative IREP-based predictions for male Mayak and
Sellafield workers combined at age 60 exposed at age 35 (Table 5).
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Table S-4, http://links.lww.com/HP/A217, expressed there
as relative risks, and in Supplemental Digital Content Tables
S-5 and S-6, http://links.lww.com/HP/A217, expressed as ex-
cess relative risks. Also plotted in Fig. 1 are linear fits to the
pooled Sellafield and Mayak data, with 90% CI lines in-
cluded. Gillies et al. (2017a and b) made these fits to ERR
using (1) all of the pooled data (solid lines) and (2) the pooled
data restricted to doses below 0.05 Gy (dashed lines). As ex-
pected, the upper-limit line rises faster for the 0.05 restriction.

In both Fig. 1 and Supplemental Digital Content Fig.
S-1, http://links.lww.com/HP/A217, the Mayak excess rela-
tive risks are relatively low, with all central values falling be-
low the lower confidence limit on the linear fit to all of the
data. Although confidence limits on individual datapoints are
useful for single comparisons, they are not so useful when
assessing clusters without a combined statistical analysis.
The smooth curves we may draw in our minds or sketch on
top of a plot do not have statistically determined confidence
bounds. The visual impression given to some analysts by
the cluster of low-dose Mayak datapoints is that the risk
has suddenly dropped well below a linear fit, suggesting
threshold behavior, if limitations on the low-dose dosimetry
are discounted (Gillies et al. 2017a). On the other hand, the
Sellafield datapoint cluster has central values that tend to
fall above the linear fit to the combined data, suggesting
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supralinearity if limitations are discounted (Gillies et al.
2017a). When looking at the full set of datapoints, the idea
of a dose threshold in lung cancer dose response put forth in
the Air Force report does not seem plausible if visual assess-
ment is to be the standard.

What can be said statistically? All four Sellafield
datapoints lie above the fitted lines in Fig. 1, whereas all
three Mayak datapoints lie below the fitted lines. Assuming
it is equally likely for a point to fall above or below the
linear-fit line, the chances of such a disparity are 1 in 64
using simple coin-tossing math, as was checked by a simu-
lation in R statistical language using the function “rbinom.”
In this case, a visual assessment of a difference in datapoint
clusters would be supported by statistical analysis. How-
ever, a statistical difference between the cohorts does not
necessarily mean that there is a real difference in dose-
response; the difference may reflect data problems at low
doses as suggested by Gillies et al. (2017a). Note that in this
analysis, a disparity would be counted when a first point in
the sequencewas either above or below the linear-fit line, so
the chances are 1 in 64, not 1 in 128.

Looking at theMayak and Sellafield cohorts separately
using the same simple coin-tossing approach provides only
a weak signal for nonlinear dose response. Despite what a
fit in the mind’s eye might suggest, the chances that three
datapoints would randomly all lie above or below the line
is 1 in 4. For 4 datapoints, the chances are 1 in 8.

The third set of (dotted) straight lines in Fig. 1 shows
the illustrative incidence predictions based on IREP output,
with 90% confidence limits. The IREP-based, upper-limit
line matches the upper-limit line for the fits to pooled data
with doses restricted to < 0.05 Gy, suggesting consistency
with the epidemiological data for this dose range. On the
other hand, the IREP-based, upper-limit line is higher than
the upper-confidence-line for the fit without restriction on
maximum dose, suggesting that IREP is overly favorable to
claimants if the full-dose-range comparison is used. Not
shown in the graphs are the linear fits to Sellafield data alone,
because the upper limits rise so fast as to dwarf the separate
datapoints and the linear lines including the IREP-based il-
lustrations. Nevertheless, the unshown Sellafield lines would
suggest that IREP is insufficiently favorable to claimants.
DISCUSSION

Dose threshold in lung cancer dose response
Overall, the five datasets with plutonium-associated

risks estimated in the dose regions most relevant to veterans
(Mayak, Sellafield, European cohort, LANL, Rocky Flats)
are not definitive about ruling in or ruling out a dose thresh-
old in lung cancer dose response, because fits to dose thresh-
olds in dose response were not made by study authors and
because visual assessment of datapoint clusters with large
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confidence intervals on individual points cannot justify
such an inference. However, four of the five show positive
central effects, which suggests that it would be hard to argue
that a meta-analysis of all the data would overturn the de-
fault hypothesis of no dose threshold unless one weights
studies strongly to disfavor some or all of the four. Such
strong weighting processes may take place in contested le-
gal proceedings. For instance, a critic of the Sellafield data
might point to Gillies et al. (2017a) stating that the
Sellafield excess was “caused by an absence of lung cancer
events at doses in excess of 50 mGy” (Gillies et al. 2017a).
As a result, there would not have been events at high doses
that could have stabilized a linear fit. Someone on the other
side might point to the views of Gillies et al. (2017a) on the
absence of precise low dose data in the Mayak worker co-
hort (MWC) due to a higher limit of detection for plutonium
in bioassays: “This pattern could perhaps be interpreted as
evidence of a threshold effect, but it is more likely related
to the higher limit of detection in the early MWC, which re-
sults in an inability to detect variation in risk below a certain
dose level” (Gillies et al. 2017a).

As for the 1997 study highlighted by the Air Force
claiming a threshold in lung cancer dose response at
0.8 Gy (16 Sv) (Tokarskaya et al. 1997), therewas no formal
fit with confidence limits. The reported finding was based
on the shape of ad hoc curves, usually straight lines drawn
between six data points. Subsequent studies have found ex-
cess lung cancers well below such a high threshold, as
shown in Supplemental Digital Content Table S-4, http://
links.lww.com/HP/A217, which compiles all of the relative
risks below 0.2-Gy plutonium dose given in the lung cancer
studies listed in Table 1. Furthermore, when judging differ-
ences over time in the historical studies, it should be noted
that the modern Mayak studies were carried out using the
dosimetry developed by an international consortium of ana-
lysts to support and extend the work of Russian analysts
(Napier 2017; Preston et al. 2017; Vostrotin et al. 2018).
The modernMayak studies also have more follow-up cases,
which gives themmore statistical power, although the statis-
tical power is still weak for detecting risks other than to the
lung due to the small number of excess cases.

As quoted in Supplemental Digital Content text S-4,
http://links.lww.com/HP/A217, the Air Force report also
implies that the findings of a 2013 study (Labutina et al.
2013) are similar to the 1997 study by Tokarskaya et al.
However, the Labutina et al. study did not report a dose thresh-
old in lung cancer dose response, publishing a Table, here
reproduced as Supplemental Digital Content Table S-7,
http://links.lww.com/HP/A217, that the Air force report
interpreted as showing such a threshold. All that Table actually
showed was that the two lowest relative risks (Supplemental
Digital Content Table S-7, http://links.lww.com/HP/A217),
which had dose categories below 0.2 Gy, did not exclude
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the null at 95% confidence, an indication that the results
could be compatible with a dose threshold but also compat-
ible with many other possibilities that excluded a dose
threshold. Visual inspection of datapoint clusters in a Table
or graph is not a statistical assessment with confidence limits
that can be used for compensation analysis. Moreover, as
stated earlier, when visual inspection is expanded to include
more than the relative risks reported in Labutina et al. (2013),
such as the full set of studies listed in Supplemental Digital
Content Table S-4, http://links.lww.com/HP/A217, any vi-
sual hint of threshold behavior disappears with the presence
of the high Sellafield relative risk results compensating for
the low risk Mayak datapoints (Fig. 1).

The Air Force report was so concerned about smoking
effects on risk that it discounted an important analysis of
plutonium worker data (Gillies et al. 2017a) and thus the
datapoints in Fig. 1, because the study did not control for
smoking. Yet, this analysis of the combined Mayak and
Sellafield cohorts had the lowest dose categories and was
deemed sufficient to be used to estimate RBEs in ICRP re-
port 150 (Tirmarche et al. 2021). The Air Force concern was
based on a 2002 study by Tokarskaya et al. (2002) that was
carried out before the modern Mayak dosimetry analysis.
Tokarskaya et al. had argued that, based on their results,
failure to control for smoking could lead to overestimates
of risk and obscure a threshold. However, other studies
not mentioned in the Air Force report did control for
smoking, one for Mayak workers (Gilbert et al. 2013) and
one for a European cohort primarily made up of Sellafield
workers (Grellier et al. 2017). The fits to these datasets were
consistent with the findings of Gillies et al. (2017a and b)
(Supplemental Digital Content Table S-4, http://links.lww.
com/HP/A217). Thus, a dose threshold in lung cancer dose
response that is hidden by smoking, a possibility claimed in
the early Mayak study by Tokarskaya et al., seems unlikely.
The data do not provide a basis for changing veteran com-
pensation protocols or excusing any lack of defensible do-
simetry analysis for Palomares veterans as found by a Vet-
erans Appeals Court (CAVC 2020). An expanded discus-
sion of smoking issues is presented in Supplemental
Digital Content Text S-5, http://links.lww.com/HP/A217.

Unlike lung cancer, for bone cancer there is statistical
evidence from a 2011 atomic bomb survivor study, that a
dose threshold in dose response for bone cancer is compat-
ible with the data at 95% confidence, given that the 95%
lower confidence limit excluded zero dose. The central
value found was 0.85 Gy (95% confidence interval, 0.12
to 1.85 Gy), with a linear dose-response above this thresh-
old. This would imply a low central value for plutonium
dose threshold in Gy, after dividing by an appropriate
RBE and after disregarding the small neutron component
contained in the 0.85 Gy estimate (Preston et al. 2004).
On the other hand, given uncertainties in RBEs, a small
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Table 7. Uncertainties in worker study results discussed in the literature
that can in principle introduce variance not always accounted for in
confidence limits.

Uncertainty type Uncertainty

Dosimetry Uncertainty in assessment of dose modeling
parameters, such as those governing
deposition and absorption in respiratory tract.a

Challenges in assessing organ-/tissue-specific
doses: “uncertainties associated with internal
dose assessments based on bioassay data can
be quite large” (Timarche et al. 2021).

Low limits of detection, which is particularly an
issue forMayak results in the low-dose region.

Different experimental
conditions

Generic issues of selection bias, ascertainment
bias, loss to follow-up, misclassification.
radiation exposure and risk

Modeling Question as to the extent that Mayak results can
be extrapolated to low doses and other
populations. Treatment of joint occurrence of
internal and external exposure data.b)

Missing data Large percentage of missing bioassay data,
particularly for Mayak workers, in full or
in part, which in some studies was handled
by a simple occupation-based surrogate,
without any multiple imputation. Data for
smoking was also missing for a high
percentage of individuals in full or in part

aNote that the paper by Stram et al. does account for plutonium dosimetry un-
certainties, although it does not account for the uncertainty associated with the
simple surrogate used for missing bioassay data.
bGilbert et al. found no evidence for modification of the external dose response
by sex, age and smoking, but uncertainty ranges were not presented (Gilbert
et al. 2013).
ctreatment of multiplicative vs absolute risk model in smoking interaction.
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central value prediction for the corresponding plutonium
dose would have a large uncertainty.

Not identifiable from the study was the behavior of
99th percentiles in ERR at and below the threshold dose
value, which would govern compensation decisions at low
doses. The number of bone cancer cases in the atomic bomb
study was quite small, with only seven above the reference
level of 12, sparsely spread out over the regression dose
range. Confirmation and more details might be needed be-
fore modification of the bone cancer IREP risks, and uncer-
tainty ranges should be made less friendly to claimants. Fur-
thermore, bone sarcomas are rare, accounting for only 0.2%
of all malignancies diagnosed in the United States (Franchi
2012) and so are unlikely to play a significant role in com-
pensation, certainly compared to lung cancer. For this rea-
son, focus here has been on lung cancer.

Uncertainties in study results not included in
comparison with IREP-based predictions

In judging differences between the IREP-based illus-
trative predictions and the ERR Gy−1 epidemiological con-
fidence limits, it needs to be borne in mind, as mentioned
earlier, that the full IREP approach requires adding uncer-
tainties to study numbers that have not been accounted for
in the raw ERR Gy−1 results presented in epidemiological
studies. Study results can differ due to different researcher
choices in data analysis and statistical methods (“researcher
degrees of freedom,” “auxiliary hypotheses”) that may not
be accounted for in confidence limits (Forstmeier et al. 2017;
Amrhein et al. 2019). Such private choices have been put for-
ward to explain in part the so-called “crisis of unreplicable re-
search” (Amrhein et al. 2019), which appears to be a concern
in a great number of fields of science (Baker 2016).

With the exception of one study that considered dose
uncertainty (Stram et al. 2021) (Supplemental Digital Con-
tent Text S-6, http://links.lww.com/HP/A217), the epidemi-
ological confidence limits include only statistical estimates
of uncertainties due to randomness in data, whereas there
are a number of additional specific uncertainties in worker
studies that have been discussed in the literature (Gillies et al.
2017a; Tirmarche et al. 2021). These are listed in Table 7. All
of these possibilities could be most problematic for the low
dose categories but less problematic for the higher dose cat-
egories with their greater percentages of excess cases.

The disparity in risk between the Sellafield and Mayak
low-dose data clusters (Fig. 1 and Supplemental Digital
Content Fig. S-1, http://links.lww.com/HP/A217), which is
unlikely to be due to chance, is testimony that uncaptured
uncertainties are large. The existence of uncaptured uncer-
tainties should not be surprising, because historical dose re-
construction of protracted exposures can be a difficult under-
taking and may require the making of many assumptions.

One of the uncounted uncertainties listed in Table 7 is
the effect of missing data for both plutonium dose and smoking
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status. Here is an area where techniques exist to help quantify
the uncaptured uncertainty, although cooperation of those
with access to the raw data are needed. For instance, a num-
ber of the studies (Labutina et al. 2013; Gillies et al. 2017a;
Stram et al. 2021) used a 6-category surrogate index for un-
monitored plutonium workers derived from occupational
history, which does not account for individual uncertainty and
is a methodology that can perform badly (Greenland 1995).
Doses were not imputed (say, using a study-wide covariate
matrix) (van Buuren and Groothuis-Oudshoorn 2011). Had
they been, multiple imputation could have been used to quan-
tify variance due to missing dose and smoking data.

The study by Gilbert et al. generally did not use the sur-
rogates for assessment of ERR Gy−1 as opposed to RBE es-
timates and did not findmuch difference in ERRGy−1 when
surrogates were included (Gilbert et al. 2013). However, ex-
cluding unmonitored workers and unmonitored periods of
work, as done by Gilbert et al., introduces its own problems,
leading to a large amount of missing data that could affect
the true variance of results (Greenland 1995; White and
Carlin 2010). Unmonitored status may not have occurred
at random, and true dose within surrogates may have un-
usual distributions; assignment to surrogate categories has
unknown misclassification potential.
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Ideally, in the face of the many unresolved uncertainties
in lung cancer risks to workers from plutonium exposure,
there would be sufficient cohorts studied in different popu-
lations to allow a direct assessment of between-study vari-
ance at low doses, which could help account for uncaptured un-
certainties affecting low doses. However, as discussed in
this paper, the number of cohorts in different populations
with clear results is limited at the present time to Mayak,
Sellafield, and the European cohort (the European cohort
includes some study subjects other than Mayak and Sellafield
workers). With so few results available for low doses, reliance
on the judgment of a committee of experts, including some of
the researchers involved in the plutonium worker studies, may
be the best way at the current time to quantify any increase in
worker study confidence limits to account for uncounted var-
iance that might be relevant to compensation decisions.

Implications for regulatory policy
Although there is no need to consider changes relative

to threshold for lung cancer dose response, there is a chal-
lenge posed by the conflicting signals in the comparisons
of the IREP-based predictions and the epidemiological re-
sults. There are four options suggested by the data that are
considered in this paper.

Option 1 - Make no changes to IREP. Multiple
comparisons of IREP predictions with data are bound to
produce discrepancies, because “Observed effect sizes can
easily differ across settings” (Amrhein et al. 2019). The
fact that some indications from the comparisons are more
favorable to claimants than the IREP program would decide
today, and some are less favorable, suggests that on balance,
IREP got it right, which is a testimony to careful analysis.
Differences appear to be in the noise of the data and
predictions. Still, regulatory policy has to consider a wide
range of issues, including the wider purpose of the policy,
as well as veterans’ and public perception. Getting it right
on balance and within the noise may not be sufficient.

Option 2 - Make IREP uncertainty bounds for lung
cancer dose-dependent based on the pooled Sellafield
and Mayak ERR Gy−1 results.

These results (Gillies et al. 2017a) were the data of choice
for analyzing RBEs in ICRP Publication 150 (Tirmarche et al.
2021) and so deserve consideration as the basis for any IREP
adjustment. Table 5 shows that the IREP-based, illustrative
predictions for the 99th percentile appear to be too high
compared to the pooled results, with the extent depending
on the dose range chosen for regression. The difference is
a modest 30%, when doses are restricted to < 0.05 for re-
gression analysis, and that difference would likely be over-
come should consideration of study limitations be taken
into account as previously discussed. However, for the full
dose range, more than a 3-fold overprediction in 99th per-
centile occurred (Table 5). To incorporate the difference, a
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modification could be made to either IREP’s lung cancer
ERRs or the underlying parameter distribution REFL so that
confidence limits were retained at doses below 0.05 Gy but
narrowed above, with a transition region in between. This
would be equivalent to establishing a new dose dependent
DDREF distribution for plutonium alpha particle exposures,
allowing for possible deviation from dose linearity, upward
or downward, but not necessarily changing dose linearity
on average. Such a novel change might better reflect the ep-
idemiological plutonium results but would likely be moot for
many lung cancer claimants, because the current lung cancer
compensation cutoff dose is already in the low dose region
for claimants like the Palomares veterans. However, were
the change made to REFL, which is the starting point for all
plutonium cancer risks in IREP, the change would not neces-
sarily be moot for solid cancers other than lung that have
higher lower limits for cutoff doses for compensation. For
those cancer types, compensation doses might be increased.
Option 3 - Combine varying and discordant lung cancer
ERR Gy−1 distributions.

As in the simplified example, where there were four
plausible models that have some support given the new
and old data, assuming the illustrative predictions are rea-
sonably correct. In the simplified example with its neutral
weighting factors, the lung cancer compensation doses were
unchanged, when the full regression dose range was used
with the Sellafield data of Gillies et al. (2017a). The com-
pensation doses were cut in half (i.e., made more favorable
to claimants) when the regression dose range was kept to
low doses (i.e., those below 0.05 Gy). Thus, it is possible that
an attempt to merge the new information with the old would
lead to no changes in IREP, or possibly a reduction in com-
pensation dose by half. There are additional datasets that
might be added to the merger, including the results for the
European cohort, LANL, and Rocky Flats, as well as any
post-2007 animal and cellular data that covers the same dose
range, but their inclusion was not considered for this paper.

There is scientific advantage to combining datasets or aver-
aging over them, which in effect averages over limitations in the
different studies, allowing confidence limits to be based on the re-
sults from the combined analysis. This is consistent with the
IREP approach of being scientific whenever possible and giving
the benefit of the doubt, in general, through use of the 99% cred-
ibility criterion. However, deciding on the weighting factors and
their distributions would be challenging. For instance, there is
the possibility of selection bias in the limited number of RBE
study values available that have accompanying confidence limits,
suggesting some discounting of their use should be made.

Option 4 - Adjust IREP plutonium models to match the
Sellafield lung cancer results.

This could be done in IREP by modifying the confi-
dence limits for the IREP parameter, REFL, or by adding
an ad hoc adjustment to calculated lung cancer ERR. IREP
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does not merge data when there is little basis for selecting or
weighting one alternative over the other. In such a case, the
most claimant-favorable alternative is chosen (Kocher et al.
2008), which here might be the 99th-percentile ERR Gy−1

estimated for the Sellafield data alone. Even though it is
scientifically weak to rely on a single study population
(Amrhein et al. 2019), the policy argument in favor is that
the Sellafield workers and their dose ranges are probably
a better match for, and more relevant to, US claimants.
Also, the monitoring at Sellafield was relatively strong,
with approximately 500,000 urine sample results available
over a long period of time for over 12,000 plutonium-
monitored workers (Tirmarche et al. 2021).

Until risks determined in the studies of the Mayak and
Sellafield contingents are adjusted to account for uncounted
study limitations and fully transformed to apply to a US
population, the policy argument for taking the Sellafield re-
sults is strong. Consider the high relative risk confidence
limits on the datapoints for the Sellafield cohort at low
doses (Fig. 1 & Supplemental Digital Content Fig. S-1,
http://links.lww.com/HP/A217) and the high 99th-percentile
limits for the Sellafield ERR Gy−1 estimated in Table 5.
Specifically, the Sellafield 99th percentile was 1.7 times
higher than the 99th percentile for the IREP-based illustra-
tive prediction when considering the full regression dose
range and 2.7 times higher considering the low regression
dose range < 0.05 Gy. Should not such findings for a rele-
vant cohort, if verified by subsequent analysts, be sufficient
to change 99th lung cancer percentiles in IREP? In any case,
if only a factor of 2 or 3 is involved in compensation cutoff
doses, giving the extra benefit of the doubt to claimants
might not even be an issue. Waiting for the next update of
the Sellafield and Mayak studies might be preferable from
the scientific perspective. With more data, both the Sellafield
and Mayak confidence limits should tighten, but veterans ex-
posed to plutonium in the 1960’s, like the Palomares cohort
(Beyea and von Hippel 2019) and the Thule cohort (USAF
1970), have limited time to wait. Also, ironically, more data
can lead to more stratification of analysis with a greater num-
ber of statistical tests being reported, thereby introducing a po-
tential multiple comparisons problem andmaking it likely that
a subset of the expanded number will continue to show large
uncertainties in 99th percentiles relevant to some claimants.

For Options 2-4, there is another decision to be made:
namely, deciding how to adjust 99th percentiles for cancers other
than lung for which there is no equivalent plutonium data. The
easiest solutionwould be to keep changes inREFL thatmight be
made for lung cancer, which would leave relative variations in
plutonium risk by cancer endpoint to be determined by the pro-
portionate risks found in the atomic bomb survivors.
Procedures for updating NIOSH-IREP

There are administrative rules for updating NIOSH-
IREP (CFR 2021a). Recommendations may come internally
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from NIOSH or from the Advisory Board on Radiation and
Worker Health, the Department of Labor, independent reviews
by scientific organizations, or public comment. If NIOSH then
decides to proceed with substantive changes to NIOSH-IREP,
the Advisory Board on Radiation and Worker Health reviews
them, with NIOSH thereafter addressing any recommenda-
tions of the review before proceeding with the change. In
the final stages, proposed changes must appear in the Federal
Register allowing for public comment and response by the
agency before actual implementation of a change in IREP.
Until such time as adjustments might be made in the IREP
program in light of the new epidemiological data, claims as-
sessors might still take the new data into account, as could in-
dependent experts writing in support of individual claimants.

NIOSH and advisory committees would want to be
highly confident in the science before making it more diffi-
cult for a veteran claimant.What should not be done is to try
to infer nonlinearity visually, which is inherently subjective
and vulnerable to confirmation bias. The generic problem
with trying to infer nonlinearity using visual interpretation
of multipoint data is that the likelihood of finding false pos-
itives is unknown, so confidence limits on a result cannot be
correctly set. For instance, how many combinations of clus-
tered datapoints would be judged visually to indicate non-
linearity? Once policy is based on visual inferences from
datawith large fluctuations in central values, the connection
to science can be lost. Moreover, a visual basis is vulnerable
to critics of the policy finding counterexamples in the liter-
ature, where the fluctuations from nonlinearity visually ap-
pear to contradict the original claim, as was the case with
the Air Force claim of dose nonlinearity in the Mayak data.

Strengths and limitations
Strengths of this study include consideration of all of the

large, modern epidemiological plutonium studies, not a selected
subset as was the choice made in the Air Force report. In addi-
tion, avariety of IREP-based statistics have been comparedwith
epidemiological data. In particular, illustrative IREP-based pre-
dictions for ERR Gy−1 have been developed, translating IREP
output assigned shares into quantities that can be roughly com-
pared to the epidemiological data, albeit with caveats. A
simplified example was used to show how disparate lines
of evidence in this case might be combined for compensa-
tion purposes using a method that is found in IREP.

There are a number of limitations of this paper to con-
sider. Only one representative exposure year was entered
into IREP rather than a range of years spread out over em-
ployment, although for most years there was little differ-
ence. Incomplete transfer of lung cancer risk to a US popu-
lation from risks determined in the Russian Federation and
the UK was an additional limitation. There was a possible
selection bias in the available RBE estimates that met the
criterion of having accompanying confidence limits.
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As discussed in Table 7 and accompanying text, there
are also limitations in the original studies that may have
led to underestimates in confidence limits. These limitations
carry over to comparisons made here to the study results. Fi-
nally, there is an inherent limitation in IREP itself: assigned
shares are imputed probabilities, not true probabilities, and
thus have modeling uncertainties implicitly attached to them.
Different models for cancer can give different probabilities of
causation for the same dose and assigned share (Beyea and
Greenland 1999). Furthermore, IREP does not add uncer-
tainty to account for individual susceptibility. These latter
two limitations, however, would have to contribute a very
large uncertainty to make an important difference in the
99th percentiles.

CONCLUSION

A reviewof the post-IREPepidemiological plutoniumdata
and comparison with IREP-based predictions indicates that:

1. A 1997 claim of a dose threshold in Mayak lung cancer
dose response was not borne out by subsequent studies.
As for the visually anomalous central datapoint values
in the low end of the Mayak dose response distribution
(Fig. 1), it is not valid statistical inference to focus on visual
hints of nonlinear effects. Nor would it be valid to make in-
ferences based onvisual assessment of the Sellafield cluster.
Clusters of Sellafield and Mayak datapoints at low doses
relevant to military personnel like the Palomares veterans
appear on different sides of the linear-fit lines, as shown
in Fig. 1, with a 1-in-64 chance of occurring randomly, sug-
gesting possible systematic errors, which would be best
handled in a compensation context by pooling datasets
or taking the one most favorable to the claimant, if there
was not a clear scientific basis for the pooling;

2. A 2011 study of atomic bomb survivors found evidence
for a dose threshold in bone cancer dose response (fol-
lowing low-LET exposure), specifically a finding that
the confidence interval did not include the null at 95%
confidence, although the number of cases was small.
What this would mean for a 99th-percentile ERR around
and below the threshold point, and hence what it would
mean for compensation decisions at low doses, is nei-
ther identifiable from study results nor easily simulated;

3. An illustrative IREP-based prediction of RBE for Mayak
conditions suggests that IREP might underpredict 99th

percentile risk compared to worker epidemiological data,
thereby producing a compensation cutoff dose that is in-
sufficiently favorable to claimants;

4. Mayak values for lung cancer ERR Gy−1 suggest that
IREP might overpredict 99th-percentile risk based on il-
lustrative calculations, thereby producing compensation
cutoff doses that are too favorable to claimants. Sellafield
values for lung cancer ERR Gy−1 suggest the opposite:
www.health-phy
IREP might underpredict 99th-percentile risk, especially
if regressions are limited to doses below 0.05 Gy;

5. A simplified example combining four lines of evidence,
new and old, suggests that IREP-based predictions for
lung cancer are consistent with the results for the com-
bined dataset when the regressions for the Sellafield evi-
dence component include the full dose range, but suggest
that the appropriate compensation cutoff should be
made more favorable to US claimants by a factor of 2
if the Sellafield data component is only regressed for
doses < 0.05 Gy; and

6. Both the epidemiological results and the IREP-based, il-
lustrative calculations have uncalculated uncertainties
that make the comparisons tentative.

Although tentative, these mixed results present a chal-
lenge for NIOSH and its review committees. It is possible to
imagine a number of outcomes for changing ERR Gy−1

values for lung cancer or changing the IREP radiation effec-
tiveness factors (REFs) that are used to scale plutonium
risks from risks determined in the studies of atomic bomb
survivors. Four possibilities were discussed, including (1)
no change, and (2) widening the uncertainty bands for REFs
at plutonium doses below 0.05Gy and tightening them above
0.05 Gy. Another possibility was (3) combining ERR Gy−1

distributions as in the simplified example presented here,
which would be difficult to do reliably at this point due to
the many judgments necessary to choose weighting parame-
ters. Yet another possibility considered was (4) using the
Sellafield data to adjust REFs or ERR, given the likelihood
that Sellafield workers better match US claimants. Making
such adjustments would be the most favorable option for
claimants, which is the appropriate choice for compensation
purposes when the alternates are scientifically unclear.

In its reports and any future reassessments, the Air
Force should avoid trying to infer nonlinearity visually, which
is inherently subjective and vulnerable to confirmation bias.
The Air Force reports should take into account the full set of
Mayak studies as well as Sellafield and European cohort data.
It is not appropriate to discount the Sellafield data because of
the absence of control for smoking in the study byGillies et al.
(2017a), particularly because controlling for smoking has not
been shown tomake anymajor difference for plutonium risks
in the many studies discussed that have controlled for it. The
only change reported by smoking status in anymodernMayak
study was in the lung cancer ERR Gy−1 for external radia-
tion, not internal radiation (Stram et al. 2021), a change that,
if used, might decrease RBEs from the one of two pluto-
nium worker studies reporting RBE with confidence limits
that did not control for smoking (Gillies et al. 2017a).

Although IREP has limitations (Beyea and Greenland
1999; CRS 2021), it remains a valid compensation tool, in-
formed by consistent scientific analysis. IREP provides a
sics.com
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framework that merges science and policy in a workable,
transparent manner that removes any need for toxic tort lit-
igation in federal and state courts by giving benefit of the
scientific doubt to the veteran. It may be argued that the hint
of supralinearity and/or high lung cancer ERR Gy−1 found
in the Sellafield data has introduced new scientific uncer-
tainty at the lowest doses, but there is no guarantee that the
IREP 99th-percentile values would change depending on
how the new uncertainty were to be combined with all of
the other evidence.

Prior to any decision by NIOSH, veterans still have a
possible way to get the Sellafield data at least considered
by the Veterans Administration if they can find an expert
deemed qualified to support their case. Experts acting on
behalf of veterans can always submit supportive affidavits.
They could argue perhaps that the ERR Gy−1 distributions
implicit in IREP should be widened at low doses, given the
lung cancer results from Sellafield and the European Cohort,
especially in a compensation program that tries to give the
benefit of the doubt to the claimant when the science is not
clear. Furthermore, the Veterans Administration could, de-
pending on the outcome of its Palomares appeal, recommend
such a position itself.
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APPENDIX

Adjustments needed to IREP distributions to match

published worker results

IREP documentation specifies how to build distribu-
tions that can be used to (1) generate IREP-based predic-
tions for worker RBEs to compare with results given in
studies of plutonium workers exposed to low dose or low
dose-rate external, low-LET radiation, and (2) to transfer
ERR Gy−1 values estimated in the UK and the Russian Fed-
eration to values appropriate for the US population assumed
in IREP output.

Predictions of risk for inhaled plutonium in IREP start
with the distribution for the so-called low radiation effective-
ness factor, REFL, which is log-normally distributed with
central value and 95% confidence limits equal to 18 (3.4, 100).
REFL was determined from alpha data, primarily animal
and cell data, relative to low-LET radiation with photon en-
ergies above 250 KeV, delivered at low doses and/or low
dose rates (Kocher et al. 2005). It and its uncertainty range
are assumed to be independent of dose within the low dose
and/or low dose-rate regions for which it is defined.

Adjustments to REFL that produce an RBE distribution
for workers that can be compared to results from
plutonium worker studies

Had the plutoniumworker external exposures all been
to photons with energies above 250 KeV, REFL would be a
direct prediction of RBEs found in worker studies. How-
ever, this was not the case. IREP documentation provides
modifying factors for REFL, as described in Table A1, which
are used for (1) photonswith energies between 30KeVand 250
KeVand (2) photons with energies below 30 KeV (Kocher
et al. 2005). Because the distribution of photon energies at
Mayak and Sellafield were not available, calculations were
made for each of the photon energy ranges and compared
separately to published worker RBE values (Table 3). To
build final RBE distributions, each draw from the modify-
ing distribution in Table A1 was multiplied by a draw from
the REFL distribution obtained from the “rlnorm” function
in the R-statistical programming language (R_Core_Team
Table A1. Probability distributions of REFs for ionizing photons
with different energy groupings as developed for IREP in Kocher
et al. (2005, Table 11).

Photon energy
range Distribution

> 250 KeV Single-valued at 1.0 (assumed reference radiation)

30 – 250 KeV Hybrid distribution with—75% weight to lognormal
distribution with 95% confidence interval between
1.0 and 5.0; 25% weight to value 1.0;

< 30 KeV Product of two distributions—(1) hybrid distribution for
30 − 250 keV photons; and (2) triangular distribution
with minimum of 1.0, mode of 1.3, and maximum
of 1.6
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2020). The standard percentile values, including the 99th,
were then extracted from the distributions.

Adjustments needed to transfer risks to US populations
estimated for worker cohorts in the Russian Federation
and the UK

Before comparing with IREP-based predictions, ERR
Gy−1 values estimated in studies of workers in the Russian
Federation or the UK should be transformed to values ap-
propriate for a US population. To estimate the size of the ef-
fect, risk transfers have been estimated here, when possible,
using IREPmethodology but only reported in the text and in
Table footnotes. Risk transfer in IREP requires data on can-
cer mortality. Lung cancer mortality rates for males and fe-
males in the US, UK, and Russian Federation were taken
from published data for the year 2005 (Islami et al. 2015).
Transfer calculations were made separately for each sex.
Transfers were not attempted by smoking status because
no corresponding historical mortality data by smoking sta-
tus were found for the Russian Federation.

There are two IREP approaches for lung cancer risk
transfer, with the one producing the largest 99th-percentile
EER Sv−1 accepted (Kocher et al. 2008). The choice of year
to use for lung cancer mortality rates is not specified in
IREP documentation; thus, a range of years was investigated
because the mortality data most relevant to a claimant would
likely be from a year prior to the date of cancer diagnosis. In
addition to 2005 for the main analysis, data from 1960 and
1995 were also considered, as shown in Supplemental Dig-
ital Content Tables S-3 and S-8, http://links.lww.com/HP/
A217, with the following results. Using the 2005 lung can-
cer mortality data, the percentage changes in ERR Gy−1 were
approximately +20% for Mayak males and approximately
−20% for Mayak females. For Sellafield male workers, the
percentage changes were ~ −9%. As for the 1995 choice for
lung cancer mortality rates, the percentage changes rose to
+27% for Mayak males, with no change for Sellafield
males. When 1960 mortality rates were used, there was a
large percentage increase for Sellafield males (85%–89%)
and a 0-to-12% decrease for Mayak males. Nevertheless,
such percentage changes found for 1960 mortality data would
only amplify the differences between the cohorts noted in this
paper and would not change any conclusions.

Calculation of RBEs involve ratios of risk. Because
transference of risk from one population to another will ap-
ply to both numerator and denominator, risk transfer effects
will cancel for RBEs to first order.

Pooling of IREP predictions across cohort subcategories
IREP makes predictions about individual risk, condi-

tional on such factors as sex and smoking status at time of di-
agnosis. To use these conditional risk estimates to simulate
risks predicted for worker cohorts whose members had
sics.com
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varying risk factors, it was necessary to perform a weighted
sum over IREP distributions (marginalize them). This re-
quired having prevalence numbers for the risk factors in the
cohort, which were obtained from the literature, and full
knowledge of the individual IREP distributions. IREP-
based ERR Gy−1 distributions, obtained from inverted IREP
assigned-share output, were assumed to have a lognormal un-
derlying distribution. The 95th- and 50%-credibility percen-
tiles were used to obtain a log standard deviation for ERRs.
This was accomplished by dividing the logarithmic differ-
ence by the associated z-score critical value of 1.65. (1.65
times a standard deviation added to the 50% value reaches
the 95th-percentile value for a normal distribution.) Note that
the 95th-percentile is the upper limit for a 90th percent confi-
dence interval.

Using the 50% valuewith the derived log standard de-
viation, draws from the lognormal distribution were made
using the “rlnorm” function in R-code. For pooling, the
number of replications was chosen to be 10 times the num-
ber of subjects in a particular worker cohort, male or female,
smokers or nonsmokers, with percentages described in Sup-
plemental Digital Content Table S-2, http://links.lww.com/
HP/A217. With these individual distributions in hand, now
weighted by the risk category percentages, pooling of risks
for cohort subcategories could be made and the resulting
ERR Gy−1 values for the standard credibility levels ex-
tracted from the pooled distributions.

IREP documentation discusses multiple uses of the
lognormal distribution. To check that the lognormal approx-
imation was a reasonable choice for lung cancer ERR Gy−1

distributions, the 99th-percentile values were extracted from
the simulated lognormal distributions as discussed above
and compared with IREP-based 99th-percentile output values
for males and females, each for three different smoking his-
tories. The approximated values tended to be slightly higher
than the IREP output, with an increase ranging from ap-
proximately 0% to 11%. Thus, the IREP distributions have
www.health-phy
a slightly narrower upper tail than expected for a pure log-
normal distribution, but the difference in the 99th-percen-
tile predictions, which determines compensation decisions
in IREP, is minor compared to the overall uncertainties.

Because results from epidemiological studies of plu-
tonium exposure did not use the same smoking breakdown
as did IREP, it was necessary to combine the IREP predic-
tions to best match the worker categories used in the studies
that presented results for lung cancer diagnosis at age 60
(Supplemental Digital Content Table S-2, http://links.lww.
com/HP/A217). When smoking assignment data were not
available, percentageswere assigned to the IREP smoking cat-
egory that would increase pooled results. The impact of the
alternate choice is presented along with the main results in
Table footnotes.

To impute the 99th percentile for published study data,
a normal distribution was assumed rather than a lognormal
distribution, given that the output was from a regression
analysis and generally with tight confidence limits. If results
were computed assuming an underlying lognormal distribu-
tion, the 99th-study percentiles were also similar, at most
higher by 20%. The standard deviation estimate was ob-
tained from the difference of a study’s upper and 50% con-
fidence limits divided by the appropriate statistical critical
value, either 1.65 for 90% confidence intervals (CI) or
1.96 for 95% CI, depending on the study’s choice for con-
fidence limits. These values were used to define 10,000 rep-
licates of a normal distribution using the R-code routine
(rnorm) from which the 99th percentile was then extracted.
These exploratory 99th-percentile values are placed along-
side study confidence intervals in Table columns in the re-
sults section. The values are not necessarily the same as
the 99th percentiles that would be found in actual study data,
which might not be pure normal.
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