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THE HANFORD THYROID DISEASE STUDY: AN ALTERNATIVE
VIEW OF THE FINDINGS
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and Sander Greenland®

Abstract—The Hanford Thyroid Disease Study (HTDS) is one
of the largest and most complex epidemiologic studies of the
relation between environmental exposures to *'I and thyroid
disease. The study detected no dose-response relation using a
0.05 level for statistical significance. The results for thyroid
cancer appear inconsistent with those from other studies of
populations with similar exposures, and either reflect inade-
quate statistical power, bias, or unique relations between
exposure and disease risk. In this paper, we explore these
possibilities, and present evidence that the HTDS statistical
power was inadequate due to complex uncertainties associated
with the mathematical models and assumptions used to recon-
struct individual doses. We conclude that, at the very least, the
confidence intervals reported by the HTDS for thyroid cancer
and other thyroid diseases are too narrow because they fail to
reflect key uncertainties in the measurement-error structure.
We recommend that the HTDS results be interpreted as
inconclusive rather than as evidence for little or no disease risk
from Hanford exposures.
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INTRODUCTION

TrE Hanrorp Thyroid Disease Study (HTDS) (Davis et
al. 2002, 2004) examined a large number of dose-
response relationships for thyroid disease endpoints us-
ing multiple methods of analysis. The study detected no
dose-response relation using a 0.05 level for statistical
significance. The authors concluded that the cancer risk
for children exposed to "'I from Hanford releases is
much lower than from similar doses from external
exposures to penetrating radiation, from internal expo-
sures to shorter-lived isotopes of iodine, or from expo-
sures to "'l after the Chernobyl accident. In companion
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papers, the authors maintained they had adequate statis-
tical power to exclude false-negative results (Stram and
Kopecky 2003; Davis et al. 2004; Kopecky et al. 2004,
2005).

As discussed below, these findings are inconsistent
with those from studies of other populations with envi-
ronmental exposures to '*'T and raise important issues for
radiation health research. Moreover, it is difficult to
reconcile the HTDS results with the evidence for thyroid
disease that has been reported for the Chernobyl acci-
dent, which also includes exposures primarily to "'

With this paper we hope to generate a dialogue on
these issues. To begin the discussion, we describe the
inconsistencies between the findings of the HTDS and
other studies and the explanations that have been pro-
posed for these differences. We then propose steps that
can be taken to further clarify the issue, and suggest how
the HTDS findings might be regarded by the scientific
community in the interim.

OUTLINE OF POSITIONS

The authors of the HTDS attribute the differences in
excess risk estimation between HTDS and other studies
to differences in the dose and dose rates delivered by
Hanford "', the absence of releases of shorter-lived
radionuclides that would elevate the dose rate of the total
dose incurred, and the fact that many children exposed
downwind of Chernobyl were deficient in stable dietary
iodine. They have maintained in companion papers that
their study had adequate statistical power to detect an
excess risk of disease that would be consistent with
results from other epidemiological investigations of chil-
dren exposed to external radiation, weapons fallout, and
Chernobyl "'T (Stram and Kopecky 2003; Davis et al.
2002, 2004; Kopecky et al. 2004, 2005). They contend
that if an excess risk was present in the Hanford cohort,
it was very low.

We believe that the anomalous findings of the HTDS
can be explained by uncertainties associated with the
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mathematical models and assumptions used to reconstruct
individual doses, which were more extensive than acknowl-
edged. In their analysis of statistical power, the authors of
the HTDS made the assumption that all uncertainties are
non-differential, unshared Berkson measurement errors.
Correcting for the presence of differential, systematic over-
estimation of individual dose with respect to the model
covariates that determine individual dose would result in a
reduction of the statistical power of the HTDS and an
increase in the central value of the dose-response relation-
ship, as well as an increase in the upper bound of the
interval estimate. Accounting for the presence of large
non-differential uncertainties (composed of mixtures of
shared and unshared Berkson and classical measurement
errors) results in a further reduction of the statistical power,
an increase in the central values of the dose-response
relationship, and a further widening of interval estimates
about the excess relative risk (ERR) per unit dose (Carroll et
al. 2000).

Correcting for the presence of systematic and ran-
dom sources of uncertainty would cause the intervals to
overlap central estimates of the dose-response relation-
ship reported for other epidemiologic studies of
radiation-induced thyroid cancer. This overlap is partic-
ularly evident when the original dose-response data from
exposure to external sources of radiation are adjusted for
the effects of low doses and low dose rates through
division by a distribution of values reported for the dose
and dose-rate effectiveness factor (DDREF).

We believe that available scientific evidence does
not support the assumption that the very large differences
in dose response between the HTDS and other studies
were caused by differences in the rates and types of
exposure, the mixture of radionuclides involved, or the
amount of stable iodine in the diet.

CONFLICTING EVIDENCE

Although the carcinogenicity of '*'T has been de-
bated for decades, the issue has been settled by recent
data from the Chernobyl accident. Studies of children
exposed to "*'T from Chernobyl indicate that the risk for
thyroid cancer increases with dose and that the quantita-
tive estimates of excess risk obtained to date are not
substantially different from excess risk estimates ob-
tained from cohorts exposed to external sources of
radiation (IOM/NRC 1999; UNSCEAR 2000) (Table 1).
Although iodine deficiency appears to increase the ERR
for "*'T-induced thyroid cancer by about a factor of three
(Cardis et al. 2005), the risk from "'T is independent of
that from iodine deficiency (Shakhtarin et al. 2003;
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Cardis et al. 2005; Tronko et al. 2006). For the popula-
tions exposed to Chernobyl radiation releases, the con-
tributions to thyroid dose from mixtures of both short-
lived radionuclides (e.g., 1327 radiotelluriums) or long-
lived radionuclides (e.g., '*’Cs) were less than a few
percent (Gavrilin et al. 2004; Cardis et al. 2005; Minenko
et al. 2006).

There is also evidence supporting a causal relation
between "*'I and thyroid neoplasia from follow-up stud-
ies of children exposed to fallout from atmospheric
testing conducted at the Nevada Test Site (NTS) (Table
1; Mallick et al. 2002; Lyon et al. 2006; Simon et al.
2006). The estimates of excess risk from this population
are similar to those identified for children exposed to
external gamma and x rays from medical procedures; the
similarity becomes stronger when the excess risks ob-
served from acute exposure to high energy gamma rays
and fractionated x rays are adjusted for low-dose and low
dose-rate effects (Table 1).

In their recent report, the BEIR VII Committee
(NRC/NAS 2006) concluded that the most realistic
model for estimating radiogenic cancer risk is linear,
with an ERR per unit dose that decreases with age at
exposure. For thyroid cancer, the BEIR VII preferred
model is:

ERR per Gy = 0.53 exp [ —0.083 (¢ — 30)] for males,
(1)

and
ERR per Gy = 1.05 exp [—0.083 (e — 30)] for females,
(2)

where e is the age at time of exposure. For chronic
exposures to low linear energy transfer (LET) radiation
such as "*'I, BEIR VII recommended dividing the ERR in
the above equations by a DDREEF that is described by a
lognormal distribution with a geometric mean (GM) of
1.5 and an adjusted geometric standard deviation (GSD)
of 1.35. The overall uncertainty in the ERR per Gy/
DDREF is approximated by a GSD of about 2.0.

For thyroid cancer, the risk coefficients developed
by BEIR VII were derived from epidemiologic studies of
children and adolescents exposed to external sources of
penetrating radiation (Ron et al. 1995). The BEIR VII
committee relied on data from external exposures be-
cause risk coefficients based on epidemiologic data from
populations exposed to internal sources of radiation are
highly uncertain.

The BEIR VII committee concluded: “Although
there are no strong reasons to think that the dose-
response from internal low-LET exposure would differ
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Table 1. Results of epidemiologic studies of thyroid cancer in children exposed to fallout "*'I or external radiation.

ERR/Gy
95% confidence interval

Average dose

Age at exposure

Study (by exposure type) 2.5" percentile 50™ percentile 97.5" percentile (Gy) (y) Reference
31T exposure studies
Hanford Thyroid Disease Study
Hanford region 0.0 0.48 4.6 0.174 0-5 Davis et al. (2002)
Nuclear weapons fallout
Across entire U.S. 2.8 12 31 0.05* 1955 birth  Gilbert et al. (1998)°
cohort
Across entire U.S. 2.7 13 36 0.05* 1955 birth  Gilbert et al. (1998)°
cohort
Across entire U.S. —-1.1 10.6 29 0.043 0-1 Gilbert et al. (1998)°
Across entire U.S. -0.5 2.4 5.6 0.043 0-1 Gilbert et al. (1998)¢
Utah, Nevada, and Arizona 2.7 13.02 68.7 0.12 2 (average) Lyon et al. (2006)°
Chernobyl
Bryansk, Kaluga, Orel and Tula 2.4 73 12 0.056 0-17 (females) Ivanov et al. (1999)
Regions, Russia
Bryansk Region, Russia 0.1 1.7 32 0.69—females’ 0-19 Davis et al. (2004)
0.48—males'
Bryansk Region, Russia 0.1 2.7 53 0.555" 0-2 in 1986 Davis et al. (2004)
Ukraine and Belarus 8 10 12 Not reported 0-18 Jacob et al. (2004)
Belarus and Bryansk Region, 8.6 23 82 0.049 Bryansk, city 0-19 Jacob et al. (1999)
Russia 0.37 Gomel, city
0.07 Minsk, city
Belarus and Russia 1.2 3.9 6.5 0.365 Belarus"® 0-15 Cardis et al. (2005)
0.04 Russia"®
Belarus 1.9 4.1 7.9 0.356%¢ 0-15 Cardis et al. (2005)
Russia 0.3 30.5 760 0.04"¢ 0-15 Cardis et al. (2005)
Bryansk Region, Russia 4.8 48.7 1,151 0.0435 (cases) 0-19 Kopecky et al. (2006)"
—0.36 138 5.4 % 10°  0.016 (controls)
Chernihiv, Zhytomyr, and Kyir 1.7 5.25 27.5 2.0 £ 2.52 (case) 0-18 Tronko et al. (2006)!
Regions, Ukraine 0.78 = 1.85 (non-case)
Gamma and x-ray exposure
studies; adjusted for DDREF"
Individual studies
Japanese A-bomb survivors 2.0 6.5 17 0.3 0-10 Thompson et al. (1994)
X-ray therapy for enlarged thymus 1.4 6.3 25 1.4 0-1 Ron et al. (1995)
(Rochester, NY)
X-ray therapy for tinea capitis 6.3 22 61 0.09 0-15 Lubin et al. (2004)
(Israel)
X-ray therapy for tinea capitis 0.7 6.1 53 0.1 0-18 Shore and Xue (1999)
(New York)
X-ray therapy for enlarged tonsils 0.1 1.7 20 0.6 4 (average) Ron et al. (1995)
and adenoids (Chicago)
X-ray therapy for lymphoid 1.2 4.1 13 0.2 0-15 Shore (1992)
hyperplasia
Radiotherapy with beta, gamma 1.3 4.9 10 0.1 infants Lundell et al. (1994)
and x rays for skin hemangioma
(Stockholm cohort)!
Radiotherapy with ***Ra for skin 0.4 7.5 18 0.1 infants Lindberg et al. (1995)
hemangioma (Gothenburg
cohort)’
Pooled analyses
Pooled analysis of x-ray treated 1.0 5.7 29 2 Land et al. (2003)
patients and A-bomb survivors
BEIR VII (female) 1.5 7.0 34 2 NRC/NAS (2006)
BEIR VII (male) 0.8 35 17 2 NRC/NAS (2006)

“ Estimated based on the information presented by Gilbert et al. (1998).

" Mortality: county-specific doses.
“ Mortality: state-specific doses.
4 Incidence: county-specific doses.

¢ All uncertainties treated as Berkson, without systematic errors (see Lyon et al. 2006).

fMedian dose.

¢ Dose from all radiation types. Doses are dominated by exposure to "*'I. Doses from *'T are 0.356 Gy and 0.039 Gy, in Belarus and

Russia, respectively.

" ERR/Gy in the first row were obtained by ignoring the uncertainty in thyroid doses. ERR/Gy in the second row were obtained by
treating all uncertainties in doses as classical measurement error.
! All uncertainties in thyroid doses were treated as Berkson, without systematic errors.
J A discrete distribution of DDREF was applied to ERR/Gy for those studies not involving radiotherapy for skin hemangioma where
exposure was chronic. (DDREF values are 0.5, 0.7, 1.0, 1.5, 2.0, 3.0, and 4.0, respective probabilities for these values are 0.01, 0.04,

0.35, 0.23, 0.23, 0.1, and 0.04; Source: Land et al. 2003.)
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from that for external exposure, there is additional
uncertainty in applying the BEIR VII risk models to
estimate risks from internal exposure” (NRC/NAS 2006).
As noted above, when quantifying the risk of thyroid
cancer from prolonged low-dose exposures to low-LET
radiation, the BEIR VII committee adjusted its preferred
risk model through division by a DDREF, which intro-
duced both a bias correction and additional uncertainty
associated with chronic exposure to low-LET radiation.

In light of the preceding evidence for thyroid cancer
risk following "*'I exposure, we conclude that the HTDS
findings are either falsely negative or truly negative and
explained by unique conditions. We explore each possi-
bility in the following sections and suggest ways to
clarify the controversy.

DOSE MODELS AND STATISTICAL POWER

Based on analyses of statistical power, the HTDS
authors maintain that their findings are not falsely neg-
ative (Davis et al. 2002, 2004; Kopecky et al. 2004,
2005). However, if these analyses did not account for all
factors that could reduce power, then the HTDS asser-
tions overstate the certainty of the results and the power
of the HTDS might be substantially lower than the
authors claimed.

In the HTDS, cumulative doses to the thyroid were
estimated for the 3,191 subjects by using a series of
mathematical models to calculate the release, downwind
dispersion, deposition, food-chain contamination, inhala-
tion and ingestion of "*'I, and the absorption of energy
resulting from the decay of "*'I in each subject’s thyroid
gland (Farris et al. 1994; Davis et al. 2002; Kopecky et
al. 2004). These models were linked with data obtained
from individual exposure histories and estimates of the
commercial distribution of fresh dairy products within
the spatial and temporal domains of the HTDS. The
information obtained for individual subjects in inter-
views and the assumptions made in characterizing the
distribution of fresh dairy products are uncertain for a
variety of reasons. These uncertainties, as well as those
associated with other variables, such as estimates of '*'T
release, dispersion, deposition, and food-chain transport,
can widen the interval estimates of dose and ERR, and
lower the statistical power of a study.

The exclusive reliance upon models for reconstruct-
ing "'T exposures from the Hanford facility differs from
the dose reconstructions for the NTS and Chernobyl. For
the NTS study (Simon et al. 2006), modeled doses were
based on external exposure measurements or on the
quantification of radionuclides deposited on gummed
film collectors. The mathematical models used to esti-
mate the interception of *'T in NTS fallout by vegetation
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and the subsequent "*'T contamination of milk were
somewhat similar to those used at Hanford, but Hanford
modelers chose values for transfer coefficients that were
markedly larger than those for the NTS, resulting in
higher estimates of dose per unit deposition.

In contrast to the exclusive reliance upon mathemat-
ical models and assumptions about model coefficients by
the HTDS, a variety of models and measurements were
used to estimate doses for subjects in Chernobyl studies.
These measurements included deposition of multiple
radionuclides in soil and vegetation, radionuclide con-
centrations in milk and other foods, and measurements of
radionuclide burdens in the thyroid glands of a large
number of subjects. For the investigation of Chernobyl
cohorts, models calibrated against available data were
used to estimate individual exposures in those situations
where direct measurements were unavailable (Gavrilin et
al. 2004; Cardis et al. 2005; Tronko et al. 2006).

Below, we describe the sources of dose uncertainty
in the HTDS in more detail, and discuss the extent to
which they have been considered in analyses of statistical
power for the HTDS.

UNCERTAINTIES IN RESIDENCE HISTORIES
AND DIETS OF SUBJECTS

Because HTDS subjects were infants or young
children at the time of the largest '*'I releases, the most
reliable residence and dietary information was obtained
from parents or other knowledgeable respondents. For
1,979 of the subjects (62%), detailed residence and
dietary histories were obtained through computer-
assisted telephone interviews (CATI) with these respon-
dents (Kopecky et al. 2004). In the CATI interviews for
those subjects who were born or breast-fed after the
releases of "'I began, interviewers obtained a limited
dietary history for the subjects’ mothers to estimate doses
from prenatal exposures and from ingestion of human
breast milk.

For the 1,212 subjects (38%) who could not identify
knowledgeable sources of historical information, an ab-
breviated in-person interview was administered to obtain
residence history and to determine whether subjects
consumed fresh milk or dairy products. These subjects
were assigned the same rates of food intake, based on
typical diets. Because the dietary histories and breast-
feeding practices of the mothers of these subjects could
not be obtained, it was assumed that cow’s milk con-
sumption began at birth. This assumption was not,
however, supported by the HTDS data obtained from
those subjects who were able to provide interviews, since
69% of the subjects with CATI interviews reportedly did
not consume fresh dairy products in the first 6 mo of life
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(Kopecky et al. 2004). The dose estimates for 38% of the
study subjects were, therefore, far more uncertain than
those for the remainder of the study population. This
uncertainty includes the potential for bias in the dose
estimate for these study subjects.

For the HTDS, the absence of reliable information
on residence history, dietary intake of '*'I-contaminated
food, and the impact of breast-feeding on exposure to "*'I
all lead to increased uncertainty and the potential for both
non-differential and differential misclassification of dose
estimates for individual subjects and for groups of
subjects. Individual-dose error that is independent of the
true exposure, outcome, covariates, and other errors
(classical error) would, under these circumstances, bias
estimates of risk towards the null and obscure positive
dose-response relations (Rothman and Greenland 1998;
Carroll et al. 2006). In dose-response models, classical
error and systematic overestimation of dose have similar
effects—both induce bias towards underestimating the
true dose-response relationship (NRC/NAS 2006).

The HTDS reported no evidence of bias associated
with the lack of exposure information for the subjects
without CATI interviews, and did not detect confounding
by or heterogeneity across the sources of dosimetry data
(Davis et al. 2002, 2004). However, the study authors did
not consider the impacts of systematic overestimation of
doses for the 38% of subjects without CATI interviews
on (a) the modeling of dose-response relationships, (b)
their confidence intervals (Davis et al. 2002, 2004), or (¢)
the estimates of statistical power for these models (Stram
and Kopecky 2003; Kopecky et al. 2004).

The methods used for reconstructing individual
exposure histories for Hanford subjects are different
from those applied to other populations with environ-
mental exposures to "'I. For the studies of children
exposed to NTS fallout, residence and dietary histories
were obtained directly from the parents of child subjects
or from other knowledgeable sources within 15 y of
exposure (Simon et al. 2006). In the Chernobyl studies
with dose estimates for individual subjects, data for
exposure reconstruction were also obtained through in-
terviews, which were conducted within no more than a
few years of exposure.

UNCERTAINTIES IN DOSE MODELS

Dose estimates made with mathematical exposure
models are known to be associated with large and
complex uncertainties (Hoffman 1999; Mallick et al.
2002; Schafer and Gilbert 2006). These uncertainties
include shared and unshared mixtures of Berkson (i.e.,

true doses independently distributed about assigned val-
ues) and classical measurement errors (i.e., dose esti-
mates or measurements independently distributed about
true values), as well as sources of bias leading to
differential errors (errors that depend on covariates or
outcomes) and dependent errors across subjects or
groups of subjects.

For example, one of the most important parameters
in dose reconstruction models for "*'I is the coefficient
used to represent the transfer from animal intake to milk
(F,). The HTDS assigned median values to F,, of 0.012
d L™ for milk produced by commercial dairy cows, and
0.009 d L™ for backyard cows (Snyder et al. 1994). For
the NTS study, the median value of F,, was about 0.004
d L™ for both sources of cow’s milk (Stevens et al. 1992;
NCI 1997). Recent model testing using Hanford data
from 1963 indicates that the median value for F, could
be as low as 0.002 d L™" (Apostoaei 2005).

There is also an indication that the uncertainty in F,,
was substantially underestimated in the HTDS. For
commercial sources of milk, the uncertainty for F,, was
constrained to a standard deviation of 0.0002 d L ™" about
a mean value of 0.012 d L™" (approximating a GSD of
1.18) (Snyder et al. 1994). For the NTS study, a GSD of
close to 2.0 was assigned (Stevens et al. 1992). In their
analyses of statistical power, the HTDS did not consider
the impact of different, but possibly true values of F|,
among various sources of commercial and non-
commercial milk. Because thyroid dose is a linear func-
tion of F_, it is likely that the HTDS thyroid doses were
overestimated and their uncertainties underestimated for
individuals who consumed commercial sources of fresh
cow’s milk. Problems associated with the choice of a
distribution of values for F,, in the HTDS have been
identified in previous reviews (Hoffman 1993; NRC/
NAS 2000).

In this paper, we do not have sufficient space to
discuss other sources of uncertainty and potential bias in
the dose reconstruction data used in the HTDS. We have,
however, summarized the important ones in Table 2.

DOSE UNCERTAINTY AND VARIABILITY

In the HTDS, the uncertainty in dose estimation was
represented by 100 unique sets, or vectors, of alternate
dose realizations for each of 3,191 subjects. These
realizations of dose were implemented with Monte Carlo
sampling of the probability distributions assigned to the
model inputs and coefficients for which uncertainties had
been characterized. These 100 dose realizations approx-
imated a lognormal distribution, characterized by a GM
and a GSD. The average of the GSDs for uncertainty in
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Table 2. Sources of uncertainty associated with the evaluation of HTDS dose estimates.

Potential for bias/uncertainty

Sources of bias

Central value for "*'T transfer coefficient for commercial milk +++2
b

Central value of ''T transfer to mother’s milk

Percentage of individuals assumed to be on fresh milk diet in 1945 in ++

the absence of a CATI interview
Amount of I released after 1950
Confounding by Nevada Test Site "*'I dose

Misclassification of thyroid doses from Nevada Test Site

Sources of uncertainty

lBlIc

Uncertainty in '*'I transfer coefficient for commercial milk —-——=

Uncertainty in residence and diet history
Uncertainty in HTDS cohort mean dose®
Uncertainty in HTDS cohort dose variance®
Uncertainty in HTDS individual dose estimates
Stochastic variability of true dose

Uncertainty in thyroid doses from Nevada Test Site '*'I

* 4+ ++ Potential for large overestimation, ++ moderate overestimation, + minor overestimation.

b

——— Potential for large underestimation, — — moderate underestimation, — minor underestimation.

¢ HTDS reports 1,616 subjects with Nevada Test Site (NTS) '*'I doses of less than 5 mGy; such small doses are not plausible for
individuals consuming fresh sources of milk. Application of the NCI "*'T Thyroid Dose/Risk Calculator (NCI 2003) for NTS Fallout
(http://ntsi131.nci.nih.gov/default.asp) for residence locations and age groups for subjects in HTDS indicate doses that range from less
than 3 to more than 20 times higher than the 5 mGy reference used by HTDS.

4 Uncertainies in residence history and changes in dietary sources were not addressed in HTDS dose reconstruction.

¢ Uncertainties in the mean dose and dose variance were not reported for the HTDS cohort.

" Uncertainties on individual dose estimates too small given specified uncertainties for model covariates.

€ Inter-individual stochastic variability of true dose only accounted for in HTDS by uncertainty assigned to dietary intake and thyroid

dose conversion factor.

" Uncertainties in NTS "*'I dose estimates were not addressed by HTDS.

the doses estimated for each single subject was 2.16. The
range of individual dose GSDs was from 1.56 to 5.42.

We found that the dose uncertainties for individual
subjects produced by the suite of Hanford dose recon-
struction models are too low when compared with the
uncertainty in the coefficients responsible for individual
doses. The individual dose uncertainties reported for
specific subjects in the HTDS are also low compared
with the dose uncertainties produced by other modeling
methodologies (NCI 1997; Stevens et al. 1992; Simon et
al. 2006; Apostoaei 2005).

The uncertainty in the dose conversion factors for
ingestion of “'T used to determine HTDS doses was
described by a GSD of 2.0 (Snyder et al. 1994). Given
that the dose conversion factor applied to a specific
individual is highly correlated, even for an individual
exposed in one or more years, the overall uncertainty in
doses to specific members of the HTDS cohort should be
characterized by a GSD of at least 2.0 or greater.
Accounting for uncertainty in the dose conversion factors
and for the uncertainty in other parts of the model
(including the forementioned uncertainty in the F,, for
commercial cow’s milk), we estimate that the GSD in the
doses for any member of the HTDS cohort should be
described by a GSD of at least 2.3 or higher. However,
more than 50% of the GSDs estimated in the HTDS for
subject-specific doses are smaller than 2.3 (Davis et al.
2002). We believe that the reason for this apparent

suppression of uncertainty is the assumption of indepen-
dence among uncertain model parameters when doses
were obtained by summation over a series of days,
months, and locations—conditions for which the uncer-
tainty in model parameters is not independent.

For the dose distribution of an individual subject, a
GSD of 2.3 or higher indicates high potential for dose
misclassification, given that the uncertainty in each
individual’s dose will only be partially correlated with
the uncertainty in the dose for other individuals in the
HTDS cohort. Compared with the range of intra-
individual dose uncertainty, the inter-individual variabil-
ity of median doses in the HTDS was relatively low. The
median doses for subjects ranged from 0.0029 to 2823
mGy, with a GSD of 2.69. Thus, the range of uncertainty
about an individual’s dose could span much of the entire
range of the variability for the median individual doses
for all study subjects.

SIMULATIONS OF EXCESS RISK AND
STATISTICAL POWER WITH DOSE
UNCERTAINTIES

The HTDS authors noted that uncertainties in the
individual dose estimates could reduce study power and
conducted simulation analyses that showed the impact of
these uncertainties on study power to be negligible
(Davis et al. 2002). These analyses were expanded by
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Stram and Kopecky (2003), with similar results. Because
they treated most, if not all, uncertainty as Berkson, they
could have substantially overestimated the power of the
study. Though Stram and Kopecky acknowledged the
importance of classical error, they did not include it in
their analysis (2003, pp 416—417):

“An important qualifying issue, however, that merits
some discussion here are errors in individual-level input
data to the system, such as location, milk drinking habits,
etc. In constructing a dosimetry system physicists tend to
assume that these individual-level data are known with-
out error, which may be very far from true in situations
like the Hanford Thyroid Disease Study, which relied in
part upon interview responses regarding personal behav-
ior occurring more than 4 decades in the past. One
approach to dealing with this issue from the point of view
of the user of the system is to adopt a model for the errors
in the input data and to perturb those data according to
that model in repeated runs of the dosimetry system . . .
Note that assuming a Berkson model for errors in the
input data (in which the true input data is assumed to be
distributed around the reported data independently for
each individual) generally is not appropriate . . . A much
better approach to dealing with errors in the input data is
to adopt a classical error model in which the reported
input data are distributed with mean equal to the truth.
This leads to a classical “pull toward the center” of the
distribution when the distribution of true input data
around reported input data is constructed. . . . Perturbing

. in this fashion reduces the variance ... and hence
reduces the estimate of study power appropriately”
[emphasis added].

To explore the impact of Berkson and classical
uncertainties on statistical power, we used the model of
Reeves et al. (1998) and Mallick et al. (2002) to simulate
true and calculated doses, with simulation assumptions
described in the Appendix. The model has four variables:
disease status Y, true dose X, calculated dose W, and a
latent intermediate variable L between X and W:

Pr(Y = 1|X) = Hl ey + log(1 + BX)] 3)
log(X) = log(L) + Uy;
log(W) = log(L) + U,;
H{z} = logistic distribution function = ¢’/(1 + &*);
U, = Berkson uncertainty;

U, = classical uncertainty.

Simulations were performed with Berkson errors
ranging between 70% and 100%, with correlation in
uncertainties of 0% and 50%. The parameter values and
supporting assumptions were selected to produce condi-
tions similar to those for the dose-response analyses for
thyroid neoplasia in the HTDS. Statistics were computed
using likelihood methods. We restricted the ERR/Gy
estimates and the upper end of confidence intervals to
between 0.0 and 40.0. For hypothesis testing and confi-
dence intervals, we used likelihood-ratio statistics; all
tests were two-sided.

For these simulations, the true ERR/Gy was arbi-
trarily specified as 4.0, resulting in a statistical power of
0.80 when all uncertainty was unshared Berkson error.
The simulation scenarios depended on the percentage of
Berkson uncertainty and the common correlation in the
shared Berkson uncertainties. For each of the eight
scenarios, 500 simulated data sets were constructed. The
mean number of disease cases for each scenario was
computed by simulating samples of 3,000 subjects a total
of 5,000 times and then averaging.

The results of the simulation experiment (Table 3)
show that the simulated estimates of the number of cases
and ERR per Gy are comparable to those reported in the
HTDS, indicating that inferences regarding the effects of
dose uncertainty on statistical power are relevant to the
conditions of the HTDS dose-response analysis. The
simulations indicate that shared (correlated) Berkson
uncertainties lower statistical power over the spectrum of

Table 3. Results of simulation experiment” for effects of dose uncertainty on statistical power.

Percentage of Mean Median
uncertainty Mean Upper 95" Upper 95"
Correlation of being number Mean Median for ERR for ERR
Berkson errors Berkson of cases ERR® Gy ! ERR Gy Gy! Gy! Power
0.00 100% 40.7 5.7 39 23.1 40.0 0.75
90% 40.6 4.8 3.2 20.6 40.0 0.64
80% 40.7 34 24 17.0 242 0.55
70% 40.7 3.0 2.0 14.8 20.8 0.43
0.50 100% 40.7 59 3.8 22.5 40.0 0.66
90% 40.6 4.5 3.0 19.2 33.8 0.57
80% 40.7 34 24 16.3 23.8 0.49
70% 40.7 2.7 2.0 13.7 18.6 0.42

* See text and Appendix 1 for description of methods.
®ERR, excess relative risk.
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combinations of Berkson and classical uncertainties. The
greatest impact of shared uncertainty on power occurs
when all uncertainty is Berkson, resulting in a reduction
in power from 75% to 66% (Table 3). This is consistent
with the results of Stram and Kopecky (2003) in their
simulation of Berkson uncertainties.

The presence of classical uncertainties also lowers
statistical power. For example, if all uncertainties are
Berkson and unshared, the power is 75%; if the Berkson
uncertainties are all unshared but 20% of the total
uncertainty is classical, then the power drops to 55%; if
Berkson errors are 50% unshared, then the power drops
to 49%.

The upper end of the 95% confidence interval for
ERR/Gy is not dramatically affected by the presence of
shared Berkson uncertainties (Table 3). The presence of
classical error leads to smaller upper confidence limits
for the correctly specified measurement error-corrected
estimator.

We also conducted a second set of simulations with
conditions similar to those for the first set, except that the
cumulative baseline risks per person were lower (for
men, 0.0024, and for women, 0.0070) and the ERR was
higher (6.5 per Gy). The results, not given here, paral-
leled the first simulation experiment, producing drops in
power with increases in the proportion of shared Berkson
uncertainty and with increases in the proportions of
classical uncertainty.

Because it is possible that more than 20% of the
uncertainty in HTDS doses estimates was classical, our
simulations suggest that the HTDS dose-response anal-
yses could have been underpowered. In any event, the
intervals for the dose response presented by the HTDS do
not incorporate uncertainty about the structure of the
measurement error and hence are too narrow, particularly
the upper ends of the confidence intervals for the
estimates of the ERR per Gy. The extent of this problem
can be studied with a more detailed analysis of the
classical uncertainties in the HTDS dose estimates.

ESTIMATES OF EXCESS RISK WITH
IMPROVED ACCOUNTING FOR DOSE
UNCERTAINTIES

Regardless of whether or not the HTDS was under-
powered, it is possible to make inferences about the
exposure-risk relation based on existing data. Specifi-
cally, accounting more thoroughly for the effects of dose
uncertainty on estimating the thyroid cancer risk should
raise the central values and widen the confidence inter-
vals of the risk estimates reported by Davis et al. (2002,
2004). Even when dose uncertainty is ignored, the upper
95% confidence limit of the cumulative individual risk of
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thyroid cancer per Gy reported by the HTDS is 0.017.
This is equivalent to an ERR at 1 Gy of 4.2 [commen-
surate with a cumulative background risk of 0.006 per
person for females and 0.002 for males (Davis et al.
2002)]. When uncertainty in the slope per Gy and
cumulative background are taken into account, the
ERR/Gy ranges from 0.0 to 4.6, with a central value of
0.48 (Table 1). An ERR per Gy of 4.6 is a value well
within the confidence intervals of the ERR reported in
other epidemiologic studies (Table 1) and produced by
the preferred models of BEIR VII (NRC/NAS 2006).

Mallick et al. (2002) have shown that accounting for
mixtures of Berkson and classical measurement errors
will increase the upper confidence limits of ERR/Gy
estimates by a factor of as much as two over those
produced using mean estimates of individual doses and
ignoring the presence of dose uncertainty. Increasing the
upper confidence limit of the HTDS ERR at 1 Gy by
factors of 2 to 4 (from 4.6 to 9.2, up to 18.4) to account
for complex combinations of mixtures of systematic and
random sources of dose uncertainty will cause the range
of cancer risk estimates in the HTDS to overlap the
central values of most ERR per Gy estimates published
for children exposed to external radiation or fallout "*'I
(Table 1).

The estimates of ERR per Gy in Table 1 have been
adjusted using a probability distribution for the DDREF,
in order to account for differences in the ERR per Gy
between acute exposures to high energy gamma radiation
(or fractionated exposures to x rays) and the ERR per Gy
resulting from chronic, low dose-rate exposures to low-
LET radiation, such as for exposure to "*'I. The proba-
bility distribution of the DDREEF is taken from Land et al.
(2003), and is specific for the radiogenic risk of thyroid
cancer. Although not shown, similar results would have
been obtained using the probability distribution of
DDREEF for all solid tumors, as was recently recom-
mended by the BEIR VII Committee of the National
Academy of Sciences (NRC/NAS 2006).

STATISTICAL POWER FOR ALTERNATE
ANALYSES

The HTDS conducted a variety of alternate analyses
to determine whether their results could have been
influenced by a variety of factors associated with dose
estimation and statistical analyses. These included: 1)
alternate definitions of disease outcome; 2) alternate
dose-response models; 3) alternate sources of exposure
data for individual subjects; 4) explorations of the impact
of including or excluding participants who might have
strong influences on dose-response relations; and 5)
assessments of confounding and effect modification by
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selected covariates for outcomes other than thyroid
neoplasia (Davis et al. 2002, 2004). The HTDS authors
determined that the conclusions from their primary anal-
yses were not altered by the results of the alternate
analyses (Davis et al. 2004).

The HTDS also conducted analyses that did not rely
on estimated doses for individual subjects by using
county of residence as a surrogate for dose (Davis et al.
2002). The results from these analyses did not change the
results from the primary analyses, and the study authors
concluded that this evidence provided some reassurance
that exposure misclassification was not responsible for
the results in their primary analyses (Davis et al. 2004).

Each of the alternate analyses was performed with
the primary analytic dataset, or with a subset composed
of fewer subjects than the original—resulting in the same
problems with low statistical power that were identified
for the primary analyses. Since ecologic exposure esti-
mates are far more uncertain and variable than the
individual doses used in the HTDS primary analyses, the
statistical power for the alternate analyses would be
expected to be even lower than for the primary analyses.

Consistency between negative findings from epide-
miologic studies with low statistical power is not infor-
mative with regard to the issue of disease causation, as
both the absence of a causal relation and the presence of
type-two errors can explain the consistency equally well.
Therefore, the negative results from the alternate HTDS
analyses do not definitively support the primary findings.
The same can be said for the consistency between the
HTDS findings and those from a recent analysis of
thyroid cancer mortality in Hanford-area counties (Boice
et al. 2006)—an ecologic study with a high potential for
exposure uncertainty, misclassification and low statisti-
cal power.

It is not surprising, therefore, that the alternate
analyses produced statistically inconclusive results.

PROPOSED EXPLANATIONS FOR HTDS
NEGATIVE FINDINGS

Both the HTDS researchers and the BEIR VII
Committee proposed possible explanations for why the
HTDS results are different from those of the studies of
persons exposed to "*'T from the NTS and Chernobyl
(Davis et al. 2002, 2004; NRC/NAS 2006). These
include: (a) doses from short-lived radionuclides at
Chernobyl and NTS, rather than *'I, were responsible
for the elevated risks for thyroid cancer in studies of
NTS and Chernobyl populations; (b) the prevalence of
an iodine-deficient diet in Chernobyl populations was
responsible for the elevated thyroid cancer risks from
Chernobyl; c) investigator bias explains the positive

findings in studies of children exposed to NTS fallout;
and (d) children at Hanford were exposed to "'l at
dose rates that were substantially lower than those for
other exposed populations, and the cancer risk at these
lower dose rates is less than that from higher dose
rates.

The first three of these explanations were proposed
with no supporting data and are contradicted by available
evidence. Short-lived radionuclides were not important
contributors to thyroid doses from NTS fallout; rather,
1T has been found to be the major source, and thyroid
doses in the reports by Simon et al. (2006) and Lyon et
al. (2006) were based on doses that were predominantly
from "*'T and "*’I. For Chernobyl, the doses to children
were predominantly from "*'I, with external radiation and
shorter-lived isotopes of iodine and other radionuclides
contributing merely a few percent to the total dose
(Gavrilin et al. 2004; Cardis et al. 2005; Minenko et al.
2006). There is no evidence to support the theory that the
excess risk for thyroid cancer from "'I in Chernobyl
populations is due exclusively to iodine-deficient diets,
and recent findings indicate that the effects of iodine
deficiency are independent of those from "*'I (Cardis et
al. 2005; Tronko et al. 2006).

Regarding investigator bias in the reports of Stevens
et al. (1992) and Kerber et al. (1993), the reanalysis of
these data included a blind review of all diagnoses by
medical experts who concurred with most of the original
diagnoses; most corrections in the reanalysis were to
dose estimates for individual subjects (Lyon et al. 2006;
Simon et al. 2006). Moreover, the finding of a dose-
response relation based on estimated doses (which were
unknown at the time of examination) is unlikely to have
been influenced by medical examiners knowing where a
subject lived and whether or not they had been diagnosed
with thyroid cancer.

WAS THE PATTERN OF HANFORD *'1
EXPOSURES UNIQUE?

The fourth proposed explanation for the differences
between the results of the HTDS and those of NTS and
Chernobyl cohorts is based on the untested hypothesis
that there are differences between the biological effec-
tiveness of various low-dose-rate exposures to ionizing
radiation. The HTDS authors proposed that the "'I
releases from Hanford occurred over longer time periods
than those from the NTS or from Chernobyl, and that the
thyroid cancer risk per unit dose from "*'T at these lower
dose rates was much less than the risk from exposures at
higher dose rates. This explanation is based on two
suppositions: the doses from Hanford "*'I were actually
delivered at dose rates that were substantially different
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from those for the NTS and Chernobyl, and the differ-
ence in dose rates could produce the differences between
excess risk estimates that were observed.

At Hanford, the "*'T releases were nearly episodic in
frequency, and the majority of the total dose to the
thyroid glands of exposed persons was delivered over
several months during 1945 (Heeb and Bates 1994).
Because most of the subjects in the HTDS cohort
received the greatest contribution to total individual dose
from "'I releases that occurred in 1945, thyroid doses
were actually delivered over time periods that were not
much longer than those for Chernobyl or the NTS. By
comparison, the majority of the thyroid dose for Cher-
nobyl subjects was delivered over a period of about 6
weeks following the initial 10 days of releases that
occurred beginning on 26 April 1986 (UNSCEAR 2000).
For the NTS cohorts, doses were accumulated during a
period of about four weeks subsequent to each deposition
event, and many subjects were exposed to fallout from
multiple atmospheric tests (Simon et al. 2006). Although
there are differences between the low dose rates encoun-
tered at Hanford, the NTS and Chernobyl, these differ-
ences are not substantial.

We are aware of no evidence that directly sup-
ports the hypothesis that modest differences in low
dose rates substantially influence thyroid cancer risks
from "*'I exposures in the ranges of thyroid doses
reported for NTS, Chernobyl and Hanford. At no point
in its report did the BEIR VII Committee (NRC/NAS
2006) conclude that prolonged exposures at very low
dose rates result in lower risks per unit dose than
chronic low dose-rate exposures at somewhat higher
dose rates. Rather, the BEIR VII Committee applied
the same distribution for the DDREF over the entire
spectrum of low dose rates, including doses accumu-
lated chronically and continuously over a lifetime.

Moreover, the BEIR VII committee did not con-
clude that the risk per unit dose for thyroid cancer from
exposures to pure *'T would be lower than the risk from
internal exposure to mixtures of "*'I and other shorter-
lived radionuclides or from fractionated or prolonged
exposure to external sources of radiation. On the other
hand, BEIR VII did acknowledge evidence for a higher
radiobiological effectiveness on the order of a factor of
two to three associated with exposure to low-energy
photons or x rays. These differences are small compared
to the order-of-magnitude difference between point esti-
mates from the HTDS dose-response models for thyroid
cancer and those reported for other studies (Table 1).

The HTDS low-dose-rate hypothesis has little sup-
port from the consensus of experts or from epidemiologic
evidence. Although data from the HTDS might be used
in re-analyses to explore whether the risks for subjects
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who received doses at very low dose rates are different
from those for subjects who received doses delivered
over shorter time intervals, it is unlikely that such
analyses would have adequate statistical power.

CONCLUSION

We have provided evidence that the negative results
of the HTDS could be due to inadequate statistical power
due to the presence of large and complex uncertainties in
the modeled doses for individual subjects. Although
HTDS researchers have addressed this possibility to
some extent (Stram and Kopecky 2003; Kopecky et al.
2004), there is a need for additional analyses. Further
investigations should address the effects on statistical
power or interval estimates of the ERR/Gy from shared
and unshared Berkson errors mixed with classical errors,
combined with varying potential degrees of systematic
bias within the dose estimates for each individual mem-
ber of the HTDS cohort.

Even if there is no consensus that low statistical
power best explains the negative results, the incomplete
accounting for complex combinations of uncertainties
about the error structure of individual dose estimates has
resulted in interval estimates on the dose-response rela-
tionships for specific thyroid disease endpoints that are
too narrow. These should be adjusted appropriately.

Similar conclusions were reached by Kopecky et al.
(2006), who addressed the effect of classical errors in
dose estimates on the ERR/Gy for thyroid cancer in
childhood cohorts in Russia who were exposed to Cher-
nobyl "*'I. By incorporating the effect of classical errors,
the point estimate of the ERR/Gy nearly tripled over the
case where uncertainty in dose estimation was ignored.
In addition, the 95% interval about the point estimate of
the ERR/Gy increased markedly.

Until the issues we have identified are resolved, it is
premature to conclude that excess thyroid cancer risks in
the Hanford cohort are lower than those that have been
estimated from other epidemiologic studies. We recom-
mend that in the interim, estimates of excess risk for
persons exposed to '*'T from Hanford combine data from
other epidemiologic studies with those from the HTDS.
This task will require a more detailed analysis of the
effect of errors in dosimetry on the interval estimates of
the ERR per Gy, with methods of Monte Carlo or
Bayesian bias analyses, as suggested by Greenland
(2005).

Although we have addressed only thyroid neoplasia,
our concerns are also relevant to the other disease
endpoints evaluated in the HTDS, as are our recommen-
dations for estimating excess risks of these thyroid
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diseases. We hope that our paper will foster continuing
debate and discussion of these issues.
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APPENDIX

Assumptions for simulations of statistical power

In our simulations, the Berkson and classical uncer-
tainties are normally distributed with mean zero and
standard deviations ¢y, and o,, respectively. The latent
intermediate variable L is lognormally distributed. The
parameter values chosen for the simulations are as
follows:

a. The number of subjects for the simulations is
3,000, with equal numbers of males and females—
similar to the composition of the population in the HTDS
dose-response analyses (Davis et al. 2004).

b. For simulations, the mean calculated dose in the
log scale is log(0.10) Gy, an estimate based on the log of
the median dose in the HTDS cohort (0.097 Gy) (Davis
et al. 2004). The standard deviation of the HTDS
calculated doses is 0.224 Gy (Davis et al. 2004); because
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there are some major outliers in the dose distribution, we
assumed a standard deviation of 0.175 Gy.

c. The standard deviation of calculated doses in the
log scale can be calculated in two ways. The mean of the
HTDS calculated doses is 0.174 Gy (Davis et al. 2002).
Assuming log-normality, if s is the standard deviation of
calculated dose in the log scale, then the mean of
calculated doses divided by the median calculated dose is
exp(o-z/2), and o = 1.09. Alternatively, the variance of
the calculated doses divided by the square of the median
of the calculated dose is exp(2 07)—exp(c”), suggesting
a value of o0 = 0.93. As a compromise between these two
values of o, we selected an intermediate value: o =
log(2.7) = 0.99.

d. For simulations, the standard deviation of uncer-
tainties in the log scale is log(2.3). In the HTDS report
(Davis et al. 2002), the ratio of the upper 95" percentile
dose to the median dose for each individual subject is
approximately 4.0. If w is the mean of the calculated dose
in the log scale, and if k is the standard deviation of the
uncertainty in the log scale, then the median calculated
dose is approximately exp(uw), while the 95" percentile
for the individual is approximately exp(u + 1.645 k).
This suggests that exp(1.645 k) = 4.0, or that k =
log(2.32).

e. The percentages of error assigned as Berkson are
100%, 90%, 80%, and 70%. This range is higher than for
the analyses with Bayesian models developed by the
HTDS (Davis et al. 2002). The correlation of shared
Berkson errors is 0.0 and 0.5.

f. The baseline thyroid neoplasia risk for men is
0.0049—A, and for women, 0.0098—A. The baseline
risks for men and women when all error was Berkson
were 0.0049 and 0.0098, respectively. When classical
error was allowed for, we adjusted the risks slightly by
subtracting a quantity A, chosen to keep the mean

number of cases in all simulations at approximately 44.
For example, when 80% of the error was Berkson, the
baseline risks for men and women were 0.0052 and
0.0103, respectively.

2. Because this is a simulation experiment in which
true doses and calculated doses are generated in the log
scale, a decision was necessary as to what the calculated
doses were in the arithmetic scale of the Gray. We took
the mean, assuming that all uncertainties were Berkson.
Thus, for an individual, if his or her calculated dose in the
log scale is Z;, and the standard deviation of the
uncertainty is k, then the calculated dose in the Gray
scale is exp(Z, + «/2).

h. In the model of Reeves et al. (1998) and
Mallick et al. (2002), there is a latent variable in the
log scale that the latter authors call a “latent interme-
diate” L. In principle, this is a normal random variable
with mean m; and standard deviation s;. The difficulty
with this is that if one exponentiates L, one can get
extremely high true doses in the scale of the Gray. In
order to avoid this happening, L was not allowed to be
larger than m; + 2 s;.

1. Estimates, test statistics, and confidence intervals
were computed using likelihood methods. For estima-
tion, we restricted the ERR/Gy and its confidence inter-
val to be between 0.0 and 40.0. The true ERR/Gy was
taken to equal 4.0 so that the power when all uncertainty
was unshared Berkson was approximately 0.80.

j- Scenarios depended on the percentage of uncer-
tainty that is Berkson and the common correlation in
the shared Berkson uncertainties. For each of the eight
scenarios, 500 simulated data sets were constructed.

k. The mean number of disease cases for each
scenario was computed by simulating samples of size
n = 3,000 a total of 5,000 times, and then averaging.

N



