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Abstract The last decade has introduced a new era of epide-
miologic studies of low-dose radiation facilitated by electronic
record linkage and pooling of cohorts that allow for more
direct and powerful assessments of cancer and other stochastic
effects at doses below 100 mGy. Such studies have provided
additional evidence regarding the risks of cancer, particularly
leukemia, associated with lower-dose radiation exposures
from medical, environmental, and occupational radiation
sources, and have questioned the previous findings with re-
gard to possible thresholds for cardiovascular disease and cat-
aracts. Integrated analysis of next generation genomic and
epigenetic sequencing of germline and somatic tissues could
soon propel our understanding further regarding disease risk
thresholds, radiosensitivity of population subgroups and indi-
viduals, and the mechanisms of radiation carcinogenesis.
These advances in low-dose radiation epidemiology are criti-
cal to our understanding of chronic disease risks from the
burgeoning use of newer and emerging medical imaging tech-
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nologies, and the continued potential threat of nuclear power
plant accidents or other radiological emergencies.
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Introduction

The characterization of ionizing radiation as an important hu-
man carcinogen, which can cause cancer in the majority of
organs, was a major achievement of epidemiological and ex-
perimental radiation studies in the twentieth century. Although
most national and international committees that have
reviewed the epidemiological and biological data conclude
that the evidence supports the linear no-threshold model for
radiation protection, the evidence does not directly prove it
with full certainty [1-3]. The linear no-threshold model as-

Radiation Epidemiology Branch, Division of Cancer Epidemiology
and Genetics, National Cancer Institute, 9609 Medical Center Drive,
Rm 7E458, Rockville, MD 20850, USA

3 Center for Global Health, National Cancer Institute, 9609 Medical
Center Drive, Rockville, MD 20850, USA

Radiation Epidemiology Branch, Division of Cancer Epidemiology
and Genetics, National Cancer Institute, 9609 Medical Center Drive,
Rm 7E550, Rockville, MD 20850, USA

Radiation Epidemiology Branch, Division of Cancer Epidemiology
and Genetics, National Cancer Institute, 9609 Medical Center Drive,
Rm 7E452, Rockville, MD 20850, USA



Curr Envir Health Rpt (2015) 2:236-249

237

sumption is that there is no dose below which there is no
cancer risk. The dose at which there is considered to be direct
evidence of an increased risk of cancer has been very gradu-
ally lowered by extensive research to about 50-100 mGy [4].
In addition, there is emerging evidence that the threshold for
other stochastic late effects may be lower than originally ob-
served [5]. Many have questioned whether radiation epidemi-
ology has reached its limits in characterizing risks at the lower
dose range and assumed that further material advancements
were unlikely. In the last decade, however, changing patterns
of exposure and technological advances have supported a new
era of large-scale radiation epidemiology studies of medically,
environmentally, and occupationally exposed populations,
and it is those studies and advances that we highlight in this
review.

We focus our review on key epidemiologic studies (see
Tables 1 and 2 for details) identified from PubMed and pub-
lished since the most recent major national/international re-
ports, such as BEIR VII phase 2 [1] and the UNSCEAR
2006 Report [2]. The studies highlighted in this review were
selected based on the contributions that they have made to the
following fundamental questions:

+ Is the linear no-threshold assumption reasonable?

» Can low-doses of radiation cause stochastic effects other
than tumors, including circulatory diseases and cataracts?

*  What is the potential public health impact of the changing
patterns of low-dose radiation exposure?

*  How could next generation genomic and epigenetic se-
quencing of germline and somatic tissues produce a para-
digm shift in the field?

From Environmental to Medical Radiation Exposure
and Back Again

In the early 1980s, natural background radiation exposure,
primarily from indoor radon, was estimated to be the predom-
inant source of exposure to the US population, and the esti-
mated per capita annual dose was 3.6 mSv. By 2006, the
estimated per capita dose had nearly doubled to 6.2 mSv per
year [6] (Fig. 1). The increase was entirely due to the revolu-
tion in medical imaging, particularly computed tomography
(CT scans), which rose from 3 million to 70 million scans per
year over those three decades in the USA. CT scans save lives
and reduce unnecessary medical procedures, but the associat-
ed radiation exposure is an order of magnitude higher than a
conventional X-ray. The greatest concerns were raised about
overuse of CT scans in children, because of their greater ra-
diosensitivity [1] and because exposure settings were not op-
timized for their smaller body size [7]. These concerns
prompted the establishment of a series of retrospective cohort

epidemiological studies in Europe, Australia, Isracl, and North
Anmerica to directly assess the potential cancer risks [8¢, 9-11].
Other higher-dose evolving diagnostic procedures, such as
nuclear medicine and interventional procedures, have also in-
creased over the same period and now account for 26 and
14 % of the collective effective doses from medical sources
in the US [5]. Unlike CT scans, these procedures also present
increased occupational radiation exposure levels to the physi-
cians and technologists who perform them [12, 13]. Concerns
about the higher exposures and risks of cancer and other
radiation-related disease risks to medical workers have result-
ed in the establishment of new retrospective cohort epidemi-
ologic studies for groups, such as cardiologists and radiologic
technologists, who perform these procedures [12, 14].

In 2011, the Fukushima nuclear accident in Japan returned
the spotlight to environmental radiation exposure. This event
not only prompted an immediate need to assess potential risks
to the exposed Japanese population [15], but also served as an
important reminder of the possible risks to populations sur-
rounding every nuclear power plant. Epidemiological studies
based on the Chernobyl accident have been reinvigorated as
they can provide information used to estimate the long-term
impact of internal radiation exposure from Fukushima and
potential future accidents [16].

Exposure Assessment

Accurate estimation of organ or tissue doses from exposure to
ionizing radiation and assessment of uncertainties in dose es-
timation are critical for quantifying radiation-associated health
risks in epidemiologic studies. The key measure of dose in
epidemiologic studies is absorbed dose, defined as the energy
imparted within a given volume and averaged over the mass
of an organ (e.g., “organ dose”) measured in Gray (Gy).
Biologic effects caused by ionizing radiation derive primarily
from damage to DNA and differ by radiation type (e.g., pho-
tons, electrons, protons, neutrons or alpha particles) and ener-
gy level. Equivalent or radiation-weighted dose incorporates
the differences in biologic effects of these different types of
radiation by multiplying the absorbed dose by a radiation
weighting factor, which places these effects from exposure
to different types of radiation on a common scale using a
metric designated as Sievert (Sv).

Notable improvements in dose estimates for individuals in
epidemiological studies have derived from more sophisticated
understanding of the need to assess radiation type and energy
level and exposure conditions (e.g., external vs internal, the
geometry of exposure conditions, and anatomic site) and in-
dividual characteristics [17-19]. It is also important to capture
temporal characteristics (e.g., age and time since first expo-
sure), all sources of individual exposure, biologically relevant
latency periods, and to incorporate sources of uncertainty for
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Table 1 (continued)

Effect estimate

Doses

Exposure

Age at exposure

Follow-up

Study population

Design

First author,

year

assessment

@ Springer

for rectal cancer, skin cancer,
non-melanoma skin cancer,

Significant positive associations
and multiple myeloma

incidence (29 malignancies

examined in total)
Mortality also examined (results

not shown)

2.38,

=ERR/Gy=

Leukemia

Mean bone marrow

Adults RADRUE used to assess

137 leukemia cases, 65 n/a

Nested case—

Zablotska,

95 % C10.49, 5.87
Leukemia (excluding CLL)

132.3 mGy

dose

individual dose from

CLL cases and 863

control
study

2013

(cases) and 81.8
mGy (controls)

external radiation received
during clean-up mission;

controls in the Ukranian
cohort of Chernobyl

liquidators

221,95 %

ERR/Gy

CI0.05, 7.61

combined work history data
with field radioactivity

measurements

2.58,95 %

CLL=ERR/Gy=
C10.02, 8.43

external [20-22] and internal [23] radiation exposures. Since
epidemiologic studies are usually launched several years to
decades after initial radiation exposure, radiation doses of ex-
posed individuals must be reconstructed for the relevant time
period(s) [24-28].

Methods for validation of estimated doses for external irra-
diation include assessment of chromosomal translocations in
lymphocytes and electron paramagnetic resonance of tooth
enamel or fingernails [29]. For internal radiation, direct bio-
assays measure radioactivity in the whole body or specific
organs [18].

Limitations of exposure assessment and potential sources
of uncertainty in epidemiologic studies of low-dose or low-
dose-rate exposures [21-23, 30, 31] include lack of single and
repeated measurements at the individual level, inaccurate or
incomplete monitoring, and limited information about
shielding, individual radiation protection, or behaviors and
activities that could influence doses. Failure to identify the
many sources of uncertainty, account for the various sources,
and incorporate measures to account for shared or unshared
sources, may seriously impact individual exposure estimates
and disease risk estimates.

The Linear No Threshold Assumption and Cancer
Risk

The Life Span Study (LSS) of survivors of the Japanese atomic
bombs in 1945 has been foundational for radiation epidemiol-
ogy because of the large population exposed at all ages to a
single acute dose with long-term follow-up and well character-
ized doses that range from very low to very high. Its power to
assess the cancer risk from very low-dose exposure is limited,
however, and studies of this population cannot address the
question of protracted radiation exposure which are the types
of exposures that most of the general population are likely to
receive. As reviewed below, recent studies that have directly
evaluated cancer risks following relatively low-dose or low-
dose-rate exposure to ionizing radiation have overcome some
of the limitations of the LSS by compiling larger study popula-
tions of the most radiosensitive individuals, incorporating more
accurate dose assessments, and assessing cancer types that are
relatively uncommon in Japan. Risk of radiation-related out-
comes in the LSS and other studies with detailed individual
radiation dose information is often estimated by the excess
relative risk (ERR), i.e., the proportion of relative risk (RR)
due solely to radiation exposure (ERR=RR-1).

Medical Exposures
Recent studies of medical radiation exposures, particularly

from diagnostic X-rays and CT scans occurring in utero and
during childhood/adolescence, have vastly improved
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assessment of both exposure and disease by use of medical
record abstraction and electronic record linkages. Pearce and
colleagues estimated absorbed doses to the red bone marrow
(RBM) and brain from CT scans occurring before age 22 years
using data abstracted from the medical records of more than
175,000 patients, machine parameters imputed using data
from UK-wide surveys (1989-2003), and a series of hybrid
computational human phantoms and Monte Carlo radiation
transport techniques [8¢, 27]. A linear dose—response relation-
ship was observed for increasing radiation dose to the RBM
and brain and increased risk of leukemia (n=74 cases) and
brain tumors (n=135 cases), respectively. Risks of both these
cancers were approximately tripled for mean organ doses of
50-60 mGy compared with <5 mGy. A subsequent study of
cancer risks after CT scan exposure before age 20 in Australia
similarly linked medical record information on CT scans with
subsequent cancer registrations [9]. This study found in-
creased risks of several cancer types with increasing numbers
of CT scans. It is difficult to compare these study findings
directly with the LSS or the UK CT study until the ongoing
organ-specific dose—response relationships are published.
Additional work is ongoing in both these cohorts to evaluate
the influence of underlying cancer-predisposing conditions
and the indications for the CT scans. Within the next 5 years,
there should be results from retrospective pediatric CT cohorts
including approximately two million children [32].

In the US Scoliosis Cohort Study, fractionated exposure to
radiation from diagnostic X-rays in childhood and adoles-
cence, assessed using individual patient records, was associ-
ated with a non-statistically significant increased risk of breast
cancer (n=78 cases, ERR/Gy=2.86, 95 % CI-0.07, 8.62)
[33]. Data from the United Kingdom Childhood Cancer
Study showed that any (versus no) exposure from diagnostic
X-rays in utero was associated with a non-significant in-
creased risk of childhood cancer (n=2690 cases, OR=1.14,
95 % CI1 0.90, 1.45), driven largely by a non-significant pos-
itive association with leukemia, specifically acute myeloid
leukemia (OR=1.36, 95 % C10.91, 2.02) [34]. No differences
were observed by trimester of first exposure. In the US
Radiologic Technologists Study, cohort dose reconstruction
is in progress for the self-reported diagnostic medical proce-
dures that will allow assessment of dose-response relation-
ships for thyroid, breast, and other radiosensitive cancers in
this unique setting (http://www.radtechstudy.nci.nih.gov).

OR at
1.57,95 %

CI0.79,3.11

OR at 1
Gy=1.49, 95 % CI

1.08, 2.06
Stage 2-5 cataract

CI-0.69, 4.65

Effect estimate
Stage 1 cataract

1 Gy
ERR/Gy=1.98, 95 %

with lens doses
of >100 mGy
lens dose=28.1

Mean cumulative
mGy

67 % of workers

Doses

badge

method, and tooth enamel
electron paramagnetic
resonance

film badge readings, and
dose estimates

method, group-estimation
Based on lifetime work

on-site liquidators, and

on available exposure
group-dosimetry

subgroup depending
information

Exposure

assessment

Dosimetry varied by
doses, tasks and
movements of early
history, individual
from the literature

exposure
Adults (24—
44 years
at baseline)

Age at
Adults

Follow-up
1983-2004

n/a

examination approximately

Study population

8607 Chernobyl
liquidators who
underwent an
ophthalmological
12 and 14 years after
exposure

35,705 US radiologic
technologists

Environmental Exposures

Prevalence
analysis
embedded
in a cohort

Design
Cohort

Large-scale record linkage has also resulted in significant im-
provements in the ability to assess the cancer risks from back-
ground radiation exposure. All previous studies of this question
were ecological or under-powered [35—40]. In the UK child-
hood cancer case—control study in Great Britain, natural back-
ground exposure from cosmic rays and radon in the home was

Table 2 (continued)

First author,

Cataracts

Worgul, 2007

Choddick,
2008

g
=
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Fig. 1 Effective doses to the Early 1980s 2006
United States population in the
early 1980s and in 2016 by .
ionizing radiation exposure Oc.cup atlt?nal Occupational
source [6] (reprinted with _/industrial Jindustrial
permission of the National (0.3%) 0 (0.1%)
Council on Radiation Protection Medical ) N\
and Measuremgnts, http:/ (15%) \_Consumer Med :cal \.Consumer
NCRPpublications.org) (2%) (48%) (2%)
Early 1980s 2006

Collective effective dose

(person-Sv) 835,000 1,870,000

Effective dose per individual

in the U.S. population (mSv) 3.6 6.2

estimated for residences at birth using the County District mean
gamma-ray dose-rates and a predictive map based on domestic
measurements for radon for 27,447 childhood cancer cases and
controls [41¢]. The authors found a significant dose—response
for cumulative RBM dose from gamma radiation and child-
hood leukemia that was driven largely by the most common
leukemia subgroup, lymphoid leukemia (mean cumulative
equivalent REB dose in controls=4.0 mSv, range=0-
31 mSv). These associations were in reasonable agreement with
risk predictions based on BEIR VII and UNSCEAR models [1,
2]. No significant associations were observed for gamma-ray or
radon exposure with risk of other childhood cancers. The key
limitation of the study is that exposure was based on residence
at birth, and information on potential confounders (e.g., expo-
sure to ionizing radiation from other sources such as medical
exams, predisposing genetic syndromes, and birth weight) was
not available except for socioeconomic status based on post-
code. More detailed exposure assessment and expansion of the
study is in progress. A recent study in Switzerland with a sim-
ilar design to the UK study found increased risks of total cancer,
leukemia, lymphoma, and central nervous system tumors asso-
ciated with terrestrial and cosmic radiation based on locations
of residence [42] and no association between domestic radon
exposure and childhood cancer [43].

The Techa River Cohort, comprised of individuals exposed
to a wide range of radionuclides following the release of radio-
active waste into the Techa River by the Mayak Radiochemical
Plant between 1949 and 1956, is one of the few general popu-
lation studies of protracted environmental radiation exposures
with long-term follow-up for cancer. Exposure to strontium has
been of particular interest in understanding risks of leukemia as
it concentrates in the bone. Using an updated dosimetry system,
increased risks consistent with linearity were observed for solid
cancer mortality [44], all leukemias, leukemia excluding chron-
ic lymphocytic leukemia (CLL), chronic myeloid leukemia
(CML), and acute/subacute leukemias through 2007, but no
evidence was found for an increased risk of CLL [45].

Occupational Exposures

Updated analyses based on data from the 15-Country Study of
nuclear workers, which includes some data from all of the co-
horts from the National Registry for Radiation Workers-3
(NRRW-3) and the 3-Country Study except Rocky Flats, fo-
cused particularly on risks of leukemia, leukemia excluding
CLL, and cause-specific cancer mortality following chronic,
low-dose occupational exposure to radiation [46]. Although
limited information was available on potential confounding
factors, particularly lifestyle-related exposures such as cigarette
smoking, this source of bias would have had less influence on
risk estimates of leukemia compared with solid cancers. This
study, with a mean cumulative dose of 19.4 mSv, showed a
non-significant linear association between radiation exposure
and mortality from leukemia excluding CLL. A strong but bor-
derline increased risk was observed for CML mortality (ERR/
Sv=10.1, 90 % CI —0.86, 40.2), but no associations were ob-
served for mortality from CLL, ALL, or AML. Significant
elevated risks for all-cause mortality, all-cancer mortality, and
lung cancer mortality were also observed. However, the excess
risk for solid cancer was three times higher than that observed in
LSS, and was largely driven by data from the earliest workers in
the Atomic Energy of Canada Limited worker cohort [47, 48];
Zablotska et al. concluded that the findings for the earliest
workers are more likely attributable to missing dose informa-
tion than a true effect, and that excluding these individuals from
the 15-Country Study would have substantially attenuated the
risks observed for all cancer excluding leukemia [47].
Occupational radiation dose was significantly positively asso-
ciated with cancer (excluding leukemia) and leukemia (exclud-
ing CLL) incidence and mortality in the NRRW-3 [49-]. A
large-scale pooling study of cancer mortality (INWORKS) is
in progress, which includes the NRRW-3, French, and US co-
horts, and results are expected later in 2015.

Updated analyses from cohorts of clean-up workers of the
1986 Chernobyl nuclear power plant accident in Ukraine [50]
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and Belarus, Russia, and Baltic countries [51] have yielded new
insights on risks of leukemia and leukemia subtypes resulting
from low-dose protracted exposures (mainly gamma and beta
particle radiation). A significant linear, dose-response associa-
tion between protracted exposure (mean bone marrow dose=
132.3 mQGy for cases and 81.8 mGy for controls) and leukemia
risk was observed in the Ukranian cohort [50]. Risk of leukemia
was similarly elevated but not statistically significant in the
cohort of workers in Belarus, Russia, and Baltic countries
[51]. Both risk estimates were consistent with those from LSS
despite lower mean estimated cumulative doses in the
Chernobyl clean-up workers compared with the atomic bomb
survivors. Significant positive associations for CLL and non-
CLL leukemia of a similar magnitude (ERR/Gy=2.58 [95 % CI
0.02, 8.43] and 2.21 [95 % CI 0.05, 7.61], respectively) were
observed in the Ukrainian cohort. The Ukranian Chernobyl
clean-up worker cohort is one of the first to report a positive
association between radiation exposure and risk of CLL besides
the most recent report from LSS, which included just 12 cases
[52]. However, CLL incidence is very low in Japan compared
with western populations [52]. Moreover, other studies of
protracted, low-dose radiation exposure, including the Techa
River cohort [44] and 15-Country Study [46, 53], have thus
far shown no associations with risk of CLL. As radiation dose
estimation was retrospectively assessed and relied on data from
in-person interviews, the results from clean-up worker studies
may have been biased in the positive direction due to differen-
tial recall between cases and controls. Assessment of dose-
uncertainty and recall is ongoing.

Individual and collaborative studies of uranium miners
have provided consistent evidence linking greater exposure
to radon and its decay products, including exposure at lower
levels, with an increased risk of lung cancer [54-57]. Mean
exposure levels from individual miner studies have ranged
from about 20 to 800 working-level months (WLM; one
WLM equals 170 h of exposure to air with an alpha dose rate
from radon decay product of one WL) [57]. The positive
dose—response relationship between radon and lung cancer
has been confirmed in studies of residential radon exposure
in the general population based on lower exposure doses (at a
concentration of about one hundredth to one tenth that found
in underground mines [54]), with very similar risks observed
per unit radon concentration [55]. A pooled analysis of 13
European studies, with mean measured radon levels of
104 Bg/m® among lung cancer cases and 97 Bg/m’ in con-
trols, showed an excess risk of lung cancer of 8 % (95 % CI 3—
16 %) per 100 Bg/m? that increased to 16 % per 100 Bg/m’
(95 % CI5-31 %) after correcting for random uncertainties in
measuring radon concentrations [58]. UNSCEAR (2006) es-
timated that the ERR per 100 Bg/m® in miners is 0.12 (95 %
CI1 0.04, 0.2), assuming an ERR per WLM of 0.59 (95 % CI
0.35, 1.0) [55]. Studies of uranium miners have additionally
provided important evidence regarding age- and time-related
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modifiers, including a decline in risk with increasing time
since exposure and, to a lesser extent, attained age. Several
miner studies have shown an inverse modifying effect of ex-
posure rate, but this effect was not observed at lower levels of
cumulative exposure [54, 59, 60]. Cigarette smoking is anoth-
er potentially important effect modifier; however, smoking
data have generally been limited in uranium miner studies.
In 1999, the BEIR VI report presented results based on six
miner studies having partial smoking information, which sup-
ported a sub-multiplicative interaction between smoking and
radon on lung cancer [54]. A similar but non-significant sub-
multiplicative interaction was observed in a recent collabora-
tive analysis of three case—control studies in Europe in which
smoking information was constructed based on self-
administered questionnaires and occupational medical ar-
chives [60]. The ERR/WLM was 0.010 (95 % CI 0.002,
0.078) for never smokers and 0.005 (95 % CI 0.002, 0.13)
for ever smokers (P interaction=0.42). This study also con-
firmed that the association between radon exposure and lung
cancer death persisted after adjustment for smoking (ERR/
WLM=0.008, 95 % CI 0.004, 0.014).

Can Low Dose Radiation Exposure Cause
Circulatory Disease?

Until the 1990s, cancer was the only established stochastic
effect after ionizing radiation exposure. Beginning in the late
1990s, evidence began to emerge that very high cardiac doses
from radiotherapy were related to increased cardiovascular
mortality [61], and doses above 0.5 Gy appeared to increase
risk also in the LSS [62]. Whether doses less than 0.5 Gy in-
fluence risk of circulatory diseases has remained uncertain, in
part due to lack of information regarding possible biological
mechanisms. Both BEIR VII and UNSCEAR concluded that
there were insufficient data regarding an association between
lower-dose ionizing radiation and an increased risk of circula-
tory disease [1, 2]. Since those reviews, a number of occupa-
tional cohorts have reported possible increased risks of ische-
mic heart disease and stroke at lower doses, including studies of
Mayak workers [63, 64], some data from the NRRW-3 study of
nuclear industry workers [49¢], and a cohort of male employees
at British Nuclear Fuels Public Limited Company (which
contributed some data to NRRW-3) [65]. However, no associ-
ation was observed for circulatory disease mortality in the 15-
Country Study, which included data from multiple cohorts of
occupationally exposed workers at nuclear facilities, including
the NRRW [66]. A systematic review and meta-analysis of
studies based on LSS data and occupational cohorts published
between 1990 and 2010 on low-to-moderate whole-body ion-
izing radiation and circulatory disease risks found an elevated
ERRs/Sv for four broad groups of circulatory diseases: ische-
mic heart disease (0.10, 95 % CI 0.05, 0.15), non-ischemic
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heart disease (0.12, 95 % CI —0.01, 0.25), cerebrovascular dis-
ease (0.20, 95 % CI 0.14, 0.25), and circulatory diseases not
including ischemic heart and cerebrovascular disease (0.10,
95 % CI 0.05, 0.14) [67¢]. There was, however, significant
heterogeneity observed between studies most likely due to
varying quality of dose estimates and classification of end-
points. Although the excess relative risk is much lower for
CVD than for cancer, the higher background rates mean that
if the low-dose risk is confirmed in future studies, the absolute
excess risks are similar to cancer risks [67¢].

A major concern in studies of low-dose ionizing radiation
exposure and circulatory disease risks is the potential for con-
founding by smoking and other lifestyle-related factors, par-
ticularly in the nuclear worker cohorts, which lack this infor-
mation. Of the published studies to date, data on lifestyle risk
factors for circulatory diseases were only collected in the LSS
[68] and Mayak worker [63, 64] cohorts exposed generally to
low-to-moderate doses of radiation. Associations observed for
radiation exposure and ischemic heart disease and cerebrovas-
cular disease in these cohorts did not differ materially after
adjustment for these additional risk factors, including hyper-
tension, body mass index, cigarette smoking, alcohol intake,
and history of diabetes [63, 64, 68]. Furthermore, the NRRW-
3 cohort, which did not collect information on potential con-
founders, showed significant excess risks for all circulatory
diseases combined that were slightly stronger than, but none-
theless compatible with, findings from LSS [49¢]. The US
Radiologic Technologists cohort provides a unique opportu-
nity to assess low-dose radiation and cardiovascular and
stroke risk with adjustment for potential confounders from
detailed questionnaire information. Results are expected in
the next couple of years.

In the largest study to date of patients exposed to fraction-
ated low-to-moderate radiation (mean cumulative lung dose=
0.79 Gy, range 0—11.60 Gy), Zablotska and colleagues found
that exposure to multiple fluoroscopy examinations to monitor
tuberculosis was associated with a significant increased risk of
mortality from ischemic heart disease overall after adjusting
for dose fractionation, as well as a significant inverse dose-
fractionation association, with the highest doses observed for
patients with the fewest fluoroscopic procedures per year
[69¢]. Ischemic heart disease risk declined with increasing
time since first exposure and age at first exposure. These re-
sults, while informative for radiation-exposed patient popula-
tions, require replication.

Risks of Cataracts

Recent studies have challenged the previous conclusions [70,
71] that only high radiation exposure to the lens of the eye
(>2 Gy for acute and >5 Gy for fractionated or protracted
exposures) influences subsequent risks of cataracts. A large

prospective study of US radiologic technologists found a non-
significantly positive ERR/Gy (1.98, 95 % CI —0.69, 4.65) for
the association between occupational exposure to ionizing ra-
diation and risk of cataracts [72]. Increased risks of borderline
statistical significance were observed for workers in the
highest (mean=60 mGy) versus lowest (mean=5 mGy) cate-
gory of occupational dose to the lens (HR=1.18, 95 % CI
0.99, 1.40). In addition, having personally received three or
more diagnostic X-rays to the face and/or neck was associated
with a 25 % increased risk of cataracts (HR=1.25, 95 % CI
1.06, 1.47) after adjusting for occupational exposure doses
and other covariates [72]. A study of Chernobyl liquidators,
94 % of whom were exposed to <400 mGy to the lens, found a
suggestive dose-response association for stage 2—5 cataracts
at doses over 200400 mGy; early, precataractous changes
were observed at lens doses under 400 mGy [73]. These find-
ings are consistent with a study based on the LSS showing
increased risks of cataracts at low-to-moderate doses and dose
thresholds well below 1 Gy [74], and have important implica-
tions for radiation safety regulations. As a result, the
International Commission on Radiologic Protection (ICRP)
issued a statement in 2011 that decreased the threshold in
absorbed dose to the lens of the eye to 0.5 Gy [5].

Next Generation Sequencing

The notion that some individuals show greater sensitivity to
the effects of radiation than others has been long supported by
increased sensitivity in individuals with certain rare hereditary
disorders (e.g., ataxia telangiectasia and Nijmegen breakage
syndrome) [75, 76]. However, these cancer susceptibility syn-
dromes affect only a small proportion of the general popula-
tion. It is believed that at least some part of the genetic contri-
bution defining radiation susceptibility is likely to follow a
polygenic model, which predicts elevated risk resulting from
the inheritance of several low penetrance risk alleles (the
“common-variant-common-disease” model) based on the fact
that multiple genetic pathways (including DNA damage re-
pair, radiation fibrogenesis, oxidative stress, and endothelial
cell damage) have been implicated in radiosensitivity [77].
The BEIR VII section on biological effects of radiation
focused on the cellular level, since epidemiological data ad-
dressing genetic susceptibility to radiation effects were scant
at the time [1]. Since then, a number of population-based
epidemiological studies have examined genetic susceptibility
to radiation-related risk of cancer using the “candidate-SNP”
approach, which assumes prior knowledge of one or more
functional single nucleotide polymorphisms (SNPs).
Suggestive interactions have been observed between DNA
repair SNPs and ionizing radiation for glioma [78, 79], as well
as between ionizing radiation and common variants in genes
involved in DNA damage repair, apoptosis, and proliferation
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in a series of nested case—control studies of breast cancer in
US radiologic technologists [80—-83] and a small hospital-
based study of breast cancer [84]. However, none of these
results have been convincingly replicated to date. A slightly
different approach has been to examine breast cancer risk
associated with diagnostic X-ray or mammogram exposure
in groups of high-risk individuals (carriers of BRCAI and
BRCA?2 mutations). Most [85—-87], but not all [88], studies of
chest x-rays have reported a slightly elevated risk of breast
cancer in at least one subgroup of exposure. For mammo-
grams, the association has generally been null [89-91].
Interpretation of these findings is difficult given that all of
these studies are subject to one or more of the following
biases: exposure based on self-report, the possibility of con-
founding by indication, lack of a consistent dose—response
association, subgroup findings that could be due to chance,
and overlap of study populations. The observation of statisti-
cally significant associations with exposure to X-rays but not
mammograms points to the strong probability of recall bias for
the first set of findings given that self-reported mammogram
use is highly accurate [92].

While earlier genetic studies focused on a handful of can-
didate genes, it is now possible to comprehensively examine
the approximately 25,000 coding genes and associated func-
tional elements thanks to the advent of high-throughput tech-
nologies that can simultaneously analyze thousands of genetic
markers at relatively low-cost, the mapping of linkage disequi-
librium between common SNPs across the genome [93], and
the definition of functional elements critical for regulation and
genomic stability [94]. The genome-wide association study
(GWAS) approach has successfully identified hundreds of risk
loci in germline DNA for various cancers [95]. However, the
assessment of gene-environment interaction for many known
environmental carcinogens, including radiation, has remained
elusive. Genome-wide association studies have been under-
taken of adult contralateral breast cancer in the WECARE
study [96] and subsequent malignancies in the Childhood
Cancer Survivor Study [97] (both of which have detailed ra-
diation doses from radiotherapy) but results are yet to be
published.

The huge advances in DNA sequencing technology have
also yielded path-breaking insights into our understanding of
somatic mutations. The Cancer Genome Atlas (TCGA),
launched in 2005, and the International Cancer Genome
Consortium (ICGC), launched in 2008, have been the two
main projects driving our comprehensive understanding of
the genetics of cancer. These projects characterize not only
the genome, but also various aspects of the transcriptome
and epigenome, to give a fuller understanding of how genes
contribute to tumorigenesis. To date, over 30 distinct human
tumor types have been analyzed through large-scale genome
sequencing and integrated multi-dimensional analyses, yield-
ing insights into both individual cancer types and across
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cancers, particularly with respect to the accurate molecular
classification of tumors [98]. The bulk of these new discover-
ies focuses on the genome rather than associated environmen-
tal factors. However, a recent landmark paper examining 4,
938,362 mutations from 7042 cancers identified strong muta-
tional signatures in tumor tissue marking exposure to tobacco
carcinogens and ultra-violet irradiation [99]. The tobacco sig-
nal was most evident in cancers of the lung, head and neck,
and liver; and the ultra-violet irradiation signal was observed
mainly in malignant melanoma and squamous carcinoma of
the head and neck. Studies to look for a similar tumor tissue
signature for ionizing radiation are currently being planned in
populations environmentally exposed to low doses of ionizing
radiation.

Certainly, the new era of low-dose radiation epidemiologic
studies of cancer and other serious disease risks will continue
to feature a search for common genetic markers that can iden-
tify individuals susceptible to radiation risk effects and
“signatures” that can identify radiation exposure as a causal
factor for a particular tumor. While these studies face several
challenges (including the need for large sample sizes, high-
quality exposure assessment for both radiation and potential
confounding factors, and meaningful replication sets), the in-
tegrated characterization of germline and somatic alterations
as genotyping and analysis methods evolve rapidly in the next
few decades promises to yield exciting new avenues of re-
search. If a radiation “signature” could be identified in indi-
viduals who received low dose exposure, this would be a
paradigm shift in the linear no-threshold field.

Conclusions

The last decade has introduced a new era of low-dose radia-
tion epidemiology. Record linkage studies have suggested for
the first time that pediatric CT scans may increase cancer risk,
and that natural background radiation may contribute to child-
hood leukemia. Large pooling projects of occupational co-
horts have provided additional insights into the risks from
protracted radiation exposure, and also raised questions about
the risk of other stochastic effects after low-dose exposures
including cardiovascular disease and cataracts. There are po-
tential sources of bias in all of these populations, but the case
for causality is strengthened by the evidence of a dose—re-
sponse and consistency with the existing evidence at higher
doses. In the next decade, integrated characterization of both
germline and somatic alterations (including inherited muta-
tions, somatic, and epigenetic changes) in populations with
well-characterized exposure to ionizing radiation could propel
our understanding further regarding thresholds, radiosensitiv-
ity of population subgroups and individuals, and the mecha-
nisms of radiation carcinogenesis. These developments will
be keenly followed as medical imaging technologies continue
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to advance and spread, and nuclear power plant accidents and
other radiological emergencies remain a threat for populations
around the world.
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