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Abstract

Whether low-dose ionizing radiation can cause cancer is a critical and long-debated question in radiation protection. Since
the Biological Effects of Ionizing Radiation report by the National Academies in 2006, new publications from large, well-
powered epidemiological studies of low doses have reported positive dose-response relationships. It has been suggested,

however, that biases could explain these findings. We conducted a systematic review of epidemiological studies with mean
doses less than 100 mGy published 2006-2017. We required individualized doses and dose-response estimates with confi-
dence intervals. We identified 26 eligible studies (eight environmental, four medical, and 14 occupational), including 91 000
solid cancers and 13 000 leukemias. Mean doses ranged from 0.1 to 82 mGy. The excess relative risk at 100 mGy was positive
for 16 of 22 solid cancer studies and 17 of 20 leukemia studies. The aim of this monograph was to systematically review the

potential biases in these studies (including dose uncertainty, confounding, and outcome misclassification) and to assess
whether the subset of minimally biased studies provides evidence for cancer risks from low-dose radiation. Here, we describe
the framework for the systematic bias review and provide an overview of the eligible studies.

Whether low doses of ionizing radiation (<100 mGy) can cause
cancer is the most critical and long-debated question for radia-
tion protection standards (1, 2). Currently, the key sources of
low-dose radiation exposure to the general population are diag-
nostic medical exposures like computed tomograph (CT) scans
and natural background radiation (3). There are also about 20
million workers in the world who are exposed due to their occu-
pation, including medical workers, aircrew, and nuclear work-
ers (3).
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The last major US review of the experimental and epidemio-
logical evidence for cancer risks from low-dose exposures was
conducted by the National Academies Biological Effects of
Ionizing Radiation (BEIR) VII committee in 2006 (2). The commit-
tee concluded that “the available scientific evidence is consis-
tent with a linear dose-response relationship between ionizing
radiation and the development of cancer in humans (2).” This
conclusion has been questioned, however, because it was
largely based on animal and mechanistic studies combined
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Figure 1. Framework for the systematic bias assessment. *If aim is to assess whether there is evidence of an effect then priority is to identify biases away from null. CI

= confidence interval; ERR = excess relative risk.

with epidemiological data from higher dose exposures (>100
mGy) rather than direct data from populations exposed to doses
less than 100 mGy. The authors of the BEIR VII report
highlighted the difficulty in providing direct human evidence,
because the risks are likely to be small and very large studies
with minimal potential biases are needed to detect them.

Since the BEIR VII report a number of new publications from
large, well-powered epidemiological studies have reported posi-
tive dose-response relationships, supporting excess cancer risks
from low-dose and low—-dose rate radiation exposure (4). These
studies maximized statistical power to detect small excess risks
by focusing on the most radiosensitive populations and out-
comes (eg, leukemia after childhood exposure), combining
individual-level data from several studies (pooling) or using
large-scale electronic record linkage. Nevertheless, it has been
suggested that biases such as confounding and dose error could
explain the positive findings.

The aim of this monograph was to systematically assess the
epidemiological evidence for excess cancer risks from low-dose
radiation using the novel approach of conducting a systematic
bias assessment. This is in contrast with the traditional ap-
proach of a systematic review when the focus is usually on eval-
uating study quality, which does not necessarily correlate with
bias [see, eg, the recent National Council on Radiation
Protection (NCRP) commentary (5)]. Such reviews also rarely
consider the impact of potential bias on parameter estimates
with respect to direction or magnitude of the bias.

We reviewed studies published since the BEIR VII report in
2006 (2), including studies of environmental, medical, and occu-
pational radiation; childhood and adulthood exposures from
acute or chronic exposures; and outcomes including the most
radiogenic cancers (leukemia, breast, and thyroid cancer) as
well as all solid cancers. Our findings will have important impli-
cations for radiation protection standards, which currently rely
on the linear no-threshold assumption because of the lack of di-
rect evidence for cancer risks from low-dose exposures. In addi-
tion, our framework can serve as a model for reviewing
epidemiological evidence for other exposures where there is
controversy about the potential impact of biases.

Here we describe the framework, the criteria for including stud-
ies in our review, and the search criteria and give a brief overview of
each eligible study and summarize the main study findings.

Framework

The general framework for our systematic bias evaluation is
shown in Figure 1. After selecting the eligible studies using the
criteria described below, we assessed for each study whether
there was potential bias in the dose-response risk estimate
from dose error, confounding or selection bias, or outcome

ascertainment bias. Where we identified evidence of potential
bias from any of these sources, we assessed the direction, that
is, whether bias was likely to be towards or away from the null,
or if the direction was uncertain. For assessment of our primary
aim of whether there was an increased risk of cancer from low-
dose ionizing radiation, it was most critical to ascertain whether
there was bias away from the null. For the combined bias as-
sessment, we assessed whether there was any source of bias
that was likely away from the null or of uncertain direction.
Positive studies with bias in the positive direction or bias of un-
certain direction were excluded in the final assessment. The
statistical and epidemiological methodologies for these evalua-
tions are described in detail in the relevant manuscripts in this
monograph on 1) dosimetry (6), 2) confounding or selection bias
(7), and 3) outcome ascertainment (8). The relevant data ab-
stracted from the publications are also summarized in each of
those manuscripts along with a more traditional review of the
relevant study methodology. The summary manuscript
describes the combined bias assessment and summary statisti-
cal evaluations, including a sign test for assessment of whether
the median excess relative risk (ERR)equals zero and assessed
the impact of excluding positive studies with potential bias
away from the null (9). We also conducted a meta-analysis to
quantify the ERR and assess consistency across studies. In the
manuscript on interpretation, we discuss other issues that af-
fect the interpretation of study findings, including the biological
rationale, study power, and model misspecification (10).

To illustrate how our approach differs from a traditional sys-
tematic review, we consider the example of potential confound-
ing by smoking. Typically, if a study of all solid cancers and
radiation has not controlled for smoking, then it would be con-
sidered a low-quality study because of the potential for con-
founding by smoking and possibly excluded from the
systematic review. We take the evaluation a step further by per-
forming an individualized bias assessment by assessing
whether there is evidence that the radiation dose is likely asso-
ciated with smoking in that study population, which is a neces-
sary condition for confounding. Even if smoking data were not
available for the entire cohort, this can be assessed if there are
substudies (eg, nested case-control studies) that had collected
smoking data or by proxy outcomes (eg, is radiation dose related
to chronic obstructive pulmonary disease). If no relevant infor-
mation is available, then we used theoretical assessments
based on empirical knowledge of the strength of the relation-
ship between the confounder and the disease to calculate the
prevalence of the confounder that would be required to
completely explain the observed association (7).

Standard epidemiological theory is used to assess the direc-
tion of the bias. For example, if smoking and radiation dose are
positively correlated and smoking is a risk factor for all solid



cancers, then smoking will be a positive confounder of the radi-
ation dose-all solid cancer association and bias the estimate of
association away from the null. There are a few circumstances
where it is not possible to determine the direction of the bias be-
cause the necessary data are not available for that or a similar
study population. For most studies, it was not feasible to esti-
mate the magnitude of the potential bias because insufficient
data were available in the publications. However, for a few
examples of the most informative studies with minimum data
requirements, we were able to conduct theoretical calculations
to assess whether it was feasible for the bias to completely ex-
plain the result, for example, move the risk estimate to 0. See,
for example, smoking and solid cancers for the International
Nuclear Workers Study (INWORKS) study in the confounding ar-
ticle (7).

Study Eligibility

We conducted a systematic literature review of epidemiological
studies published since the BEIR VII report in 2006 (2) and before
December 31, 2017. Studies were eligible for inclusion if they
were epidemiological studies of human populations exposed to
low-dose radiation (mean dose < 100 mGy), predominantly low-
linear energy transfer radiation exposure. We used mean dose
for the eligibility because it was available for all of the studies
but also abstracted the dose range and the percentage of the
study participants that were exposed to doses of 100+ mGy
where available. When not available, we estimated this percent-
age assuming a log-normal distribution. We required individu-
alized dose estimates for the study participants and that the
publications provided risk estimates and confidence intervals
(CIs) for the dose response for cumulative radiation dose. The
search strategy and results are described in detail in the
Appendix.

Summary of Study Findings

Most studies reported results from models in which the relative
risk is assumed to be a linear function of dose and reported as
an ERR per unit dose. We abstracted the ERR at 100 mGy and
confidence intervals from each eligible study for all cancers (or
site-specific cancers where all cancers were not available) and
leukemia, which is the most radiosensitive cancer, but exclud-
ing chronic lymphocytic leukemia (CLL) if possible, which is less
radiogenic (11). We converted risk estimates (and confidence
intervals) from Gray or milligray to 100 mGy where necessary.
For the subset of studies that fitted log-linear rather than linear
relative risk models, we first estimated the relative risk at 100
mGy and then subtracted 1. The assumptions underlying the
combined effect of multiple exposures are different in these two
models, but at low doses the log-linear estimates are reasonable
approximations to the linear estimates. Further details are pro-
vided in (10). Most of the studies of populations who received
whole-body exposure reported results for all solid cancers and
for leukemia separately. We have focused our review on these
results rather than site-specific solid cancer analyses, which
may lack power and are at risk from multiple testing. For non-
uniform exposures, the results are generally for specific cancer
sites that were highly exposed and/or highly radiosensitive, for
example, brain tumors after pediatric CT scans and breast can-
cer after medical occupational exposures. In describing the
study findings, we defined statistical significance as a two-
sided test for trend of Pless than .05.
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Overview of Eligible Studies

We identified 26 eligible studies, including eight studies of envi-
ronmental (12-19), four medical (20-23), and 14 studies of occu-
pational exposure (24-37) (Table 1). Overall, the studies included
3.6 million individuals (although 2 million of these came from
the Swiss population-based background study) of whom ap-
proximately 91000 developed solid cancers and 13000 leuke-
mias. There is some overlap between studies because the UK
National Registry of Radiation Workers (NRRW) (26), French,
and US workers are also included in the INWORKS cohort (34,
39), although the endpoints differed for the UK NRRW (cancer
incidence vs cancer mortality as used by INWORKS). Mean
doses ranged from 0.1 mSv from the Three Mile Island accident
(13) to 82 mSv in Chornobyl liquidators (30). Most of the study
participants were exposed to doses less than 100 mGy; only five
studies had more than 10% of the participants with doses of
100+ mGy. Two studies included adults and children (17, 19),
seven of the studies focused on childhood exposure (12, 15, 16,
18, 21-23), and the majority evaluated adulthood exposure be-
cause they were occupational studies.

The ERR at 100 mGy for all cancers (or the site-specific solid
cancer) was positive (ie, >0) for 16 of the 22 independent studies
that evaluated this endpoint (Figure 2, A and B; Appendix Table
AS). For leukemia, the ERR at 100 mGy was positive for 17 of the
20 independent studies with available data (Figure 3, A and B;
Appendix Table A6). All of the studies reported dose-response
risk estimates with 95% confidence intervals with the exception
of the Taiwanese (19), INWORKS (34, 39), and Korean and French
nuclear workers (37), which reported 90% confidence intervals.
For context, when assessing the magnitude of the risk
estimates, the ERR at 100 mGy in the Life Span Study following
an acute exposure at age 30 years and attained age 70 years
would be in the range of 0.01 to 0.05 for solid cancers (38), and
for childhood exposure it is 4.5 for leukemia and 2.2 for brain
tumors (40).

Environmental Radiation Exposure

Four of the eight eligible studies in this category were of natural
background radiation exposure (14-16, 18), and four were of
populations exposed accidentally (12, 13, 17, 19). The studies are
described in order of year of publication.

Chernobyl Residents Childhood Leukemia Case-Control Study (Davis
etal., 2006) (12)

This population-based case-control study of 421 cases of acute
leukemia in children exposed under age 6years to fallout from
the Chernobyl accident was conducted in Ukraine, Belarus, and
Russia (12). Two controls were selected from each case from
polyclinics in the same residential area and matched on birth
year, sex, and residence at the time of the accident. Dose esti-
mates were based on questionnaire data from in-person inter-
views with the parents, with a mean dose of 6 mGy and
maximum of 265 mGy in the controls. The ERR at 100 mGy was
positive and statistically significant.

Three Mile Island Accident (Han et al., 2011) (13)

This is a cohort based on a registry of 21494 white adults who
lived within 5 miles of the Three Mile Island nuclear plant on
the date of the accident in 1979 (13). Dose estimation was based
on residential location and the amount of time each person
stayed in the 5-mile area during the 10days following the
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Figure 2. A) Excess relative risk (ERR) per 100 mGy and 95% confidence intervals (CI) for all solid cancers (or site-specific solid cancers) following exposure in adulthood
or at any age (Techa and Taiwanese residents) for the eligible studies. *90% confidence intervals. #Cohorts included in INWORKS. B) ERR per 100 mGy and 95% confi-
dence intervals for all cancers (or site-specific solid cancers) following exposure in childhood for the eligible studies.
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Figure 3. A) Excess relative risk (ERR) at 100 mGy (and 95% confidence intervals [CIs]) for leukemia following exposure in adulthood or any ages (Taiwanese residents)
for the eligible studies. *90% confidence intervals. #Cohorts included in INWORKS. ERR for Three Mile Island = 19. B) ERR at 100 mGy (and 95% confidence intervals) for
leukemia following childhood exposure for the eligible studies.



accident. Mean dose was 0.1 mSv with a maximum of approxi-
mately 0.8 mSv. Cancer incidence was ascertained between
1982 and 1995 because follow-up of the cohort was completed
in 1996. The ERR at 100 mGy for all cancers (n =1643) was nega-
tive (but statistically nonsignificant) and was positive (but sta-
tistically nonsignificant) for leukemia (n =55).

Chinese Background Radiation (Tao et al., 2012) (14)

This is a cohort of 31604 adults of Guangdong Province in
China, an area known for high background radiation from sour-
ces including thorium (14). During the study period of 1979 to
1998, the mean cumulative dose was 66 mGy, and 11% had
doses of 100+ mGy (estimated as a person-years weighted aver-
age). Cancer mortality (n=956) was ascertained using active
follow-up methods. The estimated ERR at 100 mGy was statisti-
cally nonsignificantly negative for cancer mortality (excluding
leukemia) and was statistically nonsignificantly positive for leu-
kemia (n=15).

Great Britain Background Radiation (Kendall et al., 2013) (15)

This matched case-control study included 9058 cases of child-
hood leukemia and 18389 cases of other childhood cancers
matched to 36793 controls diagnosed in Great Britain between
1980 and 2006 (15). The cumulative mean red bone marrow dose
from residential gamma and radon exposures was 4 mSv with a
maximum of 31 mSv. Risks were estimated for gamma and ra-
don doses separately, and on average radon contributed about
only 10% of the total dose. There was a statistically significant
positive dose-response relationship for leukemia and red bone
marrow dose but no clear evidence of a relationship between
other childhood cancers and background radiation exposure.

Swiss Background Radiation (Spycher et al., 2015) (16)

A cohort of 2 million children was constructed using census
data from 1990 and 2000 linked to the Swiss Childhood Cancer
Registry (16). The census data were used to geocode residence,
and the mean cumulative radiation dose was 9 mSv with a max-
imum of 49 mSv. During the follow-up period to 2008, there
were 530 childhood leukemias and 1252 other childhood can-
cers diagnosed. There was a statistically significant dose-
response relationship for childhood cancers (excluding leuke-
mia) and background radiation and a positive but statistically
nonsignificant dose-response relationship for leukemia.

Techa River (Davis et al., 2015) (17)

Radioactive material was released into the Techa river by the
Mayak nuclear weapons facility between 1949 and 1956. A co-
hort of 17435 adults and children who were residents of the lo-
cal villages was constructed who received external radiation
exposure from gamma rays due to contamination of the river
shoreline and internal exposure from consumption of contami-
nated water, milk, and food. The mean stomach dose was 60
mGy with a maximum of nearly 1Gy, and 11% of patients had
doses of 100+ mGy. There were 1993 solid cancers ascertained
up to 2007 and evidence of a statistically significant positive
dose-response relationship (17). The mean red bone marrow
dose was above our threshold of 100 mGy for this population,
and therefore the separate analysis of leukemia was ineligible.

Finnish Background Radiation (Nikkila et al., 2016) (18)
A Finnish study of childhood leukemia (n=1093) and matched
controls (n=3279) used the Population Register to collect
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complete residential histories from birth (18). The estimated
median cumulative red bone marrow dose from a combination
of natural background radiation and fallout from Chernobyl was
2 mSv with a maximum of 12 mSv. The ERR at 100 mSv was neg-
ative but statistically nonsignificant.

Taiwanese Residents (Hseih et al.) (19)

This cohort of 6242 adults and children was accidentally ex-
posed to chronic gamma irradiation from contaminated steel
used to reinforce their apartment buildings (19). The mean cu-
mulative dose was 48 mSv, but exposures were as high as 2Sv
and 9% received doses of 100+ mSv. The exposures occurred be-
tween 1983 and 1992 when the contamination was discovered.
Follow-up for cancer incidence (n =236 solid cancers and 11 leu-
kemias) has been reported through 2012. There was a positive
dose response for all cancers (excluding leukemia) with an ERR
at 100 mSv of 0.04 (90% CI = 0.0 to 0.08) and for leukemia of 0.15
(90% CI = 0.03 to 0.24).

Medical Radiation Exposures

Canadian Cardiac Imaging (Eisenberg et al., 2011) (20)

A hospital discharge database was used to ascertain a cohort of
82861 patients who had an acute myocardial infarction (and no
history of cancer) between 1996 and 2006 (20). Doses from car-
diac imaging and therapeutic procedures were estimated for
each patient with a mean dose of 20 mSv, a maximum of 30+
mSv, and only 1% with doses of 100+ mSv. Incident cancer
diagnoses were ascertained using the same hospital databases.
There was a statistically significant dose response for all
cancers (n=12020) with an ERR at 100 mSv of 0.3 (95% CI = 0.2
to 0.4).

French Pediatric CT Study (Journy et al., 2016) (21)

This cohort of children (n=>58 620) who had a CT scan before
age 10 years between 2000 and 2010 was linked to the French
childhood cancer registry, which captures diagnoses up to age
15years (21). During the follow-up period, 12 leukemias and 15
brain tumors were diagnosed. Mean doses were 9 mGy to the
red bone marrow and 23 mGy to the brain and maximum doses
of 100+ mGy, although only 2% received doses of 100+ mGy (41).
After exclusion of children with cancer-predisposing condi-
tions, there was a statistically nonsignificant positive dose re-
sponse for leukemia and brain tumors in relation to cumulative
organ doses from the CT scans.

UK Pediatric CT (Berrington et al., 2016) (22)

This is a cohort of approximately 178604 children and young
adults (age <22years) who underwent CT scans in hospitals in
the United Kingdom between 1985 and 2002. Cancer incidence
was obtained by record linkage to the national cancer registry,
and with follow-up to 2008 there were 70 cases of leukemia or
myelodysplastic syndrome and 112 brain tumors diagnosed af-
ter exclusion of cases with cancer-predisposing conditions or
unreported brain tumors (22). The mean red bone marrow dose
was 12 mGy and mean brain dose was 43 mGy, with a maxi-
mum of more than 400 mGy for children who underwent multi-
ple head CT scans. In total, 6% of children received doses of
100+ mGy to the brain and 1% with 100+ mGy to the red bone
marrow. There was a statistically significant dose-response re-
lationship for brain tumors in relation to cumulative brain dose
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and leukemia in relation to red bone marrow dose from the CT
scans.

PIRATES Thyroid Cancer Pooling Study (Lubin et al., 2017) (23)

This pooled analysis of nine cohorts of 107594 children in-
cluded eight cohorts of medical exposures (including treatment
for benign and malignant diseases) and the Japanese atomic
bomb survivors. For this monograph, we considered the results
from the analysis that was restricted to children who received
less than 200 mGy to the thyroid, with a mean dose of 30 mGy
and 10% with doses of 100+ mGy (23). This analysis included
394 incident thyroid cancers, of which 137 were from the Life
Span Study of Japanese atomic bomb survivors and 186 from
the Israeli study of children treated with radiation for tinea cap-
itis. Therefore, in our assessment of the potential biases that
could have affected this pooling project, we focused on the
issues related to these two studies because they contributed
82% of the cases to the pooled analysis. There was a statistically
significant linear dose-response relationship when doses were
restricted to less than 200 mGy, which was still statistically sig-
nificant and not materially altered when doses were restricted
to less than 100 mGy.

Occupational Exposures

Korean Radiation Workers (Ahn et al., 2008) (24)

This cohort included 79679 workers from nuclear power, medi-
cal, research, and other facilities who were under radiation sur-
veillance and first exposed between 1984 and 2004 (24). The
mean dose was 6 mSv with less than 1% with doses of 100+
mSv. Follow-up was from 1992 (the period when cause of death
was first available in the Korean registry) until 2004, and there
were 247 cancer deaths excluding leukemia and nine leukemia
deaths during this period. There was a statistically nonsignifi-
cant positive dose-response relationship for all cancer deaths
and for the small number of leukemia deaths.

Chernobyl Liquidators Leukemia Case-Control Study (Kesminiene
etal., 2008) (25)

A case-control study of clean-up workers from Belarus, Russia,
and the Baltic states was conducted by interviewing 19 eligible
workers who developed (non-CLL) leukemia and 83 controls
(25). The cases were ascertained from population-based cancer
registries in each country. Red bone marrow doses were recon-
structed from the interviews, and the mean dose was approxi-
mately 40 mGy with a maximum of 500+ mGy and 14% with
doses 100+ mGy. The dose response was positive but statisti-
cally nonsignificant.

UK National Registry of Radiation Workers (Muirhead et al., 2009)
(26)

This cohort of 174 541 workers with dose records includes indi-
viduals from the nuclear power, research, medical, and defense
industries (26). The mean occupational exposure was 25 mSv,
the maximum was 600+ mSv, and 6% had doses of 100+ mSv.
The cohort was linked with UK cancer registration data, and
with follow-up to 2002 there were 10855 incident cancers (ex-
cluding leukemia) and 362 leukemias. There was a statistically
significant positive dose-response relationship for all cancers
combined, and for leukemia it was positive but statistically
nonsignificant.

Korean Nuclear Workers (Jeong et al., 2010) (27)

This is a subcohort of nuclear workers within the larger Korean
workers cohort described above who completed a questionnaire
and clinical check-up between 1992 and 2005 (27). Because there
were few female employees the study focused on 16 236 males,
of which 8429 were radiation workers (they were issued with a
dosimeter) and the remainder were classified as nonradiation
workers. The cohort was linked to the national cancer registry,
and 203 incident cancers were ascertained up to 2005. The
mean cumulative dose among the radiation workers was 20
mSv, the maximum was 480 mSv, and 5% had doses of 100+
mSv. There was a positive but statistically nonsignificant dose-
response relationship for all incident cancers.

Rocketdyne Workers (Boice et al., 2011) (28)

A cohort of workers employed at US nuclear research facilities
between 1948 and 1999 included 41169 workers involved in
rocket testing and nonradiation activities and 5801 involved in
radiation activities (including 2232 who received internal moni-
toring) (28). The mean external dose in the radiation workers
was 14 mSv and the maximum was 1Sv, but only 3% received
doses of 100+ mSv. Linkage to the national death index through
2008 identified 648 cancer deaths (excluding leukemia) and 25
leukemia deaths among radiation workers. There was a positive
but statistically nonsignificant dose-response relationship for
leukemia and negative non-statistically significant for all
cancers.

Japanese Radiation Workers (Akiba and Mizumo, 2012) (29)

This cohort is the third phase of the study and is comprised of
200583 workers in the Radiation Dose Registration Center with
mortality information from the national death registry from
1991 to 2002 (29). The mean occupational dose was 12 mSv with
a maximum of 450 mSv, but only 3% with doses of 100+ mSv
(42). There were 2636 cancer deaths excluding leukemia and 80
from leukemia during the follow-up period. There was a posi-
tive but statistically nonsignificant dose-response relationship
for total cancer mortality and a statistically nonsignificant neg-
ative dose-response relationship for leukemia and occupational
radiation exposure.

Ukrainian Chernobyl Liquidators Leukemia Case-Control Study
(Zablotska et al., 2013) (30)

A nested case-control study of 52 cases of (non-CLL) leukemia
diagnosed between 1986 and 2006 and 863 controls was con-
ducted from a cohort of Ukrainian clean-up workers (30).
Occupational radiation exposure was reconstructed using ques-
tionnaire data. In the controls, the estimated mean red bone
marrow dose was 82 mGy, the maximum was 2.5+ Gy, and 22%
received doses of 100+ mGy. There was a statistically significant
positive dose-response relationship with estimated red bone
marrow dose.

Canadian Nuclear Workers (Zablotska et al., 2014) (31)

This cohort of nuclear workers was created by linking employ-
ment records with the Canadian National Dose Registry and in-
cluded 45316 participants employed between 1956 and 1994
(31). The mean cumulative occupational dose was 22 mSv, the
maximum was 679 mSv, and 3% had doses of 100+ mSv.
Because of evidence of incomplete dose records for workers
employed before 1965, the “best estimates” of radiation risk in
the most recent analysis excluded these earliest workers. In the



42 228 workers employed after 1964, there were 437 solid cancer
deaths and 13 leukemia deaths during the follow-up period
(1956-1994). There was a statistically nonsignificant negative
dose-response relationship for all solid cancer mortality and
statistically nonsignificant increased risk of leukemia mortality
with occupational dose.

German Nuclear Workers (Merzenich et al., 2014) (32)

The cohort was comprised of 8746 male workers from 17 nu-
clear power plants in West Germany who were employed in
1991 (when medical examinations were initiated) or started em-
ployment before 2009 (32). Follow-up for cancer mortality was
via local population registries, and by 2009 there were 126 can-
cer deaths ascertained, including seven deaths from leukemia.
The mean cumulative dose was 30 mSv and 9% had doses of
100+ mSv. There was a statistically nonsignificant negative
dose response for all solid cancer mortality and a statistically
nonsignificant positive dose response for leukemia mortality
and occupational dose.

US Nuclear Workers (Schubauer-Berigan et al., 2015) (33)

This is a pooled study of five cohorts of 119195 workers from US
nuclear weapons facilities and one naval shipyard who started
radiation work as early as 1944 and were followed-up to 2005
(33). The mean dose was 20 mSv although some received up to
700 mSv. Only 5% had doses of 100+ mSv, and only 1.9% had
confirmed internal exposures. There were 10877 cancer deaths
excluding leukemia and 369 leukemia deaths during the follow-
up period. There was a statistically nonsignificant positive
dose-response relationship for leukemia mortality and for all
cancer mortality (excluding leukemia).

International Nuclear Workers Study (Richardson et al., 2015)
(34)

The INWORKS comprises data from the US and French nuclear
workers studies combined with the UK NRRW to form a cohort
of 308297 workers (34, 39). The mean colon dose was 21 mGy vs
16 mGy to the red bone marrow with a maximum of 1+ Gy and
3% with doses of 100+ mGy. Overall, there were 17 957 solid can-
cer deaths and 531 leukemia deaths during the follow-up. There
were statistically significant positive dose-response relation-
ships for all solid cancer and leukemia mortality in relation to
occupational radiation exposure.

US Atomic Veterans (Caldwell et al., 2016) (35)

Leukemia mortality patterns were examined in groups of US
atomic weapons test participants from the Eight Series Cohort
(n=114270) followed through 2010 (22). Main analyses focused
on categorical dose in participants within a single test series;
however, the authors briefly described findings from a model
estimating the linear ERR of leukemia mortality in the full co-
hort. Cumulative red bone marrow dose was reported for a 1%
random sample of the full cohort, with mean of 3 mGy, maxi-
mum of 500 mGy, and less than 1% with doses greater than 100
mGy (43). Case numbers were not provided for the dose-
response analysis, which was negative but not statistically
significant.

United States Radiologic Technologists (Preston et al., 2016) (36)
US radiologic technologists who were certified for at least 2
years between 1926 and 1982 were sent a series of
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questionnaires about their work history, lifestyle, and self-
reported cancer diagnoses. A series of site-specific cancer analy-
ses has been conducted for the most radiosensitive cancer sites.
In the cohort of approximately 110000 workers, there were 1922
breast cancer diagnoses, 3615 skin cancers, and 193 brain tumor
deaths (36, 44, 45). The mean cumulative breast dose was 37
mGy, mean skin dose was 56 mGy, and mean brain dose was 12
mGy with maximum doses over 1Gy in those who worked dur-
ing the earliest periods. Although 14% received skin doses of
100+ mGy, 8% had breast doses of 100+ mGy, and less than 1%
had brain doses of 100+ mGy. Overall, there was a positive, sta-
tistically nonsignificant dose-response relationship for breast
cancer and occupational radiation exposure but no clear rela-
tionship for brain tumor deaths or skin cancers.

French Nuclear Workers (Leuraud et al., 2017) (37)

Workers from French nuclear facilities who were employed be-
tween 1950 and 2004 were followed from 1968, when the na-
tional death registry was established (37). In the 59 004 workers,
there were 2536 deaths from solid cancer and 57 from leukemia
by 2004. The mean dose was 26 mSv, the maximum was 669
mSv, and only 3% had doses of 100+ mSv. There were positive
but statistically nonsignificant dose-response relationships for
all solid cancer and leukemia mortality in relation to occupa-
tional dose.

Ineligible Studies

When considering epidemiological studies published since
2006, there were 14 radiation dose-response studies excluded
for failing just one criterion (Table 2) (46-59). These included
seven studies with a mean dose greater than 100 mGy (46-52),
five studies ineligible because they only published risk esti-
mates for categories of dose rather than a dose response (53—
57), and two background radiation studies excluded because
dose rate rather than cumulative dose was assessed (58, 59).
Five of the six studies excluded because the mean dose
exceeded 100 mGy reported statistically significant (P <.1) posi-
tive dose-response relationships. In these studies, the esti-
mated percentage of patients with doses of 100+ mGy was also
higher than in all our eligible studies at 35-70%. Six of the seven
remaining studies were mostly null; the exception was the
French biology researchers who found a statistically significant
dose response for all solid cancers (Pyeng = .03) but did not report
the dose-response coefficient (55).

Discussion

We identified a large body of epidemiological data published in
the period 2006-2017 that assessed the evidence of cancer risks
following low-dose radiation exposures. The majority of the 26
eligible studies (mean dose of <100 mGy) reported positive
dose-response relationships for solid cancer risks and/or leuke-
mia. In this first article, we described our general framework for
the systematic bias evaluation that is described in detail in the
subsequent manuscripts in the monograph.

Major international and national organizations routinely re-
view the epidemiological studies of cancer risks from ionizing
radiation exposure, including the BEIR VII reports (2), the United
Nations Scientific Committe on the Effects of Atomic Radiation
(1), the UK Advisory Group on Ionising Radiation committees
(60), and the recent NCRP commentary (5). These reviews all
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follow the traditional model of summarizing the findings of
each study accompanied by a brief description of the strengths
and weaknesses and potential biases. They have universally
concluded there is ample evidence that ionizing radiation is a
carcinogen and that most types of cancer can be caused by radi-
ation exposure. The inclusion criteria for our review are broadly
similar to those used by many of these organizations, with a fo-
cus on studies that have evaluated the dose-response relation-
ship, which is one of the Bradford Hill viewpoints on causality
(61). A key difference in eligibility criteria is that our review is
the first, to our knowledge, to focus on the low-dose human
studies, defined as a mean dose less than 100 mGy. We used
mean dose for the eligibility because it was the only statistic
that was available for all the studies. However, because doses
were generally log-normally distributed, this criterion also en-
sured that most of the study participants had doses less than
100 mGy. Although there were only four studies where all
patients were exposed to less than 100 mGy, only five of the eli-
gible studies had more than 10% of patients exposed to 100+
mGy with a maximum of 22%, meaning that the majority of the
study patients were exposed to low doses. It is unclear why only
12 of the 26 studies we included here were also assessed in the
recent NCRP commentary on the linear nonthreshold model (5).
The most important difference with these previous reviews is
our systematic bias analysis to review the studies using statisti-
cal and epidemiological methods to systematically assess the
evidence for bias. Further discussion of our findings and com-
parison with the results and methods from previous reviews of
the epidemiological evidence will be presented in the summary
manuscript (9). We also discuss other potential sources of bias,
including reporting and publication bias, discuss the strengths
and limitations of our bias assessment approach, and provide
recommendations for additional data that could facilitate future
systematic bias evaluations.
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Appendix: Literature Review

A structured literature review was conducted to identify original
analytic epidemiologic research published since the BEIR VII re-
port. Eligibility for synthesis was restricted to research that de-
scribed quantitative analyses of a potential relationship
between cumulative ionizing radiation exposure and cancer.
These analyses stem from internal comparisons made in obser-
vational studies and report effect measures in terms of excess
relative risk, relative risk attributable risk, or excess absolute
risk. Eligible studies comprise research involving medical, occu-
pational, and environmental exposure scenarios. Other inclu-
sion criteria were:

1) The primary exposure was low linear energy transfer (low-
LET) electromagnetic radiation (eg, studies of uranium min-
ers, air crews, and residential radon exposures were
excluded).

2) Doses were quantified and the average absorbed dose to the
tissue of interest appeared less than or equal to 100 mGy.

3) The exposure was best characterized as low dose and low-
dose rate (eg, radiotherapy studies were excluded).

When multiple studies of the same population were pub-
lished, only the most informative study is included in the syn-
thesis. Information from preceding studies was made available

Table Al. PECO statement®
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for use in support of synthesis. Ecological studies, clinical trials,
reviews, meta-analyses, proceedings, abstracts, commentaries,
correspondence, and news articles were excluded. Review
methods followed the Preferred Reporting Items for Systematic
reviews and Meta-Analyses guidelines.

The search was conducted in two phases. First, a library sci-
entist identified a set of potentially relevant studies based on
general search criteria identified in the Population, Exposure,
Comparator, and Outcome Statement (Table Al). Seven public
domain databases were systematically searched for new re-
search articles published between January 1, 2006 and April 19,
2018 (Table A2). There were no restrictions placed on age, sex,
language, or geography. The search results were used to popu-
late an Endnote X7.7.1 database. Duplicate records were re-
moved using the EndNote “find duplicates” function with
preference set to match on title, author, and year. This wide-
sweeping search identified 5080 candidate articles for screening
in the next phase (Table A3).

The second phase of the review was conducted by a health
scientist. Using the publication database, titles and abstracts
were reviewed to identify and exclude lingering duplicates and
to screen out clearly ineligible studies. Remaining studies com-
prised the set selected for full article review by the study team.
Full review resulted in additional exclusions to arrive a set of
studies meeting all eligibility criteria (Table A4).

PECO element® Evidence stream Articles or features included Articles or features excluded
Population Human e Any population o Residential radon exposed, uranium
o Alllife stages miners and millers, Mayak workers, ra-
o Study designs diation therapy patients
e Cohort e RCT, controlled exposure, case series,
e Case-cohort cross-sectional, ecologic, mechanistic
e Case-control studies
e Nested case-control
Exposure Human ¢ Ionizing radiation exposure o Primary route of exposure by inhala-
¢ Gamma tion, oral, or dermal type (eg, intraperi-
o X-ray toneal, injection)
e Low-LET * Semiquantitative or qualitative esti-
¢ Quantitative in units of equivalent or effective mates of exposure
dose (eg, mSv, Sv) or absorbed dose (eg, mGy, Gy)
Comparator Human o A comparison population [not exposed, exposed o No comparison group
to lower levels, exposed below detection]
o Effect measurements reported as RR, ERR, excess
absolute risk, or attributable risk
Outcome Human » Endpoints: Cancers (death or incidence) e Cancer endpoints not described

General considerations
o Reports primary source
o Full text available
Limit 2006 to current

¢ Reports a secondary source (eg, review
articles)

Editorials

Proceedings

Correspondence

®ERR = excess relative risk; LET = linear energy transfer; PECO = Population, Exposure, Comparator, and Outcome; RCT = randomized control trial; RR = relative risk.
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Table A2. Search strategy®

Database

Medline
(OVID)
1946-

Embase
(OVID)
1996-

CINAHL
(Ebsco)
1982-

NTIS
(Ebsco)

Strategy

*Radiation, Ionizing/ OR *Radiation Monitoring/ OR Radiation Dosage/ OR Dose-Response Relationship,
Radiation/ OR *Radioactive Hazard Release/ OR *Radioactive Fallout/ OR *Radiation Exposure/ OR
*gamma rays/ OR *x-rays/ OR *”Tomography, X-Ray Computed”/ OR *radiography/ OR (ionizing radia-
tion OR ionising radiation OR radiation exposure OR radiation dose OR radiation dosage OR gamma
rays OR x-rays OR low-let OR low linear energy transfer).ti, ab.

AND

*Neoplasms/ OR *Neoplasms, Radiation-Induced/ OR *Leukemia, Radiation-Induced/ OR (neoplasm*
OR cancer* OR leuk? emia).ti, ab.

AND

Risk* OR ERR* OR EAR* OR RR*

AND

(Cohort OR case-cohort OR case-control OR population* OR follow-up stud* OR longitudinal stud* OR
prospective stud* OR retrospective stud* OR epidemiologic stud*).ti, ab, sh, kf.

NOT

exp animals/ not exp humans/

limit 2006-current

*lonizing Radiation/ OR *Radiation Monitoring/ OR Radiation Dose/ OR *nuclear accident/ OR
*Radioactive waste/ OR *Radiation Exposure/ OR *gamma radiation/ OR *x-ray/ OR *X-Ray Computed
Tomography/ OR *radiography/ OR (ionizing radiation OR ionising radiation OR radiation exposure
OR radiation dose OR radiation dosage OR gamma rays OR x-rays OR low-let OR low linear energy
transfer).ti, ab.

AND

*Neoplasm/ OR *Radiation-Induced Neoplasm/ OR *Leukemia/ OR (neoplasm* OR cancer* OR leuk?
emia).ti, ab.

AND

Risk* OR ERR* OR EAR* OR RR*

AND

(Cohort OR case-cohort OR case-control OR population* OR follow-up stud* OR longitudinal stud* OR
prospective stud* OR retrospective stud* OR epidemiologic stud®).ti, ab, sh, kw.

NOT

exp animal/ not exp human/

limit 2006-current; exclude Medline journals

(MH “Radiation, Ionizing”) OR (MH “Radiation Monitoring”) OR (MH “Radiation Dosage”) OR (MH “Dose-
Response Relationship, Radiation”) OR (MH “Gamma Rays”) OR (MH “Tomography, X-Ray
Computed”) OR (MH “Radiography”) OR (TI “ionizing radiation” OR “ionising radiation” OR “radiation
exposure” OR “radiation dose” OR “radiation dosage” OR “gamma rays” OR x-rays OR low-let OR “low
linear energy transfer”) OR (AB (“ionizing radiation” OR “ionising radiation” OR “radiation exposure”
OR “radiation dose” OR “radiation dosage” OR “gamma rays” OR x-rays OR low-let OR “low linear en-
ergy transfer”

AND

(MM “Neoplasms”) OR (MH “Neoplasms, Radiation-Induced”) OR (MH “Leukemia, Radiation-Induced”)
OR (TI neoplasm™ OR cancer* OR leuk? emia) OR (AB neoplasm* OR cancer* OR leuk? emia)

AND

Risk* OR ERR* OR EAR* OR RR*

AND

(Cohort OR case-cohort OR case-control OR population* OR “follow-up stud*” OR “longitudinal stud*”
OR “prospective stud*” OR “retrospective stud*” OR “epidemiologic stud*”)

limit 2006-current; Human; exclude Medline records

TI “ionizing radiation”, OR “ionising radiation”, OR “radiation exposure”, OR “radiation dose”, OR
“radiation dosage”, OR “gamma rays”, OR x-rays OR low-let OR “low linear energy transfer”, OR AB
“ionizing radiation”, OR “ionising radiation”, OR “radiation exposure”, OR “radiation dose”, OR
“radiation dosage”, OR “gamma rays”, OR x-rays OR low-let OR “low linear energy transfer”

AND

(TI [neoplasm™ OR cancer” OR leuk? emia]) OR [AB (neoplasm™* OR cancer* OR leuk? emia])

AND

Risk* OR ERR* OR EAR* OR RR*

AND

(Cohort OR case-cohort OR case-control OR population* OR “follow-up stud*” OR “longitudinal stud*”
OR “prospective stud” OR “retrospective stud*” OR “epidemiologic stud*”)

Limit 2006-current;

Run date

April 19, 2018

April 19, 2018

April 20, 2018

April 20, 2018

(continued)
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Table A2. (continued)

Database Strategy Run date
GreenFILE DE “IONIZING radiation”, OR DE “RADIATION exposure”, OR DE “RADIATION measurements”, OR TI April 20, 2018
(Ebsco) “ionizing radiation”, OR “ionising radiation”, OR “radiation exposure”, OR “radiation dose”, OR

“radiation dosage”, OR “gamma rays”, OR x-rays, OR low-let, OR “low linear energy transfer”, OR AB
“ionizing radiation”, OR “ionising radiation”, OR “radiation exposure”, OR “radiation dose”, OR
“radiation dosage”, OR “gamma rays”, OR x-rays, OR low-let, OR “low linear energy transfer”

AND

TI (neoplasm* OR cancer* OR leuk? emia) OR AB (neoplasm* OR cancer* OR leuk? emia)

AND

Risk* OR ERR* OR EAR* OR RR*

AND

(Cohort OR case-cohort OR case-control OR population* OR “follow-up stud*” OR “longitudinal stud*”
OR “prospective stud*” OR “retrospective stud™ OR “epidemiologic stud*”)

Limit 2006-current;

Scopus INDEXTERMS(“Radiation, Ionizing” OR “Radiation Monitoring” OR “Radiation Dosage” OR “Dose-
Response Relationship, Radiation” OR “Gamma Rays” OR “Tomography, X-Ray Computed” OR
“Radiography”) OR TITLE-ABS(“ionizing radiation” OR “ionising radiation” OR “radiation exposure”
OR “radiation dose” OR “radiation dosage” OR “gamma rays” OR x-rays OR low-let OR “low linear en-
ergy transfer”)

AND

INDEXTERMS(Neoplasms OR “Neoplasms, Radiation-Induced” OR “Leukemia, Radiation-Induced”) OR
TITLE-ABS(neoplasm* OR cancer* OR leuk? emia)

AND

TITLE-ABS-KEY(Risk* OR ERR* OR EAR* OR RR*)

AND

TITLE-ABS-KEY(Cohort OR case-cohort OR case-control OR population* OR “follow-up stud*” OR
“longitudinal stud*” OR “prospective stud*” OR “retrospective stud*” OR “epidemiologic stud*”’)

AND NOT INDEX(medline) AND NOT INDEX(embase)

Limit 2006-current

Agricultural and TI, AB(“ionizing radiation” OR “ionising radiation” OR “radiation exposure” OR “radiation dose” OR
Environmental “radiation dosage” OR “gamma rays” OR x-rays OR low-let OR “low linear energy transfer”) AND TI,
Science AB(neoplasm® OR cancer* OR leuk? emia) AND TI, AB(Risk* OR ERR* OR EAR* OR RR*) AND TI,
Database AB(Cohort OR case-cohort OR case-control OR population* OR “follow-up stud*” OR “longitudinal

(ProQuest) stud™” OR “prospective stud™” OR “retrospective stud*” OR “epidemiologic stud*”)

1967- Limit 2006-current

April 20, 2018

April 20, 2018

SCINAHL = Cumulative Index of Nursing and Allied Health Literature; ERR = excess relative risk; NTIS = National Technical Information Service.

Table A3. Phase I: initial search by library scientist

Database Records
Medline 4045
Embase 550
CINAHL 58
NTIS 9
GreenFILE 33
Scopus 376
Agricultural and Environmental Science Database (ProQuest) 903
Total records 5974
Minus duplicates?® —894
Available records 5080

“Duplicates were identified using the Endnote automated “find duplicates” function with preference set to match on title, author, and year. CINAHL = Cumulative

Index of Nursing and Allied Health Literature; NTIS = National Technical Information Service.
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Table A4. Phase II: screening and final review results?
Review steps

Available records

Subtract duplicates not identified by Endnote

Eligible for screening

Subtract ineligible records based on title and abstract review
Eligible for full article review

Subtract ineligible records based on full article review
Eligible studies

Records remaining

5080
-8
5072
—4983
89
—63
26

#CINAHL = Cumulative Index of Nursing and Allied Health Literature; NTIS = National Technical Information Service.

Table A5 . Estimated ERR at 100 mGy and 95% confidence intervals for all solid cancers (or site-specific solid cancers) for eligible studies

Study Outcome ERR at 100 mGy (95% CI)
Environmental
Three Mile Island All cancers -1(-6to03)
Chinese background All cancer excl. leukemia —0.101 (—0.253 to 0.095)
GB background All cancer excl. leukemia 2(-2.0t0 6.0)
Swiss background All cancers 8(0.8t04.8)
Techa river Solid cancers 0. 077 (0.013 to 0.150)
Taiwanese residents All solid cancers 0.04 (0 to 0.08)*
Medical
Canadian cardiac imaging All cancers 0.3(0.2t0 0.4)
French pediatric CT (brain tumors) Brain cancer 0.7 (-0.1to0 1.0)
UK pediatric CT (brain tumors) Brain cancer 1.2(0.4 to 3.1)
PIRATES (thyroid cancer) Thyroid 0.96 (0.37 to 1.70)
Occupational
Korean workers All cancers 0.72 (-0.5 to 2.1)*
UKNRRW All cancers excl. leukemia 0.03 (0.0 to 0.06)
Korean nuclear workers All cancers excl. leukemia 0.21 (—0.19 to 0.9)
Rocketdyne workers All cancers excl. leukemia —0.02 (—0.18 t0 0.17)
Japanese workers All cancers excl. leukemia 0.13 (—0.03 to 0.30)

Canadian nuclear workers®
German nuclear workers
US nuclear workers
INWORKS

USRT (breast cancer)

USRT (brain cancer)

USRT (skin cancer)

French nuclear workers

Solid cancers
Solid cancers

All cancers excl. leukemia

Solid cancers
Breast

Brain

Skin

Solid cancers

(-
(
(-
(=
(-
~0.12 (<—0.15 to 0.24)
~0.1(-0.4t00.1)
0.01 (~0.02 to 0.05)
0.047 (0.018 to 0.079)°
(-
A
(-
=

0. 07 0.005 to 0.19)
<-0.3t01.5)
0. 001 0.04 to 0.05)
0.04 (~0.04 t0 0.13)°

#90% CI. CI = confidence interval; CT = computed tomography; ERR = excess relative risk; INWORKS =

Registry of Radiation Workers; USRT = US Radiologic Technologists.

YThe Canadian Study is restricted to the cohort excluding early AECL workers.

International Nuclear Workers Study; UKNRRW = UK National



Table A6. Estimated ERR at 100 mGy and 95% confidence intervals for leukemia for eligible studies

Study

Environmental
Chernobyl residents
Three Mile Island
Chinese background
GB background
Swiss background
Finnish background
Taiwanese residents
Medical
French Pediatric CT
UK Pediatric CT
Occupational
Korean workers
Chornobyl liquidators
UKNRRW
Rocketdyne workers
Japanese workers
Ukrainian Chornobyl liquidators
Canadian nuclear workers®
German nuclear workers
US nuclear workers
INWORKS
US atomic veterans
French nuclear workers

Outcome

All leukemia
All leukemia
All leukemia
All leukemia
All leukemia
All leukemia
Leukemia excl. CLL

All leukemia
Leukemia or MDS

All leukemia

Leukemia excl. CLL
Leukemia excl. CLL
Leukemia excl. CLL
All leukemia

Leukemia excl. CLL
Leukemia excl. CLL
Leukemia excl. CLL
Leukemia excl. CLL
Leukemia excl. CLL
Leukemia excl. CLL
Leukemia excl. CLL

A. Berrington de Gonzalezetal. | 113

ERR at 100 mGy (95% CI)

2(0.9t08.4)
19 (-3 to 45)
1068 (<0 to inf)
12 (3.0 to 22.0)
.6(-0.3t07.7)
3(-11to 6)
015(003t0024)

1.6 (-2.3t02.7)
3(0.3 to 10.9)

168 3410 14.9)
0.38 to 5.70)°

0. 18 0.006 to 0.50)

0.06 (—0.50 to 1.23)

(-

5(-

(-

-

—0.19 (~0.61 to 0.86)

0.221 (0.005 to 0.761)

144(< 0.15 to 14.6)
4(-03t01.1)
(~0.02 to 0.47)
3(0.12 to 0.52)

705( 14 to0 4)
(

0.35 (<0 to 1.6)?

017

#90% CI. ERR = excess relative risk; CLL = chronic lymphocytic leukemia; CT = computed tomograph; ERR = excess relative risk; INWORKS = International Nuclear

Workers Study; UKNRRW = UK National Registry of Radiation Workers; USRT = US Radiologic Technologists.
®The Canadian Study is restricted to the cohort excluding early AECL workers.
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