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Abstract

Background: Low-dose, penetrating photon radiation exposure is ubiquitous, yet our understanding of cancer risk at low
doses and dose rates derives mainly from high-dose studies. Although a large number of low-dose cancer studies have been
recently published, concern exists about the potential for confounding to distort findings. The aim of this study was to de-
scribe and assess the likely impact of confounding and selection bias within the context of a systematic review. Methods: We
summarized confounding control methods for 26 studies published from 2006 to 2017 by exposure setting (environmental,
medical, or occupational) and identified confounders of potential concern. We used information from these and related
studies to assess evidence for confounding and selection bias. For factors in which direct or indirect evidence of confounding
was lacking for certain studies, we used a theoretical adjustment to determine whether uncontrolled confounding was likely
to have affected the results. Results: For medical studies of childhood cancers, confounding by indication (CBI) was the main
concern. Lifestyle-related factors were of primary concern for environmental and medical studies of adult cancers and for oc-
cupational studies. For occupational studies, other workplace exposures and healthy worker survivor bias were additionally
of interest. For most of these factors, however, review of the direct and indirect evidence suggested that confounding was
minimal. One study showed evidence of selection bias, and three occupational studies did not adjust for lifestyle or healthy
worker survivor bias correlates. Theoretical adjustment for three factors (smoking and asbestos in occupational studies and
CBI in childhood cancer studies) demonstrated that these were unlikely to explain positive study findings due to the rarity

of exposure (eg, CBI) or the relatively weak association with the outcome (eg, smoking or asbestos and all cancers).
Conclusion: Confounding and selection bias are unlikely to explain the findings from most low-dose radiation epidemiology
studies.

In experimental epidemiological study designs, comparability
of exposed and unexposed participants is obtained through ran-
dom assignment to exposure or treatment groups.
Randomization leads (in expectation) to balance between expo-
sure groups in other factors that affect risk of disease. However,
except in rare circumstances (eg, where exposure confers an im-
mediate clinical  benefit), contemporary  radiation
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epidemiological studies are not randomized experiments, be-
cause ionizing radiation exposure is recognized to be harmful.
Instead, epidemiologists typically rely on observational stud-
ies of disease occurrence among people who were exposed to
ionizing radiation from medical, environmental, or occupa-
tional sources. Without the benefit of random assignment, ex-
posure groups may differ with respect to factors other than

133

0202 12quisoa(] €0 UO Jasn [041u0)) aseasi(] 404 siajua) Ag 9€66985/SE 1/95/0Z202/210Ie/ouowioul/woo dno-olwapeoe//:sdiy Woll papeojumMo(]


https://academic.oup.com/

134 | ] Natl Cancer Inst Monogr, 2020, Vol. 2020, No. 56

radiation. If these factors are also related to the disease of inter-
est, then the observed effect of radiation on disease risk may be
mixed with effects of these other disease risk factors. This is re-
ferred to as confounding. Inadequately accounting for con-
founding can lead to bias in an estimate of the association
between radiation exposure and disease.

Bias also can occur if selection into the study (through de-
sign or in analysis) is affected by exposure and disease status:
we refer to this as selection bias. For example, suppose environ-
mental exposures vary by neighborhood affluence, people in
more affluent neighborhoods agree to participate in an epidemi-
ological study more often than people in less affluent neighbor-
hoods, and healthy people are more likely to participate than
sick people. In such a setting, a study of just those people who
agree to participate may lead to a biased estimate of the under-
lying association between environmental exposure and disease.

Given the potential for bias in observational epidemiological
studies, it is important to consider the key adjustment variables
as well as those potential confounders that are omitted or not
available, including the potential direction and magnitude of
bias. In this article, we conducted a comprehensive review of
these issues for the eligible studies considered in this mono-
graph. We used a multi-step process where first we described the
potential confounders for each study, then assessed the evidence
that they could actually be confounders in this study setting, and,
if so, the degree to which they may confound the association.
Where available, we reviewed evidence for or against confound-
ing (eg, the impact of adjusting for smoking status on the
radiation-dose response estimate). We also reviewed evidence
from related publications, for example nested case-control stud-
ies (within a cohort) that provided information on the relation-
ship between radiation exposure and smoking. When no direct
evidence was available, we used indirect methods to assess the
potential for and magnitude of confounding, using a variant (1) of
the Axelson-Steenland approach (2).

This article contributes to a larger review, coordinated by the
National Cancer Institute, of potential biases in recent low-dose
and low dose-rate epidemiology studies (3). In addition to this
article, companion articles consider other sources of potential
bias, such as dosimetry or outcome ascertainment errors (4,5),
as well as the impact of interpretation approaches (6).

Methods

We conducted a systematic literature review of epidemiological
studies on cancer risk published after the Biological Effects of
Ionizing Radiation VII report in 2006 through December 31, 2017.
Studies were eligible for inclusion if they were epidemiological
studies of human populations exposed to low-dose (mean
absorbed dose <100 mGy), predominantly low-linear energy
transfer radiation. We required individualized dose estimates
for the study participants and that the publications provided
estimates of a cumulative radiation dose-response association
and associated confidence intervals.

For each eligible study, two reviewers independently reviewed
the variables that the authors accounted for in a study. We in-
cluded design variables (eg, those controlled via restriction) and
analytical variables (eg, those controlled via stratification or re-
gression modeling). We also considered those variables that the
authors analyzed but were found to have minimal impact on
dose response estimates. Where information was available, we

summarized the impact of adjustment for the confounder as an
assessment of the magnitude of the bias.

Next, we described the major uncontrolled confounders of
potential concern in the analysis of associations between radia-
tion and solid cancers and leukemia. Two reviewers indepen-
dently reviewed the factors that were either described by the
authors or are of common concern for the exposure and popula-
tion setting (eg, occupational, environmental, or medical) as
unmeasured variables that were potential confounders of asso-
ciations between radiation and solid cancers and leukemia in a
study. For example, such factors of common concern are rou-
tinely adjusted for in studies of the exposed population [e.g., du-
ration of employment in studies of nuclear workers as a means
of partially controlling for the healthy worker survivor effect (7)]
or have been identified as known human carcinogens by the
International Agency for Research on Cancer and are likely to
either occur frequently in the population (eg, asbestos exposure)
or to be differentially distributed by radiation dose (eg, smok-
ing). We also considered the potential for residual confounding,
in which the adjustment method may have incompletely ad-
justed for the confounder (eg, socioeconomic status [SES] and
birth cohort as a means of adjusting for smoking). We noted the
potential for selection bias as a result of restriction or condition-
ing on variables affected by radiation exposure.

We then reviewed each paper and related studies to collect
information on indirect assessment of evidence of confounding
by those major uncontrolled (or under-controlled) confounders
identified (eg, evaluating radiation dose response for mesotheli-
oma as a way of indirectly assessing whether asbestos exposure
was related to dose or analyzing smoking-related and non-
smoking related cancers separately). In addition, we reviewed
each manuscript’s Discussion section to collect information on
plausibility of substantial confounding by the major uncon-
trolled confounders identified.

Finally, when studies lacked data on factors that could plausi-
bly confound, we applied an extension of the Axelson indirect ad-
justment method to evaluate the impact of the factor to materially
influence a trend in radiation risks (2,8,9). Several approaches have
been proposed for calculating externally corrected relative risks
(RRs) or the maximum potential confounding bias (1,10,11). Our
calculations illustrate the range of a potential bias in estimates of
radiation—cancer associations under assumptions about the mag-
nitudes of the confounder-exposure and confounder-disease
associations (1). Briefly, suppose RRSES (i) is the observed RR for cat-
egory i of radiation dose (D) relative to category 0, i=0, ..., I. For
our evaluations, we further suppose that the confounder (C) is bi-
nary. Assuming a multiplicative model and that the parameters in
the equations do not depend on important determinants of the
outcome, such as age, we can express RRI55(i) as

1+ i (RRc — 1)

RRE™(i) = RRp (i) m

Equation (1),
where ny; = P(C=1|D =1) is the conditional probability of the
confounder at radiation level i, and RRp(i) and RR¢ are the “true”
RR and the confounder RR at the referent level of the other.
From equation (1), the indirectly adjusted associations for radia-
tion exposure are thus given by

1+ )i (RRC - 1)

RRp(i) =  RRYP*(1)/ ——— oo —7y o ®Re— 1)

Equation (2).

Given external information on 7;; and RRc, equation (2) pro-
vides indirectly adjusted estimates of the true radiation RRs
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RRp(i). Additionally, suppose we assume there is no radiation
association, that ia, RRp(i) = 1 for all i. Then given RR35S(i), equa-
tion (2) yields a solution for =, the probability of the con-
founder at exposure i, in terms of 715 and RRc:

RRIES(i) {1+ myo(RRc — 1)} —

RRc _ 1 Equation (3),

Ty =

or equivalently the odds ratios for D and C, ORp ¢(i) = my; (1 —710)/
n1j0(1 — 7). Equation (3) enables an assessment of the plausibil-
ity that a binary factor C fully explains the observed radiation-
disease association. The equation holds for any joint association
(eg, multiplicative, submultiplicative, additive) between dose and
C because the true joint model no longer involves dose when RRp
(i) = 1 for all i [(11); Mark Little, unpublished data].

Equations (2) and (3) provide adjustment formulae for ob-
served RRs of a categorical exposure in the presence of a cate-
gorical confounder. Given an observed linear excess RR (ERR)
model, RRO% (D) = 1+ § D, where § is the ERR per milligray, we
did not directly evaluate bias of an ERR-per milligray estimate,
because with non-null confounding the adjusted “true” associa-
tion is no longer linear. Although we are not aware of a pub-
lished formula, we can assume that the dose category-specific
confounder prevalences n;; needed to fully explain the observed
RRIP5(i) in the absence of a radiation effect would be approxi-
mately similar to those required to explain the observed linear
ERR per milligray under a linear model. The inputs to this evalu-
ation for pediatric computed tomography (CT) and nuclear
worker studies were very similar to those published previously
(1), except that here we calculated the radiation risks using fit-
ted linear ERR models rather than a categorical model as in
Lubin et al. (1). For the CT studies, we rounded the prevalence of
Down syndrome to 0.002 and for the nuclear worker study we
used a slightly different collapsing of dose categories to simplify
the table presentation.

To assess potential confounding from smoking status in nu-
clear worker studies, we used equation (3) to calculate the dose-
specific proportions of ever-smokers, P(C=1|X=i), for a given
overall smoking prevalence P(C=1), and the RR¢ for all cancers
except leukemia by smoking status. [Notably, the prevalence of
ever-smokers was 0.55-0.70 among US veterans in 1954-1957 (12)
and among males in the Behavior Risk Factor Surveillance
System for 1984 and 1990, 0.75 in controls in German Wismut ura-
nium miners (13), and 0.70-0.80 in a pooling of underground ura-
nium miners’ cohorts (14). The RR for ever-smoking was 1.6 in US
veterans (12) and in a meta-analysis of international studies (15).]

To evaluate possible confounding by asbestos exposure in nu-
clear worker studies, we assumed that high exposure to asbestos
increases the risk of death from all cancers except leukemia by 1.3-
fold and that about 10% of nuclear workers might have been highly
exposed to asbestos. This RR estimate is based on pooling the all-
cancer standardized mortality ratios observed in two cohorts of
textile workers highly exposed to (chrysotile) asbestos (16,17). The
prevalence of asbestos exposure was from that observed in a
nested lung cancer case-control study among Portsmouth Naval
Shipyard workers [>2 Threshold Limit Value-10, which = 240 fi-
ber-days/cm® = 0.1 fiber/cm®/d*240 working d/y*10 years (18)].

Results

Eligible Studies

We identified 26 eligible studies including eight studies of envi-
ronmental, four of medical, and 14 of occupational exposure.
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The studies of environmental exposures included residents
near the sites of the Chornobyl and Three Mile Island nuclear
plant accidents (19,20), residents of villages along the Techa
River contaminated by radioactive waste from the Mayak nu-
clear weapons facility in Russia (21), and residents of a building
in Taiwan, China, contaminated with cobalt-60 (22). Four stud-
ies evaluated populations from China (23), Finland (24),
Switzerland (25), and the United Kingdom (26) exposed to back-
ground radiation (Table 1). The Chinese study assessed cancer
risk in adults, and the other three studies focused on the risk of
cancer in children.

Eligible studies of medical exposures included cancers in
patients undergoing diagnostic procedures [adults in Canada
for cardiovascular conditions (27) and children in the United
Kingdom (29) and France (28) undergoing CT| and a pooled study
of thyroid cancer incidence following pediatric low-dose diag-
nostic or therapeutic radiation procedures (30).

Fourteen studies of occupationally exposed populations ex-
amined leukemia and/or other cancer incidence or mortality,
including nuclear workers in Canada (37), France (47), Germany
(39), Japan (36), Korea (31,34), United Kingdom (33), United
States (35,40), and a pooled study (the International Nuclear
Workers Study [INWORKS]) of studies from France, the United
Kingdom, and the United States (41,42); Chornobyl accident re-
covery workers in Baltic countries, Belarus, Russia (32), and
Ukraine (38); and atomic test participants (43) and radiological
technologists in the United States (44—46).

Measured Confounders

Studies of environmental exposures and cancers in adulthood
generally controlled for potential confounders such as age and
birth cohort (or, roughly equivalently, calendar time and age)
and sex (Table 1). Studies of environmental contamination (ie,
Chornobyl and Techa River studies) often controlled for region
of residence or background radiation, whereas studies of natu-
ral background radiation typically controlled for lifestyle-
related factors (eg, smoking, education, or SES). Childhood leu-
kemia studies controlled for age, sex, parental smoking behav-
ior (or surrogates) and (in one study) Down syndrome, a cancer-
predisposing condition. Studies of medical exposures typically
adjusted for age, sex, calendar period, and time since exposure
and excluded children with conditions predisposing to cancer
[as a potential source of confounding by indication (CBI)].
Studies of occupational exposures generally adjusted for sex,
age, birth cohort, and SES (as a means of controlling for con-
founding by lifestyle factors such as smoking or alcohol con-
sumption or by occupational exposure to other carcinogens).
Most studies also adjusted for employment duration as a means
of controlling for healthy worker survivor bias (HWSB), because
the HWSB is a type of bias that can lead to attenuation of the cu-
mulative dose response in occupational cohort studies.

Unmeasured Confounders and Selection Bias

The population-based environmental studies exhibited limited
potential for confounding or selection bias (Table 1). Two excep-
tions may be the Chornobyl residential study and the Techa
River study. In the Chornobyl study, the authors reported evi-
dence of control selection bias for Ukraine that may have
caused an upward bias in risk estimate (19). The Techa River
study experienced migration among 21% of cohort members
outside (and back into) the cancer registry catchment area;
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however, the authors asserted that such migration would be
expected to result in a loss of power without causing bias in the
risk estimates (21).

Among the medical studies, the Canadian cardiac imaging
study (27) did not control for CBI, and the CT studies (28,29)
used information on cancer susceptibility syndromes (CSS)
available for all or a subset of participants.

For the occupational studies, adjusting for duration of em-
ployment was an important means of partially controlling for
the HWSB (Table 2): adjustment was found to increase the mag-
nitude of the ERR-per unit dose for all cancers excluding leuke-
mia in the United Kingdom (33) and US nuclear worker studies
(40) and therefore in INWORKS (42). A greater potential for
uncontrolled confounding from HWSB existed for the Korean
worker (31) and Japanese nuclear worker (36) studies, which did
not adjust for SES or duration of employment, and the German
nuclear worker study (39), which did not adjust for birth cohort
and SES. Prevalent hire bias is a form of selection bias in which
follow-up begins after the start of exposure, which could result
in unobserved exposure-related dropout of the most susceptible
workers. This type of bias potentially existed for the German
(39) and Japanese worker studies (36), because follow-up began
decades after the highest exposures occurred and to a lesser ex-
tent for the French (47) and Korean worker studies (31) because
follow-up began sooner after doses began accruing. All occupa-
tional studies involving hazardous exposures are potentially
susceptible to residual confounding bias from the HWSB; stan-
dard analytical techniques, such as adjustment for duration of
employment in a regression model, provide incomplete adjust-
ment for this source of bias. Little evidence of selection bias was
observed from incomplete questionnaire response in the US
Radiologic Technologists study (44-46) (Table 2). Studies of nu-
clear workers are also potentially confounded by coexposures to
other carcinogenic agents in the workplace, including benzene
and asbestos, discussed below.

Direct and Indirect Assessments of Confounding

Some studies reported the change in estimate of the radiation
dose-cancer association on adjustment for measured covari-
ates. Tables 2 and 3 summarize the impact of adjusting for con-
founding factors on ERR-per unit dose estimates and give
indirect evidence about the likelihood of confounding for factors
not directly controlled for, which were abstracted from related
studies.

Among the environmental studies, no factors were found to
have substantial confounding impact on the risk per unit dose
for either all cancers combined or leukemia. SES, for example,
was weakly related to background radiation dose in the UK
case-control study, and adjustment for smoking in the Techa
river cohort reduced the ERR-per unit dose by only 11%. Among
the medically exposed populations, most known risk factors for
brain cancer and leukemia were unlikely to be associated with
radiation dose and therefore are not likely to be confounders.
We found little evidence of residual CBI through CSS because
these conditions were very rare and not strongly related to
number of CT scans. Exclusion of patients with previous unre-
ported cancers in the UK pediatric CT study reduced the ERR-
per unit dose for leukemia by 15% and for brain tumors by 30%
(29). Lack of adjustment for SES is not expected to cause positive
confounding of the ERR-per unit dose for leukemia, because
participants from high-SES households have fewer CT scans
and a higher baseline risk of leukemia (66,67). Other countries
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show little association between CT scans and SES (70). In the UK
study and a Dutch study (52), SES adjustment did not materially
affect the leukemia or brain tumor results.

Information for an indirect assessment of confounding in
the environmental and medical studies was available either
from secondary analyses of those studies or from external stud-
ies (54). In the study of cardiovascular imaging, there was indi-
rect evidence of CBI, because there was a much weaker ERR-per
unit dose for radiation exposure from other imaging and cancer
risk than for cardiovascular imaging (27). An evaluation of the
reason for pediatric CT scans in the UK study, based on a subset
of all CTs, found that most CTs were unrelated to cancer suspi-
cion. The main indication for repeated head scans over time
was management of hydrocephalus (54). In addition, the start of
follow-up in these studies is several years after the first CT, sug-
gesting that the reason for the CT does not confound risk esti-
mates. Meulepas et al. (53) calculated confounding bias in CT
studies due to CSS under various scenarios and concluded that
radiation risks for leukemia or brain tumors are unlikely sub-
stantially confounded. Direct adjustment for tuberous sclerosis
complex, a brain tumor susceptibility syndrome and potential
confounder as patients undergo routine brain imaging from
time of diagnosis, changed the brain tumor ERR-per unit dose
very little in a Dutch study of CT-related radiation risks (52).

In the occupational studies, adjustment for sex, age, birth
cohort, and SES was performed to indirectly control potential
confounding from smoking and occupational coexposures
(Table 2); after doing so, there was little evidence of positive
confounding by smoking in studies of nuclear workers (eg,
chronic obstructive pulmonary disease was negatively associ-
ated with radiation in the UK, US, and INWORKS studies, and
the ERR-per unit dose was similar for lung cancer and for all
solid cancers). In the US nuclear worker study, liver cirrhosis
was positively associated with radiation dose (although to a
much lesser extent than all nonsmoking related cancers), indi-
cating that in this study alcohol intake could be a positive con-
founder for liver cancer. In the US and UK cohorts, pleural
cancer and other mesothelioma were strongly positively associ-
ated with dose, suggesting that asbestos exposure may be a pos-
itive confounder for lung cancer in these studies and INWORKS.
For leukemia, we found little evidence of confounding by ben-
zene or other leukemogens based on information from related
studies in US workers (60,69,71).

Tables 4 and 5 summarize our assessment of the evidence
regarding confounders for each study based on the information
provided in Tables 2 and 3, respectively. For most environmen-
tal studies, potential confounders were generally either ad-
justed for or found not likely to actually cause bias. An
exception is the study of background radiation in China, which
did not adjust for lifestyle-related factors. The pediatric medical
studies exhibited some potential for residual confounding from
predisposing factors. For the occupational studies, direct and in-
direct evidence suggests that smoking, alcohol consumption,
and other occupational exposures might cause confounding, es-
pecially those that did not adjust for birth cohort and SES.

Quantifying Potential Bias Due to Unmeasured
Confounders

Using indirect methods, we evaluated potential confounding
from smoking status in nuclear worker studies. In Table 6, we
assumed no radiation association and calculated the distribu-
tion of smoking required to explain the dose response observed
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Table 4. Summary of empirical evidence on potential confounding reported in studies of all cancers excluding leukemia*

Confounder

Lifestyle Occupational Medical
No. Study name (reference) Smoking Alcohol BMI SES Chemical Indication/predisposing factors
Environmental
2 Three Mile Island (20) Adj Adj NA
3 China background (23) No No NA NA
5 Swiss background (25) NA NA NA Adj NA NA
6 Techa River (21) Adj No NA
8 Taiwanese residents (22) NA NA
Medical
9 Canadian cardiac imaging (27) NA No
10 French Pediatric CT (28) (brain/CNS) NA NA NA NA NA Some (CSS)
11 UK Pediatric CT (29) (brain/CNS) NA NA NA NA NA No (CSS), some (previous cancers)
12 PIRATES (30) (thyroid) NA NA NA NA NA
Occupational
13 Korean workers (31) Possibly Possibly Yes Possibly NA
15 UK NRRW (33) No Adj Possibly NA
16 Korean nuclear workers (34) Adj Yes Possibly NA
17 Rocketdyne nuclear workers (35) Adj Possibly NA
18 Japanese nuclear workers (36) Yes Yes Yes Possibly NA
19 Canadian nuclear workers (37) Adj Possibly NA
21 German nuclear workers (39) Possibly Possibly Yes Possibly NA
22 US nuclear workers (40) No Possibly Adj Possibly NA
23 INWORKS (42) No Possibly Adj Possibly NA
25 USRT (breast) (44) No No Adj No NA NA
25 USRT (brain) (45) No No Adj NA NA NA
25 USRT (BCC) (46) Adj Adj Adj Adj NA NA
26 French nuclear workers (47) Possibly No Adj Possibly NA

*Adj = risk estimate from study was adjusted for potential confounder (see Table 1); BCC = basal cell carcinoma; BMI = body mass index; CNS = central nervous system;
CSS = cancer susceptibility syndrome; CT = computed tomography; INWORKS = International Nuclear Workers Study; NA = confounder is not an established risk fac-
tor for all cancer excluding leukemia or is not prevalent in the study population; No, Yes, and Possibly = assessment of likelihood of substantial confounding based on
evidence presented in Table 2; NRRW = National Registry for Radiation Workers; PIRATES = Pooled International Radiation and Thyroid Cancer Epidemiology Studies;
SES = socioeconomic status; USRT = US Radiologic Technologists.

Table 5. Summary of empirical evidence on potential confounding reported in studies of leukemia*

Confounder

Lifestyle Occupational Medical
No Study name (reference) Smoking SES Chemical Indication/predisposing factor
Environmental
1 Chornobyl residents (19) NA No NA NA
2 Three Mile Island (20) Adj Adj NA
3 China background (23) No NA NA
4 GB background (26) NA Adj NA NA
5 Swiss background (25) NA Adj NA NA
7 Finnish background (24) No NA No
8 Taiwanese residents (22) NA NA
Medical
10  French Pediatric CT (28) NA Possibly NA No (CSS)
11 UK Pediatric CT (29) NA No NA No (CSS)
Occupational
13 Korean workers (31) Yes Possibly NA
14  Chornobyl liquidators: Belarus, Russia, & Baltic countries (32) No No No NA
15 UK NRRW (33) No Possibly NA
17  Rocketdyne nuclear workers (35) Adj Possibly NA
18  Japanese nuclear workers (36) Yes Possibly NA
19  Canadian nuclear workers (37) Adj Possibly NA
20  Chornobyl liquidators: Ukraine (38) No No No NA
21  German nuclear workers (39) Yes Possibly NA
22 US nuclear workers (40) No Adj Possibly NA
23 INWORKS (41) No Adj Possibly NA
24  Smoky nuclear test (43) Adj NA
26  French nuclear workers (47) Possibly Adj Possibly NA

*Adj = risk estimate form study was adjusted for potential confounder (see Table 1); CSS = cancer susceptibility syndrome; CT = computed tomography; INWORKS =
International Nuclear Workers Study; No, Yes and Possibly = assessment of likelihood of substantial confounding based on evidence presented in Table 3; NA = con-
founder is not an established risk factor for leukemia or is not prevalent in the study population; NRRW = National Registry for Radiation Workers; SES = socioeco-
nomic status.
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for all cancer mortality except leukemia in the INWORKS study
of nuclear workers (42). For overall smoking prevalences of 50—
70% and a smoking-related all cancer RR of 1.6, calculated
smoking prevalences in the highest dose categories exceeded
1.0, indicating smoking status cannot explain the full range of
observed radiation risks (Table 6). At an overall smoking preva-
lence of 50%, a minimum RR for smoking of 1.81 is required for
valid probabilities in all categories. In this case, smoking preva-
lences increasing from slightly below 50% for low-dose catego-
ries to almost 100% at 500 mGy or more are required to entirely
explain the observed association with radiation exposure.
Results support the authors’ conclusion that smoking could not
explain the RR trend.

Assuming heavy asbestos exposure increases all cancer risk
1.3-fold, the prevalence of exposure would have to increase
with radiation dose from 6% in the lowest radiation dose cate-
gory to greater than 100% in the highest radiation dose category
in order to explain the observed radiation dose-response associ-
ation for all cancer excluding leukemia in INWORKS. This is im-
possible. If the asbestos-related RR were 1.6, asbestos
prevalence would have to increase from 8% to 61% in the high-
est dose category, which is implausible; even in the US site with
highest asbestos exposure (the Portsmouth Naval Shipyard), the
correlation between asbestos and occupational radiation dose
was quite low (r=0.09) (18).

For studies of leukemia following radiation dose from pedi-
atric CT exams, an evaluation of bias shows that for a CSS such
as Down syndrome, which carries a 20-fold increased leukemia
risk (72), prevalence would have to increase from the population
level of 0.2% (53) in the lowest dose category to 4% in the highest
dose category to fully explain the observed radiation dose re-
sponse (Table 7). This is implausible, because the UK study
found a Down syndrome prevalence of just 0.03% and no evi-
dence of association with radiation dose (29).

Summary Regarding Potential Biases

After considering evidence from direct and indirect confound-
ing assessment as well as theoretical assessment of the poten-
tial impact of confounding, Table 8 summarizes our results with
respect to potential biases and provides an overall assessment
of the likelihood and direction of possible confounding and se-
lection bias for each study. Few studies exhibited serious poten-
tial for confounding (eg, a change in dose response estimate of
>20%) or selection bias. The most consistent finding across
studies is the likelihood of downward bias (towards the null) in
nuclear worker studies due to a HWSB of unknown magnitude,
because direct adjustment is not possible with conventional
statistical methods. Although confounding from coexposures
was not directly evaluated in most occupationally exposed
cohorts, our hypothetical adjustments in Table 6 using
INWORKS as an example suggest that these coexposures are
unlikely to cause serious confounding, particularly after adjust-
ment for birth cohort and SES.

Discussion

All epidemiological studies have strengths and limitations that
may affect their ability to quantify the association between ra-
diation and cancer risk, especially at low doses and low dose
rates (73-75). Confounding and selection bias are important
considerations in observational epidemiology, particularly in
low-dose radiation studies, where the excess risk at average
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study doses may be quite small. We have reviewed recent litera-
ture on low-radiation dose-cancer associations with regard to
potential confounders and summarized the measured con-
founders that were included in these analyses as well as consid-
ered the impact of unmeasured confounding on radiation risk
estimates for solid cancers and leukemia. Overall, we found lit-
tle evidence that confounding or selection bias was likely to en-
tirely explain the observed positive relationships between low-
dose radiation and cancer. For confounding, this was either be-
cause the relationship between the confounder and radiation
exposure was relatively weak or the confounder was only a
weak risk factor for all solid cancers or leukemia, the two out-
comes of primary interest in this monograph.

For confounding to occur, there must be imbalance between
exposure groups in the distribution of the confounding factor.
How might such imbalance arise? One possibility is that the po-
tential confounder is a cause of radiation exposure. For exam-
ple, in Table 1, we reviewed several studies of medical radiation
exposures for diagnostic procedures in which there was concern
that clinical conditions associated with an increased cancer risk
might also lead to more diagnostic radiation exposure. Another
possibility is that there is common cause of both radiation expo-
sure and the confounding factor. For example, in Table 1 we
pointed to potential concerns in occupational studies that em-
ployment in a specific work location might lead to benzene ex-
posure and radiation exposure. However, our evaluation of
confounding by other occupational carcinogens suggests that
such bias is likely to be modest, particularly after adjusting for
sex, attained age, birth cohort, and SES (which are related to ex-
posure to other occupational carcinogens).

A confounding factor must also cause (or be associated with
another cause of) the disease of interest. Therefore, it is incor-
rect to assert, in general, that a factor is an important con-
founder of radiation effects for all diseases: a factor may be an
important confounder in analysis of one disease and irrelevant
as a confounder in analysis of a different disease. Accordingly,
judgment regarding potential for confounding depends on the
outcome under study. For example, cigarette smoking is a
strong risk factor for lung cancer and is often viewed as an im-
portant potential confounding factor in investigations of lung
cancer. The RR of lung cancer for moderate to heavy smokers
generally exceeds 10 (76) and is greater than the RR associated
with exposure to relatively high doses of radiation, which rarely
exceeds 2 (United Nations Scientific Committee on the Effects of
Atomic Radiation) (77). Therefore, even moderate associations
between radiation dose and smoking can lead to potentially im-
portant bias in studies of radiation-lung cancer associations. In
contrast, the smoking-related RR of most other cancers gener-
ally does not exceed 2, and is 1 (ie, null) for cancers that are not
smoking related; therefore, much stronger radiation-smoking
associations would be required for smoking-related cancers
other than lung cancer to induce substantial confounding bias
(and no bias would be expected for nonsmoking related can-
cers). In Tables 2 and 3, we separated our considerations of con-
founders of the radiation associations with cancers other than
leukemia and leukemia.

Confounding can lead to bias toward the null or away from
the null. A disease risk factor that is distributed more frequently
among the exposed than unexposed may lead to spurious evi-
dence of a positive association between radiation and cancer
where none exists (or lead to exaggerated evidence regarding
the magnitude of association between radiation and cancer
where an association exists). Conversely, a risk factor that is
distributed more frequently among the unexposed than
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Table 6. Degree of imbalance between categories of radiation dose in the distribution of an unmeasured confounding factor (e.g., ever smoking)
of varying strengths required to explain the observed radiation dose-response association for all cancers excluding leukemia in the
International Nuclear Workers Study (INWORKS).*"

Radiation dose D (mGy)

<5 5 to <20 20 to <100 100 to <200 200 to <300 300 to <500 >500
Observed result?

Mean dose 0.6 10.6 44.2 138.1 240.6 368.0 630.8
RRGPS 1.00 1.00 1.02 1.07 1.12 1.18 1.30
RR¢ For fixed P(C = 1) = 0.10!, computed P(C= 1D =i),1=1,...,6
1.3 0.06 0.08 0.13 0.29 0.45 0.66 (>1.00)8
16 0.08 0.09 0.12 0.20 0.28 0.39 0.61
2.0 0.09 0.09 0.11 0.16 0.21 0.28 0.42
3.0 0.09 0.10 0.11 0.13 0.16 0.20 0.27
4.0 0.10 0.10 0.11 0.12 0.15 0.17 0.23
RR¢ For fixed P(C = 1) = 0.20!, computed P(C= 1D =i),1=1,...,6
1.3 0.16 0.18 0.24 0.40 0.56 0.78 (>1.00)8
16 0.18 0.19 0.22 0.30 0.39 0.51 0.74
2.0 0.19 0.19 0.21 0.27 0.32 0.40 0.55
3.0 0.19 0.20 0.21 0.24 0.27 0.32 0.40
40 0.19 0.20 0.21 0.23 0.25 0.29 0.35
RR¢ For fixed P(C=1) = 0.30!, computed P(C = 1|D = i),i=1,..6
1.3 0.26 0.28 0.34 0.50 0.67 0.90 (>1.00)%
16 0.28 0.29 0.32 0.41 0.50 0.62 0.87
2.0 0.29 0.29 0.31 0.37 0.43 0.51 0.67
3.0 0.29 0.29 0.31 0.34 0.38 0.43 0.53
4.0 0.29 0.30 0.31 0.34 0.37 0.40 0.48
RRc For fixed P(C = 1) = 0.50/, computed P(C = 1D =1i),i=1,...,6
1.3 0.46 0.48 0.54 0.71 0.89 (>1.00) (>1.00)8
16 0.48 0.49 0.52 0.62 0.72 0.86 (>1.00)8
2.0 0.48 0.49 0.51 0.58 0.65 0.75 0.93
3.0 0.49 0.49 0.51 0.55 0.60 0.66 0.79
40 0.49 0.49 0.51 0.55 0.58 0.64 0.74
RR¢ For fixed P(C = 1) = 0.70!, computed P(C = 1D =i),i=1,...,6
1.3 0.66 0.68 0.74 0.92 (>1.00)8 (>1.00) (>1.00)8
16 0.67 0.68 0.72 0.83 0.94 (>1.00)8 (>1.00)%
2.0 0.68 0.69 0.72 0.79 0.87 0.98 (>1.00)8
3.0 0.69 0.69 0.71 0.77 0.82 0.90 (>1.00)
40 0.69 0.69 0.71 0.76 0.81 0.87 1.00
*Prevalence of a potential confounding factor (eg, ever-smoker, C) by radiation dose (D) categories [assuming the true RRs are null, RRp (i) = 1 for all i and a multiplica-

tive model for the joint association of D and C], and observed RRs RRS®S(i) for all cancer mortality, except leukemia, by radiation dose for pooled data of studies of nu-
clear workers (INWORKS). Entries based on selected values for P(C= 1) and the RR of C in the lowest dose category, RRc TmGy = milligray; RR = relative risk; ERR/mGy =
excess RR per mGy.

tExposure information and observed RRs for all cancers excluding leukemia based on fitted ERR/mGy from the INWORKS study of nuclear radiation workers,
RRSES(d) = 1 + 0.00048 d, with several adjacent categories combined for clarity and with category-specific RRs adjusted to the lowest exposure category, ie, divided
by (1+0.00048 x 0.6) (33).

| Designated overall probability of the confounder.

§Parentheses denote invalid probability. For P(C=1) = 0.10, RR¢ = 1.33 is the minimum confounder RR admitting valid probability values for all P(C=1|D =i), 0.07, 0.08,
0.13, 0.27, 0.42, 0.61, 1.00, respectively; for P(C=1) = 0.20, RR¢ = 1.39 is the minimum confounder RR admitting valid probability values for all P(C=1|D =i), 0.17, 0.18,
0.23, 0.35, 0.49, 0.66, 1.00, respectively; for P(C=1) = 0.30, RR¢ = 1.47 is the minimum confounder RR admitting valid probability values for all P(C=1|D=1), 0.28, 0.29,
0.33, 0.44, 0.55, 0.70, 1.00, respectively; for P(C=1) = 0.50, RR¢ = 1.81 is the minimum confounder RR admitting valid probability values for all P(C=1|D =i), 0.48, 0.49,
0.52, 0.60, 0.68, 0.78, 1.00, and for P(C=1) = 0.70, RR¢ = 4.00 is the minimum confounder RR admitting valid values for all P(C=1|D=i), 0.69, 0.69, 0.71, 0.76, 0.81, 0.87,
1.00 [Lubin et al. 2018 (1)].

exposed may obscure evidence of a positive association be-
tween radiation and cancer, or even lead to spurious evidence
of an inverse association between radiation and cancer. For ex-
ample, in some nuclear facilities, higher radiation doses tend to
be accrued in areas where people are prohibited from smoking
cigarettes, whereas lower radiation doses tend to be accrued in
areas where smoking may be permitted (56,78).

Concerns regarding the impact of confounding on a radia-
tion-cancer association tend to be greater when investigating
an association of small magnitude than when investigating
associations of large magnitude because modest imbalances in

confounding factors between radiation exposure groups may be
sufficient to lead to meaningful distortion in the former. We
reviewed external evidence regarding the strength of the associ-
ation between the confounding factor and disease. Under the
assumption of no radiation association, we calculated the de-
gree of imbalance in the distribution of unmeasured confound-
ing factors between categories of radiation dose required to
explain the observed radiation dose-response association. Even
for these small effects, for example, for low-dose occupational
radiation and all solid cancers, we showed from these theoreti-
cal calculations that confounders were unlikely to completely
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Table 7. Degree of imbalance between categories of radiation dose in the distribution of an unmeasured confounding factor (e.g., cancer predis-
posing conditions) of varying strengths required to explain the observed radiation dose-response association for leukemia in pediatric CT

studies.*t

Radiation dose D (mGy)

<5 5-9 10-14 15-19 20-29 >30
Observed results ¥

Mean dose 2.3 7.1 12.3 16.5 24.7 51.1
RRGBS 1.00 1.15 1.31 1.44 1.69 2.50
RR¢ For fixed P(C=1|D=0)=0.002', computed P(C=1|D=i), i=1,...,5
2.58 0.002 0.10 0.21 0.29 0.46 1.00
10.0 0.002 0.02 0.04 0.05 0.08 0.17
20.0 0.002 0.01 0.02 0.03 0.04 0.08
RR¢ For fixed P(C=1|D=0)=0.005!, computed P(C=1|D=i), i=1,...,5
2.58 0.005 0.10 0.21 0.29 0.46 1.00
10.0 0.005 0.02 0.04 0.06 0.08 0.18
20.0 0.005 0.01 0.02 0.03 0.04 0.09
RRc¢ For fixed P(C=1|D=0)=0.01!, computed P(C=1|D=i), i=1,...,5
2.58 0.01 0.11 0.21 0.30 0.46 1.00
10.0 0.01 0.03 0.05 0.06 0.09 0.19
20.0 0.01 0.02 0.03 0.04 0.05 0.10
RRc For fixed P(C=1/D=0)=0.10', computed P(C=1|D=i), i=1,...,5
3.08 0.10 0.19 0.28 0.36 0.51 1.00
10.0 0.10 0.13 0.16 0.19 0.24 0.42
20.0 0.10 0.12 0.15 0.17 0.20 0.33
RR¢ For fixed P(C=1/D=0)=0.20', computed P(C=1|D=i), i=1,...,5
4.08 0.20 0.24 0.36 0.43 0.57 1.00
10.0 0.20 0.25 0.30 0.34 0.41 0.67
20.0 0.20 0.27 0.28 0.31 0.37 0.58

*Prevalence of a potential confounding factor (eg, prevalence of any cancer predisposing conditions, C) by radiation dose (D) categories [assuming the true RRs are null,
RRp(i) = 1 for all i and a multiplicative model for the joint association of D and C], and observed RRs RR3 (i)for leukemia by radiation dose in a study of pediatric CT

scanning. Entries based on selected values for P(C = 1|X =0) and the RR of C in the lowest dose category, RR¢

1tmGy = milligray; RR = relative risk; ERR/mGy = excess RR per mGy.

$Exposure information and observed RRs for leukemia and myelodysplastic syndrome based on fitted ERR/mGy from the reanalysis of the UK/NCI Study of Pediatric
CT Scanning, RR$¥®(d) = 1 + 0.033 d, with category-specific RRs adjusted to the referent category, ie, divided by (1 +0.033 x 2.3) (20).

| Designated overall probability of the confounder, P(C = 1). Value of 0.002 refers to Down syndrome.

§For designated P(C = 1|D =0), minimum confounder RR¢ admitting valid probability values for all P(C =1|D =i).

explain positive findings. This is because the degree of con-
founding depends, in part, on the prevalence of the confounder
among the exposed and unexposed. We illustrate this in
Tables 6 and 7. Exposures or conditions that are rarely observed
in a study population are unlikely to be strong confounders. For
example, it has been suggested that CSS may confound studies
of cancer risk following pediatric CT examinations. However, in
Table 7 we show that such predisposing conditions are rare
among patients in the French and UK pediatric CT studies, sug-
gesting that the degree of confounding due to predisposing con-
ditions is likely to be small. Another example pertains to
smoking or asbestos exposure in nuclear workers: several stud-
ies have found that smoking is only weakly positively or even
negatively associated with radiation dose in the cohorts in-
cluded in the US pooled nuclear worker study (18,59,60,79).
Directly adjusting for smoking in a lung cancer study among
Hanford workers (59) and for asbestos exposure among
Portsmouth Naval Shipyard workers (18) changed risk estimates
little.

Confounding may be handled through various approaches to
account for the effect of the factor itself (if the study collected
information on the factor) or to control for variables that are as-
sociated with that factor. For example, in a study that lacks indi-
vidual information on smoking, an investigator might adjust for
variables that are associated with smoking (eg, SES and birth co-
hort) and thereby reduce potential confounding of the radiation

dose-cancer association by smoking. Similarly, although body
mass index was not adjusted for in most occupational studies,
it is unlikely to be associated with radiation dose, particularly
after adjusting for birth cohort and SES. However, it is important
to distinguish between factors that are potential confounders
and factors that are associated with radiation exposure because
they are effects of exposure. Control for the former may reduce
bias due to confounding, whereas control for the latter may in-
duce bias. One example of the latter is an exposure (or other fac-
tor) intermediate in the chain of causation from radiation
exposure to the disease of interest. Careful consideration, rather
than statistical tests, is needed to distinguish between variables
that are confounders and those that are intermediate variables;
these judgments are central to deciding whether to control for a
factor. Temporality often is an important consideration. For ex-
ample, knowledge that one was exposed to radiation may lead
to subsequent behavior changes later in life (eg, change in alco-
hol consumption or smoking behavior). In such a setting, cur-
rent smoking status is a risk factor for cancer and associated
with prior radiation exposure, but it is not a confounder. Rather,
it is an indirect effect of prior radiation exposure operating via a
pathway that involves behavioral changes affected by the con-
ditions that also led to radiation exposure. In such a setting, it is
possible to estimate the direct effect of radiation on cancer, sep-
arate from any indirect effects, but such models often require
strong assumptions.
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Table 8. Overall assessment of likelihood of uncontrolled confounding in studies of low-dose radiation and cancer

Overall likelihood (direction®) of Overall likelihood (direction®) of
uncontrolled confounding? selection bias?
All cancers exclud- All cancers exclud-
Study (reference) No. ing leukemia Leukemia ing leukemia Leukemia Comment
Environmental
Chornobyl residents (19) 1 NA Unlikely NA Likely 1 Exclusion of subgroup with po-

tential recall bias substan-
tially reduced risk estimates
Three Mile Island (20) 2 Unlikely Unlikely Unlikely Unlikely No information on confound-
ing by alcohol and BMI for all
cancers excluding leukemia

China background (23) 3 Unlikely Unlikely Unlikely Unlikely
GB background (26) 4 NA Unlikely NA Unlikely
Swiss background (25) 5 Unlikely Unlikely Unlikely Unlikely Study directly assessed many
factors
Techa River (21) 6 Unlikely NA Unlikely NA No information on confound-
ing by alcohol, SES, and BMI
Finnish background (24) 7 NA Unlikely NA Unlikely No information on confound-
ing by SES
Taiwanese residents 8 Unlikely Unlikely Unlikely Unlikely No information on confound-
(22) ing by smoking, alcohol, SES,
and BMI
Medical
Canadian cardiac imag- 9 Likely 1| Unlikely Unlikely Unlikely Lifestyle factors causing uncer-
ing (27) tain bias direction
French Pediatric CT (28) 10  Unlikely Unlikely Unlikely Unlikely
UK Pediatric CT (29) 11 Unlikely Unlikely Unlikely Unlikely Indirect adjustment suggests
predisposing factors cause
little bias
PIRATES (30) 12 Unlikely Unlikely Unlikely Unlikely
Occupational
Korean workers (31) 13 Likely | Unlikely Likely | Likely | HWSB and prevalent hire bias
Chornobyl liquidators: 14  Unlikely Unlikely Unlikely Unlikely
Belarus, Russia, &
Baltic countries (32)
UK NRRW' (33) 15  Likely | Unlikely Unlikely Unlikely HWSB
Korean nuclear workers 16  Likely | NA Unlikely NA HWSB
(39
Rocketdyne nuclear 17 Likely | Unlikely Unlikely Unlikely HWSB
workers (17)
Japanese nuclear work- 18  Likely 1| Unlikely Likely | Likely | Smoking, HWSB, prevalent hire
ers (36) bias
Canadian nuclear work- 19  Likely | Unlikely Unlikely Unlikely HWSB
ers (37)
Chornobyl liquidators: 20  Unlikely Unlikely Unlikely Unlikely
Ukraine (38)
German nuclear work- 21  Likely | Unlikely Likely | Likely | HWSB and prevalent hire bias
ers (39)
US nuclear workers' (40) 22  Likely | Unlikely Unlikely Unlikely HWSB
INWORKS (41, 42) 23 Likely | Unlikely Unlikely Unlikely HWSB
Smoky nuclear test (43) 24 NA Unlikely NA Unknown
USRT (BCC) (46) 25  Unlikely NA Unlikely NA
USRT (breast cancer) 25  Unlikely NA Unlikely NA
(44)
USRT (brain tumors) (45) 25 Unlikely NA Unlikely NA
French nuclear workers 26  Likely | Unlikely Likely | Likely | HWSB and prevalent hire bias
(47)

*1 indicates upward bias (away from null for positive point estimate, toward null for negative point estimate), | indicates downward bias (toward null for positive point
estimate, away from null for negative point estimate). BCC = basal cell carcinoma; BMI = body mass index; CT = computed tomography; GB = Great Britain; HWSB =
healthy worker survivor bias; INWORKS = International Nuclear Workers Study; NA = not applicable; NRRW = National Registry for Radiation Workers; PIRATES =
Pooled International Radiation and Thyroid Cancer Epidemiology Studies; SES = socioeconomic status; USRT = US Radiologic Technologists.

tStudies were part of INWORKS.
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It is also unwise to adjust for factors that are related to expo-
sure but not plausibly independently related to disease risk. For
example, in occupational studies one might control for calendar
period, or time period of hire, in a model for lung cancer that
also adjusts for birth cohort and attained age (ostensibly as an
approach to reduce bias due to secular changes in smoking pat-
terns). Occupational exposure is frequently higher in earlier
time periods before hazard and control methods were well un-
derstood. Yet, after adjusting for important correlates of smok-
ing, like age and birth cohort, time period of hire would not be
expected to be associated with smoking, and adjustment could
inflate variance estimates and distort risk estimates for the ex-
posure of interest.

A potential source of confounding that has not been fully
considered in the occupational studies is bias due to healthy
worker survivorship. The HWSB occurs when workplace expo-
sures cause ill health or other conditions that lead to early de-
parture from the workforce and thereby eliminate the potential
for future radiation exposure [eg, see (80)] and is especially im-
portant when studying hazardous or highly selective workpla-
ces where dose is accrued over a working lifetime. Furthermore,
due to the highly sensitive nature of nuclear weapons work,
these workers are subject to initial and ongoing stringent medi-
cal and security screening (81), which may exacerbate the
HWSB. Although conventional statistical methods (eg, regres-
sion modelling) are not currently capable of adjusting for the
HWSB, this is an area of active research (82), including in
radiation-exposed worker populations (83).

The indirect adjustment approach employed here did not es-
timate the impact of bias correction on the precision of the ef-
fect estimate. Although the application of the indirect
adjustment approach to adjust the observed confidence limits
is possible, a full and comprehensive adjustment requires
knowledge of the uncertainties associated with the joint distri-
bution of the confounder and radiation dose as well as of the
rate ratio, and the methodological approaches are not straight-
forward (1,84). We considered this to be beyond the scope of
this article, because the required information does not exist for
most studies, but recognize that it is an area of active research.

In our review, we found that epidemiological analyses con-
trolled for relatively few factors (Table 1). The primary reason
for this is the study design in radiation epidemiology, which is
most commonly a retrospective study conducted via record
linkage rather than direct participant contact. This design is
used to facilitate the large sample size needed for studying low
doses and because radiation-related cancers can take many
decades to occur. The disadvantage as we have shown here is
that this often limits the ability to collect information on con-
founding factors unless they are also available in historical
records. It is common in systematic reviews to evaluate quality
of studies based on whether they address sources of potential
bias and then to exclude or consider uninformative studies that
are evaluated as low quality. Based purely on such quality as-
sessment, many of the studies we evaluated might be consid-
ered low quality because they did not have direct information
on potential confounders like smoking. However, this approach
does not consider the direction and magnitude of the potential
bias. We have shown that there are a number of approaches to
assess the potential for bias via substudies, other outcomes
known to be related to the confounder but unlikely related to ra-
diation or indirect calculations via the Axelson approach. Our
in-depth analysis showed that confounding was generally un-
likely to be a major source of bias in these recent studies of low-
dose radiation and cancer. Nevertheless, we urge authors to
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publish the impact of adjustment for potential confounders to
facilitate the assessment of confounding in their own and other
related studies. We have also laid out a rigorous approach for
assessing the potential for confounding using a variety of data
sources and methods that can be used more broadly in system-
atic reviews of observational data.
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