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Abstract

Background: Outcome assessment problems and errors that could lead to biased risk estimates in low-dose radiation epide-
miological studies of cancer risks have not been systematically evaluated. Methods: Incidence or mortality risks for all
cancers or all solid cancers combined and for leukemia were examined in 26 studies published in 2006–2017 involving low-
dose (mean dose �100 mGy) radiation from environmental, medical, or occupational sources. We evaluated the impact of
loss to follow-up, under- or overascertainment, outcome misclassification, and changing classifications occurring similarly or
differentially across radiation dose levels. Results: Loss to follow-up was not reported in 62% of studies, but when reported it
was generally small. Only one study critically evaluated the completeness of the sources of vital status. Underascertainment
of cancers (“false negatives”) was a potential shortcoming for cohorts that could not be linked with high-quality population-
based registries, particularly during early years of exposure in five studies, in two lacking complete residential history, and in
one with substantial emigration. False positives may have occurred as a result of cancer ascertainment from self- or next-of-
kin report in three studies or from enhanced medical surveillance of exposed patients that could lead to detection bias (eg,
reporting precancer lesions as physician-diagnosed cancer) in one study. Most pediatric but few adult leukemia studies used
expert hematopathology review or current classifications. Only a few studies recoded solid cancers to the latest International
Classification of Diseases or International Classification of Diseases for Oncology codes. These outcome assessment short-
comings were generally nondifferential in relation to radiation exposure level except possibly in four studies. Conclusion:
The majority of studies lacked information to enable comprehensive evaluation of all major sources of outcome assessment
errors, although reported data suggested that the outcome assessment limitations generally had little effect on risk or biased
estimates towards the null except possibly in four studies.

The internal validity of observational cohort studies requires
complete and accurate outcome assessment for both exposed
and comparison persons. High-quality outcome assessment is
critical for accurate cancer risk estimation in relation to low-
dose radiation dose-response for both cohort and case-control
studies. Comprehensive reviews of epidemiological studies of
cancer and other health effects associated with low-dose radia-
tion, including some of the 26 studies evaluated in this article
(1–29), have identified several sources of uncertainty (30) and

potential bias (31), but the reviews and textbooks (32) provide
less description of methodological problems due to inaccurate
outcome assessment and potential biases associated with these
problems for risk estimates than those related to exposure as-
sessment or confounding.

Major sources of error in outcome assessment that could
result in potentially biased cancer risk estimates in epidemiologi-
cal studies of low-dose radiation exposure include differential
(between exposed and comparison populations or across
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radiation dose categories) loss to follow-up, under- or overascer-
tainment of outcomes, misclassification, and application of
changes in classification over time. The most common designs
for epidemiological studies of ionizing radiation are retrospective
record linkage-based cohort (or nested case-control) studies or
mixtures of retrospective and prospective cohort follow-up (26–
28,33). These study designs enable long-term follow-up of large
populations but may have limitations for outcome assessment.

In this review, the major sources of methodological prob-
lems and errors and potential biases associated with such errors
in outcome assessment of total cancer (all-cancer sites com-
bined), total solid cancers, leukemia, and a few site-specific
solid cancers in relation to low-dose radiation exposures (�100
mGy) are systematically appraised for 26 epidemiological stud-
ies. The selected studies were published subsequent to the
Biological Effects of Ionizing Radiation VII report (30) during the
period 2006–2017.

Methods

Study Populations

The study eligibility requirements, exclusion criteria, features,
and findings are provided in the Rationale and Overview article
included in this monograph (34). In brief, eligible cohort or
case-control epidemiological studies were those of human
populations exposed to low-dose (mean dose �100 mGy), pre-
dominantly low Linear Energy Transfer radiation with individu-
alized cumulative radiation dose estimates and dose-response
analyses reporting cancer risks and associated confidence inter-
vals per unit dose or at a given exposure level. A total of 26 eligi-
ble studies included eight populations with environmental, four
with medical, and 14 with occupational radiation exposures
characterized by mean estimated exposures ranging from 0.1
mSv (2) to 82 mGy (20) (see table 1 in Berrington de Gonz�alez
et al in this monograph (34)).

Exposure Assessment

For persons with medical and occupational radiation exposure,
doses were estimated for individuals. In most of the studies of
background radiation exposure, doses of individuals were mod-
elled with the same dose generally assigned to those persons
considered to be similar in geographic location. Analyses esti-
mated risk per unit dose or risk at a specified dose. The dosime-
try methods for the 26 studies are described by Daniels et al. in
this monograph (35).

Outcome Assessment: Sources of Error and Likely
Impact on Risk Estimates

As described in the overview article in this monograph (34), this
review focuses on the results for all solid cancers and for leuke-
mia separately rather than site-specific solid cancer analyses,
which may lack power, may be more prone to misclassification,
and may be difficult to interpret due to multiple testing issues.
Most of the studies included in this review involved whole-body
uniform radiation exposure, although a few assessed more lo-
calized exposures. For studies of nonuniform exposures, how-
ever, the results are generally for specific cancer sites that were
highly exposed and/or highly radiosensitive, for example, brain

tumors after pediatric computed tomography scans and breast
cancer after medical or occupational exposures. Table 1 and the
text immediately below summarizes the major sources of meth-
odological problems and errors in outcome assessment that
could lead to potential biases associated with these problems.

Loss to Follow-Up
Complete follow-up to ensure identification of all cancer out-
comes in exposed and comparison populations is critical to en-
sure accurate cancer risk estimates in exposure response
analyses (36–38). The accuracy of risk estimates in nested case-
control studies could also be affected by loss to follow-up in the
target cohort (36). Follow-up in cohort studies ideally continues
until the event (which may include one or multiple outcomes of
specific interest), the date individuals are censored when they
can no longer be followed, or the end of the follow-up period. At
the end of the study, persons may be alive and diagnosed with
the outcome(s) of interest, alive and free of the outcome(s) being
assessed, deceased with known or unknown causes or dates of
death, or lost to follow-up at some time before the end of the
study period. Loss to follow-up can occur under two different
scenarios. In the first instance, persons can move from the geo-
graphic area (a city, state, region, or country) where the investi-
gator has been able to link the person with a population register
or otherwise contact the person to ascertain the outcome(s) of
interest to a geographic area where such linkage or follow-up is
no longer possible and the date of the inability to follow-up the
person is known. In this circumstance, analyses generally cen-
sor the person at the date when the person’s status was last
known. In the second instance, persons move from the geo-
graphic area where follow-up can be undertaken to another
area where follow-up is not feasible, but the investigator does
not know when the persons moved. In this second scenario, the
“date of censoring” is unknown, and the time point at which ac-
curate follow-up ceases is also unknown.

A key consideration affecting the level and interpretation of
loss to follow-up is whether investigators have carried out
“active” or “passive” individual follow-up. Active individual
follow-up is defined as direct contact with persons and/or link-
age of the person with different types of alternative registries or
other sources that provide credible information about vital sta-
tus to the end of the study or diagnosis of incident cancer or
death. Passive individual follow-up is characterized by linkage
or indirect follow-up such that the vital status of the person is
“assumed alive” or “assumed deceased,” but rigorous confirma-
tory documentation may be lacking or is unclear. Active individ-
ual follow-up, if highly successful, can lead to improved
ascertainment, whereas linkage with vital status, cancer, and
death registries may be less complete if substantial fractions of
the population are missing from registries or the persons are
missing key information for linkage.

Under- or Overascertainment
Under- or overascertainment of cancer outcomes is another po-
tential source of error. Loss to follow-up may result in underas-
certainment. Underascertainment may occur in the absence of
active individual follow-up if not comprehensive or successful.
Underascertainment may also occur if cohort members have in-
complete identifiers that may result in problems with linkage, if
the registers are incomplete and missing a substantial fraction
of population members, if there is substantial emigration, or if
registers are not established until after the exposure period of a
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study population commences. Overascertainment may occur if
persons inaccurately self-report cancer outcomes that are incor-
rect or if screening or regular medical surveillance is under-
taken such that preclinically cancerous lesions are identified. If
the same level of under- or overascertainment occurs in ex-
posed and unexposed individuals included in a study (or a low-
exposure referent group), then risk estimates are unlikely to be
biased, but if differential by radiation exposure level then there

is the potential for biased risk estimates. The impact of outcome
assessment errors on cancer risk estimates depends on the type
of risk measure (eg, relative vs absolute excess risk). In this
monograph, we focused on reviewing the relative risks and thus
evaluated the biases relevant to relative risks. The data sources
and methods used to identify and validate cancer outcomes are
important determinants of the likelihood of under- or
overascertainment.

Table 1. Major sources of error in outcome assessment in radiation epidemiological studies

Potential effect on dose response
Strategies to reduce error in risk

Source of error Description Nondifferential Differential assessment of outcomes

Loss to follow-
up

Usually due to relocation
and loss of contact, dis-
continued participation,
or other reasons

Date of loss to follow-up
can be known or
unknown

Should not result in bias
if same data sources,
methods, and level of
effort used to trace
and/or link in both ex-
posure groups but
may result in loss of
statistical power

Bias may occur if loss
substantial and asso-
ciated with both ex-
posure and outcome
(eg, used different
data sources for trac-
ing or linkage, differ-
ent methods or levels
of effort in exposed
compared with
unexposed)

Use standardized methods and all avail-
able sources to target 100% follow-up.
If active tracing of all patients not fea-
sible (best approach), investigators
should aim for linkage with high-
quality vital status registries and data
sources. Investigators should charac-
terize level of completeness of vital
status databases. High-quality na-
tionwide mortality registries may be
better for outcome assessment when
nationwide high-quality cancer regis-
tries unavailable.

Under- or over
ascertain-
ment of
outcomes

Underascertainment: can-
cer outcomes not identi-
fied or misclassified as
another type of cancer or
a noncancer disease

Overascertainment: may
occur if benign entity or
lesion that rarely becomes
malignant is designated
as cancer. Clinical assess-
ment and screening in ab-
sence of symptoms may
result in
overascertainment.

Broad categories (eg, “all
cancers”) may be less sus-
ceptible to over- or
underascertainment

Should not result in bias
if same data sources,
methods, and classifi-
cation system used

Bias may occur with use
of different (by expo-
sure status) sources
of outcome data or
methods for identify-
ing cancer outcomes
(eg, self-administered
interviews, popula-
tion-based cancer reg-
istry linkage, clinical
assessment, cancer
screening) or classifi-
cation systems

Use of rigorous standardized methods,
same data sources, and most recent
classification systems (including
reclassification where applicable or
possible) should result in complete
and accurate identification of all can-
cers. Cohort linkage with high-quality
population-based cancer registries
may still result in underascertain-
ment for certain outcomes generally
identified and treated in physicians’
practices or diagnosed solely by imag-
ing. Use of multiple sources of data
will likely yield high ascertainment.
Screen-detected cancer outcomes
should be excluded if identified in ex-
posed groups only.

Misclassificati-
on, changes
in classifica-
tion over
time, or inde-
terminate
classification

Misclassification: nonmalig-
nant condition classified
as malignancy or vice
versa; specific type of can-
cer classified as another
type; or within neoplasm
misclassification of a neo-
plasm that includes be-
nign and malignant
variants

Changes in cancer classifi-
cation over time: in-
creased specificity of
histologic or molecular
subtypes; new ICD codes;
reclassification from be-
nign to malignant or vice
versa; or one category to
another

Neoplasms of indetermi-
nate classification

Could lead to under- or
overestimation if sub-
stantial differences in
outcome(s) misclassi-
fied between exposed
vs unexposed
populations

May result in biased
cancer risk estimates.
If efforts are made to
reclassify cancer out-
comes according to
new criteria, bias
could occur with us-
age of different sour-
ces of data, different
approaches, or differ-
ent levels of effort in
exposed vs unex-
posed populations.

Undertake expert pathology review
Comprehensive reclassification may not

be feasible if tumor tissue, pathology,
or medical records are not available; a
modification of most recent classifica-
tion may be the only possibility.

Conduct sensitivity analyses using older
classification schemes to compare
findings of current study with those
from earlier studies.
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Misclassification and Changes in Classification Systems.
Misclassification of outcomes in cohort or case-control studies
may be another source of inaccurate risk estimation if the mis-
classification differs by radiation exposure level (39,40).
Incorrect outcome information may be derived from inaccurate
diagnoses provided by self-reports or listed in death certificates,
medical records, physician reports, cancer registries, or other
sources. Misclassification errors may occur if a nonmalignant
condition is incorrectly reported as a malignancy, a malignancy
is wrongly reported as a nonmalignant condition, or a specific
type of malignancy is reported as another type of malignancy.
Disorders that include benign and malignant variants (eg, me-
ningioma, ovarian tumors) may be misclassified.
Misclassification can also occur if a preclinical or in situ lesion
identified in screening tests, self-reports, or medical records is
incorrectly designated as a frank malignancy because such
lesions may not transform into frank malignancies or may re-
gress. Changes in cancer classification over time may lead to
misclassification if there is increased specificity of histological
or molecular subtypes; new International Classification of
Diseases (ICD) codes added (eg, mesothelioma); reclassification
from benign to malignant (eg, myelodysplastic syndromes
[MDS], certain myeloproliferative disorders) or malignant to be-
nign (eg, pilocytic astrocytoma); reclassification to another cate-
gory of neoplasm (eg, chronic lymphocytic leukemia [CLL]
changed from “leukemia” to “lymphoma”); and indeterminate
with designation as borderline malignant (eg, certain ovarian
tumors, meningioma). Cancer screening may be more likely to
be undertaken in radiation-exposed than in unexposed popula-
tions or in populations with higher radiation exposure levels.
Risk estimation may be biased upward or downward if the level
of outcome ascertainment or misclassification differs between
the radiation-exposed and comparison populations or across ra-
diation exposure categories (32). A detailed description of quali-
tative and quantitative effects of nondifferential or differential
misclassification by exposure level can be found in Greenland
et al. (32). Statistical methods to assess the effect of misclassifi-
cation on cancer and noncancer mortality risk estimates and to
determine whether an observed noncancer mortality radiation
dose response could be attributed to misclassification of cancer
as noncancer outcomes on death certificates are described by
Sposto et al. (41).

Secular Changes in Classification and Revisions in Classification
Systems
Changes in classification of cancers over time and revisions in
cancer classification during the course of long-term follow-up
of radiation-exposed populations may affect the completeness
of outcome ascertainment but are unlikely to result in bias un-
less occurring differentially in exposed and unexposed study
individuals. Examples of such changes include the World
Health Organization 2000 (42) reclassification of MDS and mye-
loproliferative disorders from “benign” conditions to malignan-
cies, and of lymphoma subtypes (43–45); lack of ICD/
International Classification of Diseases for Oncology codes for
certain cancers (eg, mesothelioma before ICD-10); or cancers for
which there is long-standing controversy about whether they
should be considered “benign” or “malignant” (eg, pilocytic as-
trocytoma and borderline ovarian tumors) (46). Ideally, cohort
and case-control studies in which internal comparisons are em-
phasized should employ the most recent internationally recog-
nized classification scheme for outcomes and should reclassify
outcomes using earlier classifications. However, reclassification

should be conducted with great care (ideally with assistance
from expert pathologists), because inadvertent errors may
result.

Combining Heterogeneous Disorders for Analysis to Increase
Statistical Power
Grouping of heterogeneous disorders (eg, “all solid tumors
combined,” “gastrointestinal cancers not otherwise specified,”
“total leukemia”) for analysis may be problematic. Although
such grouping is often done to increase statistical power (47), ra-
diation risks may be diluted if disease entities with known dif-
ferences in radiogenic sensitivity are grouped and considered as
a single “homogeneous” entity. Differences in methods of ascer-
tainment by radiation exposure level (eg, screening of radiation-
exposed individuals using ultrasound or radiologic imaging pro-
cedures vs identification based on physical symptoms in the
comparison group, or more detailed expert review of histopath-
ologic or molecular characteristics of tumors in exposed vs use
of death certificates only in the comparison group) could further
exacerbate dissimilarity with respect to homogeneity between
exposed study individuals and the comparison group.

Outcome Evaluation Methods

The 26 studies were reviewed for information relevant to cancer
outcome assessment (see Table 2). The criteria evaluated in-
cluded study design; specific outcomes evaluated; numbers of
study cases and study controls or numbers of outcomes and co-
hort size; source and method of cancer ascertainment; interna-
tionally recognized quality rating of the national or regional
vital status, cancer, and mortality registries by the International
Agency for Research on Cancer (IARC) (48); and exposure and
follow-up periods.

In Table 3 the methods used for follow-up (active individual
follow-up vs linkage with registries and other databases), loss to
follow-up, the likelihood of major sources of error in cancer out-
come assessment, and other classification issues were de-
scribed. The potential for bias was determined based on the
evaluation of the major sources of error listed in Table 1 and de-
scribed for each study in Table 3. We concluded that the poten-
tial for bias was clear (with the designation of “yes”) and that
there was no potential for bias (with the designation of “no”) or
that we could not rule out that there was a potential for bias
(with the designation of “possible”), but these designations
were somewhat subjective. The designation of “possible” was
usually due to an absence of sufficient detail about the methods
employed to reach a conclusion about the potential for bias.

Results

Study Design and Major Category of Outcome

As shown in Table 2, 21 of the 26 studies employed a cohort de-
sign and generally followed-up persons for incident cancers,
deaths from cancer and other causes of death, or study end, al-
though a few ended the cohort follow-up at a predetermined
age (3,5,10,17) or at the time of emigration (5,6).

Cancer incidence was the outcome for all studies of medical
radiation exposure and all but one study of environmental radi-
ation exposure (Table 2). Six cancer incidence studies focused
primarily on pediatric radiation exposures and pediatric cancer
outcomes (1,4,5,7,10,11) (although follow-up of study
individuals in the UK computed tomography study extended
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into adulthood) (11), one on pediatric radiation and thyroid can-
cer at any age (12), a few on single adult cancer outcomes in-
cluding two on leukemia (14,20), one each on breast (26) and
skin cancers (27), and one on poorly defined cancer incidence
outcomes not specified by recognized cancer categories (9). In
contrast, seven (17–19,21,23,25,29) of the 14 occupational radia-
tion studies assessed only mortality risks. Cancer incidence is a
preferred outcome particularly for cancers with long survival
and/or indolent clinical course, but the absence of national pop-
ulation-based cancer registries may preclude the feasibility of
assessing incidence rather than mortality.

Cancer Incidence Studies

Population-based cancer registries were the primary source of
cancer incidence ascertainment in 13 of 17 populations; 12
(1,4,5,7,8,10–12,14–16,20) were linked with national and one (2)
with regional cancer registries. The remaining four identified
cancer outcomes from national health insurance data (13), hos-
pital discharge and outpatient clinic information (9), self-
administered questionnaires (26,27), or multiple sources (6); two
(6,26,27) of the four studies were carried out in geographic
regions lacking national cancer registries. IARC rated cancer
registries as high quality in all but two studies (5,12) based on
coverage greater than 50%, although the high-quality designa-
tion for some registries to which the cohorts were linked (8,14)
applied only to the latter part of follow-up.

Among the 17 cancer incidence studies, 13 reported leuke-
mia incidence (1,2,4,5,7,8,10,11,13–16,20). The six pediatric leu-
kemia studies included expert pathology review (1) and use of
the International Childhood Cancer Classification (4,5) or the
current International Classification of Diseases for Oncology
(7,10,11), whereas five (2,8,13,15,16) of the seven studies report-
ing leukemia incidence in adults used older classifications and
only two used expert pathology review (14,20).

Exposure periods for the 26 populations spanned from 1926
through 2011. However, follow-up periods were generally within
the period of 1974 to 2011 or earlier for all but four studies
(6,12,15,26–28). Follow-up for cancer incidence generally began
later than for mortality because population-based cancer regis-
tries were established more recently than mortality registries
[e.g., in the UK radiation worker study (15), mortality and cancer
incidence ascertainment began in 1955 and 1971, respectively]
(50). Follow-up was 20 years or less for all but five (6,8,11,12,15)
of the 12 cancer incidence cohort studies.

Cancer Mortality Studies

Eleven of 12 cancer mortality studies [except for the China back-
ground study (3)] linked the study populations with national
death registries. The cancer mortality registries were mostly
characterized as high quality by IARC except for two designated
as medium (21,29) and one low quality (18). Although active in-
dividual follow-up was employed in the Chinese background
study (3), the absence of population-based cancer incidence and
mortality registries, variable cancer outcome ascertainment
sources, and lack of histopathologic confirmation likely led to
incomplete vital status registration. In addition, the lack of
blinding of members of the Chinese data collection team to nat-
ural background radiation exposure status may have led to dif-
ferential cancer ascertainment in the geographic region with
higher background radiation vs that in the region with lower
background radiation.

Eleven of the 12 cancer mortality studies reported leukemia
risks (3,13,15,17–19,21,22,24,25,29). Death certificates may lack
altogether or provide incompletely specified leukemia subtype,
particularly in earlier decades. None of the leukemia mortality
studies used newer classifications for myeloid or lymphoid neo-
plasms, although most reported risks for leukemia excluding
CLL and a few reported CLL risks separately (data not shown).
For cancer outcomes, the emphasis of the current analysis was
on total cancer or all solid cancers, and thus there should be lit-
tle misclassification resulting from lack of information about
type of solid cancer and level of specification of specific solid
cancers. Estimates of radiation dose response for total cancer
would include leukemia, but the rarity of leukemias compared
with total solid cancer would result in relatively little effect of
inclusion vs exclusion of leukemias. Clinico-pathologic charac-
teristics of leukemias differ notably from nonhematopoietic
solid cancers, so misclassification of these two major cancer
groupings is highly unlikely.

Exposure periods for the cancer mortality studies ranged
from 1916 to 2008. A majority included persons first exposed as
early as the 1940s (15,22–29) and 1950s (16,18,19). Follow-up
periods were 36 years or more for six cohorts and 11–25 years for
the others.

Follow-Up, Ascertainment, and Classification Issues and
Potential for Bias

Follow-Up Issues
Only two cancer incidence studies (6,12) and two cancer mortal-
ity studies (3,22) carried out active follow-up of individual per-
sons. Information about loss to follow-up was not reported in
the majority (N ¼ 16) of the 26 studies (Table 3). For those inci-
dence studies that did report loss to follow-up, most reported
loss to follow-up of less than 5%. Exceptions included the 21%
emigration in Techa River residents (6) and 38% loss-to-follow-
up among the Taiwanese residents, many of whom were stu-
dents who only resided a few years in the contaminated build-
ings (8). Most cancer mortality studies reported loss to follow-
up of less than 5% (3,17,19,21,22,25–28); however, loss to follow-
up was reported to be “low” but not specified in the French nu-
clear workers (29), and the Japanese nuclear worker study
reported loss to follow-up of 27.4% (18). In the Chinese back-
ground study (3), the methods for follow-up of mortality
changed part-way through the study.

Close to one-half of the studies including incidence (5,6,8–
10,12,13,16,26,27) and mortality outcomes (13,18,21,26,28,29)
had methodological features that potentially precluded accu-
rate quantification of loss to follow-up (see Table 3). Loss to
follow-up will be greater if the approach used is “passive indi-
vidual follow-up” rather than active individual follow-up as de-
scribed above. Loss to follow-up was likely to be greater in
studies when exposure periods were evaluated before registers
were established to enable systematic follow-up of incidence
(13) and mortality outcomes (13,16,18,21,23,24,26,28). Validity
would only be affected if follow-up completeness was related to
dose; control for calendar year period would be helpful in this
situation. Incomplete information about residential history (5,8)
may also have affected completeness of follow-up.

Ascertainment Issues
Incomplete ascertainment of cancer was likely in three cancer
incidence studies (9,14,26) and two cancer mortality studies
(3,18) and was possible in several other cancer incidence
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(5,6,8,12,13,20) and cancer mortality studies (13,21,28) (Table 3).
Four studies appeared to be characterized by differential ascer-
tainment associated with radiation level (3,9,13,18).

Classification Issues
False negatives (ie, underdiagnosis) were likely in two studies
with cancer incidence (6,11) and two with cancer mortality out-
comes (3,13) and possible in other cancer incidence (5,8,9,12,26)
and cancer mortality studies (17,18,21–26,28,29) (Table 3). The
occurrence of false negatives does not result in bias if this short-
coming is not related to radiation exposure status by radiation
dose levels. False positives (ie, overdiagnosis) were likely in one
cancer incidence study (9) and possible in other cancer inci-
dence (5,6,12,26) and cancer mortality (28) studies. False posi-
tives in cancer mortality studies could occur if metastases to a
site (eg, brain, liver, or other) are reported as the primary site.
False positives could result in bias if occurring differentially
according to radiation exposure status, but false positives are
less likely to be a problem in mortality studies of “all cancer” as
an outcome compared with studies focusing on specific cancer
outcomes. Only the three case-control studies of the Chernobyl
residents and liquidators’ populations (1,14,20) included expert
hematopathologists’ review. Several long-term studies reclassi-
fied solid cancers using the latest ICD classification
(19,22,23,26). Two studies had potential variability in the accu-
racy of diagnoses, mostly due to different sources of cancer out-
come data (3,6), and one study reported risks for anatomic site
groupings not routinely used (9).

Potential for Bias
Four studies were judged to be possibly biased in cancer out-
come assessment (3,9,13,18). Three of the studies were also pos-
sibly biased in outcome assessment due to the potential for
differential levels in medical surveillance in the radiation-
exposed vs the comparison populations in these studies (3,9,13)
(Table 3). In the China background study, differential levels of
surveillance used in the geographic regions with higher vs lower
background radiation along with lack of population-based mor-
tality registers may have resulted in overestimation of the ex-
cess relative risk for leukemia (3). Use of diagnostic or
therapeutic imaging procedures along with cancer outcome
reporting by nonstandard anatomic site groupings in the cardio-
vascular imaging study would have been more likely to result in
differential ascertainment and/or misclassification in the ex-
posed population but not the comparison population (9). For the
study of Korean radiation workers, medical surveillance was re-
quired for radiation workers but not for the comparison group
of motor vehicle manufacturing workers (13). Akiba and Mizuno
refer to the article describing the earlier follow-up of the
Japanese nuclear workers for details about the methods (51). As
noted by Iwasaki et al. (51), at the start of cohort follow-up of
the Japanese nuclear workers, more precise information on resi-
dential address (the primary method of follow-up) could be
obtained for workers who were alive and currently working
compared with those who were deceased. The investigators
stated that “since currently employed workers were included
more frequently in the higher-dose group than the lower-dose
group, differential follow-up rates were introduced in the ‘retro-
spective’ (1986–1990) component of the study” (51). Although
difficult to estimate, the net effect is likely to be attenuation of
the excess relative risk per unit radiation dose through early
loss to follow-up during periods with higher radiation

exposures. The investigators indicated that the prospective
component of the follow-up was less affected by this selection
bias; the more recent report of the extended follow-up excluded
the retrospective (1986–1990) component, restricting follow-up
to 1991 and later (18).

Discussion

The systematic evaluation of cancer outcomes in 26 studies of
low-dose or low-dose rate external radiation revealed that the
majority of studies lacked information to enable comprehensive
evaluation of major sources of cancer outcome assessment. For
most of the studies, the outcome information was generally
ascertained from high-quality, population-based cancer regis-
tries (76%) or mortality registries (67%). Follow-up rates were
not described in the majority (62%) of the 26 studies, and only
one of the studies using registry linkage provided a critical as-
sessment of the quality, completeness, or accuracy of the vital
status, cancer, or mortality registries used (22).
Underascertainment of outcomes (false negatives) was likely if
populations could not be linked with high-quality national reg-
istries that were lacking altogether, for example, in the United
States (52,53), or not established during early exposure years
(13).

Linkage may not have been feasible in studies lacking de-
tailed individual residential history (5,8) or those with substan-
tial emigration (6), thus affecting tracing (eg, obtaining detailed
personal identifier information to enable registry linkage and lo-
cating and contacting a person to verify that personal identifier
information is correct and, for some studies, to request partici-
pation in a questionnaire survey). Incomplete ascertainment of
myeloid neoplasms, such as MDS and myeloproliferative disor-
ders, due to misclassification or changing classification was
likely in early years as discussed below. False positives may
have occurred as a result of cancer ascertainment from self- or
next-of-kin report (3,26,27), through misclassification of benign
entities as malignant, or inclusion of screen-identified cancer
precursors or borderline neoplastic disorders in studies with en-
hanced medical surveillance (9). All pediatric leukemia studies
had expert hematopathology review or used the most recent
International Classification of Diseases for Oncology or
International Childhood Cancer Classifications (54), whereas the
adult studies of leukemia incidence and mortality often used
older classifications. Some, but not all, long-term studies
recoded solid cancers to the latest ICD classification in use.
These outcome ascertainment shortcomings were mostly non-
differential by radiation exposure level and either had little ef-
fect or reduced risk estimates towards the null. We concluded
that the Chinese high background radiation-exposed residents
(particularly for leukemia mortality ascertainment) (3), cardio-
vascular imaging patients (9), Korean radiation workers (13), and
Japanese nuclear workers (18) may have had cancer ascertain-
ment that was possibly differential by radiation exposure level.

Linkage of a large US cohort with high-quality, population-
based cancer registries found close to 90% of medical record-
verified cancers to have been identified in the registries (55).
Comparison of questionnaire-derived self-report with registry
report revealed 21–39% underreporting (56–59), particularly not-
ing this problem for myeloid neoplasms (60) that may have led
to underascertainment of myeloid leukemias and the related
MDS. The reported international variation in underreporting as
summarized by Navarro et al. (61) and particularly poor
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reporting of primary liver and uterine cervical cancer (62)
should not have had a major impact on the studies evaluating
nonleukemia cancers in the current review because the primary
outcomes focused on total cancers or total solid cancers. Death
certificates may be inaccurate and incomplete for some causes
of death based on comparisons with autopsy studies (63), but
comparison of breast cancer on death certificates with hospital
discharge records revealed only a modest level of misclassifica-
tion and no statistically significant differences between screen-
detected and nonscreen-detected cases (64). All-cancer sites
combined (or those representing broad site groupings) have
been found to have relatively high sensitivity and specificity on
death certificates (63,65,66).

For the minority of studies reporting loss to follow-up, the
fraction of persons “lost” was generally less than 5%. If this per-
cent is an accurate estimate, such a relatively small loss should
have little impact on true radiation-related risk estimates,
whereas a loss to follow-up of 20% or greater could lead to bias
in risk estimates based on simulation studies because persons
lost to follow-up are generally not missing at random (67). Even
if persons appear to be missing completely at random, investi-
gators have found that as loss to follow-up increases, the preci-
sion of the risk estimate decreases (68). Nevertheless, even if
reported loss to follow-up is very small, all incident cancers in
the cohort may not be identified in the absence of active indi-
vidual follow-up and/or linkage with highly complete vital sta-
tus and population-based registries.

Because loss to follow-up is generally not random, those
who are lost often have notably different profiles than those
who are followed up (67). In addition to the healthy worker or
person effect, comparison of “exposed” workers or “patients”
with the general population may be problematic because the
“exposed” population undergoes tracing (eg, follow-up of indi-
vidual persons to identify vital status, diagnosis and date of di-
agnosis of incident cancers, and cause of death and date of
death for deceased cases) whereas the general population does
not (69). In addition to some persons missing from registries,
emigration may also contribute to loss to follow-up, but this is-
sue has been evaluated in relatively few studies (70–72).
Although some studies have reported similarities between emi-
grants and nonemigrants in serious health outcomes, others
have reported that emigrants may have higher levels of skills
(70) and better health than those who remain behind (73) but
that emigrants who are very ill may return to their country of
origin to be with family close to death (73,74).

False negatives are largely due to loss to follow-up and other
forms of incomplete ascertainment as described above but may
result from changes in classification. Substantial changes were
made in the landmark 2001 World Health Organization classifi-
cation of hematopoietic and lymphoproliferative neoplasms
that included reclassification of MDS (previously known as
“refractory anemia”) and myeloproliferative neoplasms as ma-
lignancies (75). These myeloid neoplasms were formerly and
even recently frequently diagnosed as benign hematological
disorders and often worked up in physicians’ offices or misdiag-
nosed and not reported to population-based registries (60).
Myelodysplastic syndromes and other nonleukemia myeloid
neoplasms may transform to acute myeloid leukemia (AML);
certain systemic chemotherapy agents, benzene, and ionizing
radiation may cause both AML and MDS (76). Therefore, epide-
miological studies have increasingly combined MDS with AML
to evaluate these associations (77,78). Ascertainment of MDS
and myeloproliferative neoplasms is a potential problem for
both incidence and mortality studies but is a greater problem

for the latter due to poor specificity of these entities on death
certificates.

Radiation epidemiology mortality studies that rely on death
certificates have struggled with the approach for handling inde-
terminate or incompletely specified leukemias, particularly in
long-term studies due to major changes in leukemia classifica-
tion during the past 50 years. Because leukemia latency is short
and occupational radiation doses were higher in the middle
decades of the 20th century than subsequently, it is possible
that poor leukemia subtype classification in the early years of
follow-up may cause bias in subtype-specific risk estimates. For
example, the US pooled nuclear worker study (22), which fol-
lowed a large cohort of workers for up to 60 years, found that
the excess relative risk per Sievert for non-CLL leukemia (eg,
used in the present systematic appraisal) increased by 50–80%
when excluding leukemias of indeterminate subtype, all of
which occurred in years covered by ICD 6th and 7th revision
classifications (79). Although the risk per unit dose was higher
following the exclusions, the small percent and numbers of
cases excluded (22 of 206 total non-CLL leukemia cases) limited
firm conclusions about potential bias.

False positives are a possibility if screening radiation-ex-
posed persons, but not the comparison unexposed persons or
other referent population, resulted in higher levels of reporting
of “in situ” neoplasms or precursors that are classified as malig-
nancies but might not otherwise be identified in an unscreened
population and may undergo involution or might never come to
clinical attention. Other screen-detected entities might be mis-
classified as malignancies (eg, certain types of colon adenomas
or borderline ovarian tumors). If the category “all leukemias” is
used, particularly before 2001, and there is no exclusion for CLL,
there could be false positives because CLL has been classified as
a form of non-Hodgkin lymphoma since 2001.

Strengths of this evaluation included the comprehensive na-
ture of the outcome assessment focusing on reported and unre-
ported aspects of loss to follow-up, under- and
overascertainment, misclassification, and changing classifica-
tion. Comprehensive reviews of the radiation epidemiology lit-
erature for adults (30,80–84) and children (85) have not
previously evaluated critically the key elements of outcome as-
sessment as described in this article.

Limitations derive primarily from lack of detailed descrip-
tion of methods in the reports for the 26 studies about the po-
tential for missing vital status, absence of information about
the methods used and the results of loss to follow-up for the
majority of studies, incomplete cancer or mortality registry data
for an unknown fraction of population members in linkage
studies, unknown levels of outcome misclassification, or, for
several cohorts, a description of specific methods for outcome
ascertainment for exposure periods before establishment of
registries. Lack of active follow-up in all but four studies and the
resulting underascertainment of cancer outcomes affects statis-
tical power. If the level of active follow-up is differential be-
tween radiation-exposed and comparison populations, such a
difference in level of effort could limit several aspects of out-
come assessment. The classification of cancer and mortality
registries according to quality criteria by IARC was primarily
driven by more recent performance; the IARC classification did
not include a comprehensive historical evaluation since the
start of the registries. It is therefore possible that the quality
measure assigned may not reflect earlier quality levels.
Substantial reporting of large and heterogeneous categories (all-
cancer sites combined, all solid cancers, all leukemias) in most
of the studies focusing on multiple outcomes, which were likely
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related to the radiation protection emphasis and to limited sta-
tistical power, provided little consideration of morphologic sub-
types and virtually no consideration of molecularly
characterized tumor subtypes, which may differ in radiation-
related risks. In the absence of detailed information about key
elements needed to comprehensively and quantitatively evaluate
all major sources of potential outcome assessment errors, the
characterization of the potential likelihood of differential or in-
complete ascertainment or false negative or false positive out-
comes and the potential for bias is necessarily qualitative and
somewhat subjective in nature. From the data presented and
missing information as described above, it was not possible to
quantify the impact of some of the key shortcomings.

Validation methods and statistical approaches might in some
cases be used to reduce the effect of the outcome assessment
limitations and errors described above. Comparison of diagnoses
from registries and other electronic databases with persons’ med-
ical records could provide information that would allow for cor-
rection of errors in outcome classification. In addition,
completeness of accurate outcome ascertainment can be im-
proved by including medical record-confirmed cases that are
listed by nonspecific and secondary codes in registries or elec-
tronic databases that are the source of case ascertainment (86).
For problems with incomplete follow-up, adjustment of person-
years by censoring could be useful (87). In studies with the
follow-up curtailed due to emigration, one should censor follow-
up at the time of emigration if the date is known (6); if unknown,
it may be possible to estimate period, sex, and exposure status–
dependent person-year adjustment factors to use in the analysis
(41). If there are variables that are related to both exposure levels
and completeness of case ascertainment, then one might con-
sider adjusting the baseline risk for these variables (88). Following
implementation of substantial improvements in outcome assess-
ment in ongoing and future epidemiological studies, it would be
important to use quantitative bias analysis to provide more defin-
itive estimates of the direction, magnitude, and uncertainty aris-
ing from systematic errors (89).

In conclusion, the evaluation of outcome assessment in 26
studies of low-dose or low dose–rate radiation exposure and
cancer risks has identified several methodological issues.
Despite the shortcomings in outcome assessment, only four
studies (3,9,13,18) may have had the potential for bias, but evi-
dence is not conclusive. The findings from this evaluation point
to the need to implement more rigorous active follow-up of ex-
posed and comparison persons to clearly establish vital status
such as used in the cohort study of US nuclear workers (22).
Cohort studies also need to report not only loss to follow-up but
also the details of the completeness and accuracy of the
population-based cancer and mortality registries used for link-
age and determination of outcome status. In addition, efforts
should be undertaken to implement expert pathology review,
particularly for hematopoietic and lymphoproliferative neo-
plasms; this may not be possible for mortality studies with
follow-up beginning decades ago. Ongoing follow-up is also
needed to assess radiation-related cancer risks at older ages in
many radiation-exposed populations, such as nuclear workers
and medical radiation workers, particularly those performing
newer diagnostic and therapeutic procedures using imaging
technologies. Use of multiple sources of validation and state-of-
the-art statistical approaches that may help to overcome out-
come assessment problems and errors, as described above, is
also encouraged.
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