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Workers Study
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Gillies, M., Haylock, R., Hunter, N. and Zhang, W. Risk of
Leukemia Associated with Protracted Low-Dose Radiation
Exposure: Updated Results from the National Registry for
Radiation Workers Study. Radiat. Res. 192, 527–537 (2019).

While the link between risk of leukemia and acute
radiation exposure is well established for large doses received
acutely, uncertainty remains around the translation of these
risk estimates to occupational exposure scenarios where the
doses are low and accumulated over time, possibly over many
years. We present leukemia incidence and mortality radiation
risk estimates derived from the National Registry for
Radiation Workers, which is a large cohort of occupationally
exposed workers from the United Kingdom (UK). The cohort
comprised 173,081 workers from the UK who were moni-
tored for occupational exposure to radiation. The cohort was
followed for a total of 5.3 million person-years and the
incidence and mortality due to leukemia was identified
through to the end of follow-up in 2011. Poisson regression
was used to investigate the relationship between cumulative
radiation dose and leukemia mortality and incidence rates
using excess relative risk (ERR) and excess additive risk
(EAR) models. The results of this work showed a collective
dose of 4,414 person-Sv accumulated by the cohort with an
average cumulative dose of 25.5 mSv. Among male workers
both the ERR and EAR models showed evidence of increased
leukemia risk (excluding chronic lymphatic leukemia)
associated with increasing cumulative dose. The ERR was
1.38 per Sv (90% CI: 0.04; 3.24) and EAR was 1.33 per
10,000 person-year-Sv (90% CI: 0.04; 2.89) when a linear
model was used. These excess risks were driven by increased
risks for chronic myeloid leukemia [ERR/Sv¼ 6.77 (90% CI:
2.14; 15.44)]. In conclusion, this study provides further
evidence that leukemia risks may be increased by low-dose
and protracted external radiation exposure. The risks are
generally consistent with those observed in the atomic bomb
survivor studies, as well as with risk coefficients on which
international radiation safety standards, including the dose

limits and constraints used to control exposures, are
based. � 2019 by Radiation Research Society

INTRODUCTION

In the first few years after the atomic bombings of
Hiroshima and Nagasaki an excessive number of survivors
developed leukemia (1); this excess persisted in long-term
follow-up studies of the survivors (2–4). While these studies
helped to establish a link between leukemia and acute
radiation exposures, there remains uncertainty over the
translation of these risks to different populations and to the
protracted low-dose and dose-rate exposures typically
received by workers in the nuclear industry. Despite this,
risk coefficients derived from studies of the atomic bomb
survivors still largely form the basis for international
radiation safety standards, including the dose limits and
constraints used to control exposures (5–10) to workers and
the public.

Nuclear worker studies around the world (11–13) have
been undertaken to assess directly the risks of low-dose and
low-dose-rate radiation exposure for determining the
validity of risk extrapolations from the acute exposure
studies used to define protection standards. The National
Registry for Radiation Workers (NRRW) was started in
1976 to provide direct evidence of the risks to health from
occupational exposure to chronic low-dose external radia-
tion in the UK. The third analysis of the NRRW (NRRW-3)
(14, 15) demonstrated a healthy worker effect (HWE), as
seen previously (16, 17) in this and many other occupa-
tionally exposed cohorts. In that analysis, evidence was also
found of increased risk of leukemia (excluding chronic
lymphocytic leukemia) and solid cancers associated with
external radiation exposure that were consistent with
estimates from the Life Span Study (LSS) of the Japanese
atomic bomb survivors. More recently, an updated analysis
of cancer end points in the NRRW-3 cohort (18) continued
to show risk values that were consistent with LSS estimates.
Presented here is a similar updated analysis of leukemia
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mortality and incidence end points in the NRRW-3 cohort
with follow-up extended by ten years.

METHODS

The NRRW-3 cohort has been described in detail elsewhere (15,
19). For completeness, a summary is provided here. The cohort is
comprised of individuals monitored for occupational exposure to
external ionizing radiation, who were employed by participating
organizations and for whom individual dose records were kept.
Participating employers, which were also in the previous NRRW-3
analysis (15), are: the Atomic Weapons Establishment (AWE), British
Nuclear Fuels Ltd. (BNFL), the United Kingdom Atomic Energy
Authority (UKAEA), British Energy Generation and Magnox Electric
sites in England and Wales and Scotland, the UK Ministry of Defence
(MoD), GE Healthcare, Rolls-Royce submarines and a number of
other smaller research organizations (15). Data collected from
employers consisted of individual identifiers, date of birth, gender
and industrial classification (industrial or non-industrial where
available, a surrogate for socioeconomic status broadly equivalent to
manual/non-manual occupations), internal exposure (monitored or
not-monitored for intakes of radioactive materials, primarily uranium,
plutonium and tritium), calendar periods of employment and exposure
and external radiation dose histories.

This analysis focuses on doses from penetrating radiation at the
surface of the body as measured from personal dosimeters. The vast
majority of the doses are associated with X rays and gamma rays
although a number of workers will have also received a component of
beta particle and neutron exposure in their measured dose. As with the
previously reported analysis, since doses were recorded mainly for
regulatory purposes, a number of corrections have been applied to
produce a more consistent set of dose estimates for epidemiological
analysis (19). All dose estimates are recorded in sieverts (Sv) and are
reported in either Sv or millisieverts (mSv).

The cohort included in this analysis is essentially the same as that
reported previously (14, 18, 20) although there are a number of small
differences mainly due to changes in follow-up information over time
and the inclusion of 10 additional years of dosimetry information. The
analysis cohort consists of 173,081 workers. A breakdown of the
cohort by first employer and cumulative dose is given in Table 1.

Follow-up Data and Ascertainment of Causes of Death and Cancer
Incidence

The cohort was followed to ascertain vital status through to the end
of 2011. As was the case in prior analysis of this cohort, the end of
follow-up was chosen to ensure that as complete as possible dosimetry
information was available up to at least two years before the end of
follow-up, since two years was shortest lag period used in the analysis
of radiation exposure and leukemia risk. Start of follow-up for each
worker was defined as the later of the following:

1. Start date of radiation work at a participating employer;
2. Date when monitoring first became available for an employer

(e.g., 1961 for the MoD);
3. January 1, 1955;
4. January 1, 1971 (only used in supplementary analysis which used

cancer information alone).

Follow-up prior to 1955 was excluded due to indications that follow-
up information prior to that date may not be complete (14, 15). In the
supplementary analysis based on cancer incidence information alone
(i.e., where mortality information was ignored) the earliest date of
follow-up was taken to be January 1, 1971, since cancer registration
information is not routinely available from national tracing organiza-
tions prior to that date.

In the main dose-response analyses, the end of follow-up was
defined as the earliest date of any of the following events:

1. Date of last contact (untraced and emigrated workers);
2. December 31, 2011;
3. Date of death (mortality);
4. Date of cancer first incidence (excluding non-melanoma skin

cancers).

The only exceptions to this rule were in supplementary analyses based
on mortality information alone where cancer incidence events were
ignored when censoring follow-up.

The follow-up data, including vital status, causes of death and
cancer incidence information for the cohort, were provided to Public
Health England (PHE) by NHS Digital (formerly the Health and
Social Care information Centre) and by National Records of Scotland.

Information on underlying cause of death and cancer incidence
registrations was coded according to the appropriate revision of the
International Classification of Diseases (ICD). Results are presented
for all leukemias combined, all leukemias excluding chronic lymphatic
leukemia (non-CLL) and for the four main subtypes of leukemia and
three groupings of unspecified leukemias: acute lymphoblastic
leukemia (ALL), chronic lymphocytic leukemia (CLL), acute myeloid
leukemia (AML), chronic myeloid leukemia (CML), unspecified
lymphoid leukemia, unspecified myeloid leukemia and unspecified
leukemia. A full tabulation of the leukemia disease groupings
considered in this study is given in Supplementary Table S1 (https://
doi.org/10.1667/RR15358.1.S1) along with associated ICD codes that
were used to create these groupings. The main dose-response analysis
focuses on non-CLL, because the number of events in some of the
leukemia subtypes is too small to obtain robust estimates and because
of prior evidence that CLL is not related to radiation exposure.

Statistical Methods

The statistical analysis was split into two parts:

1. An exploratory external analysis looking at how overall leukemia
mortality and incidence rates in the cohort compared with national
figures.

2. The dose-response analysis which concentrated on how the risks
varied with occupational radiation exposure.

In the external analysis, standardized mortality ratios (SMRs) and
standardized incidence ratios (SIRs) were calculated to compare
leukemia mortality and incidence rates in the cohort with those
expected on the basis of mortality and incidence statistics for the
population of England and Wales as a whole after adjustment for age,
gender and calendar year (21). This external analysis includes all
workers in the cohort, although in sub-analyses rates were separately
examined for male and female workers.

Among females (9.8% of the cohort) there was an insufficient
number of leukemia cases (non-CLL: 17 deaths, 22 incidences) and
the doses were too small (mean dose of 5.6 mSv) to allow meaningful
analysis. Therefore, the main dose-response analysis was based on
male workers only.

To perform the analysis, the data were organized in multidimen-
sional person-years tables with the number of person-years accumu-
lated and the number of leukemia events recorded in each cell. For the
main dose-response analysis the data in this tabulation were cross-
classified by first employer [15 groups; see ref. (15) for further
details], attained age (15–19, 20–24, . . . 89–84, 85þ), calendar period
(1955–1959, 1960–1964, . . .. 1995–1999, 2000–2001, 2002–2006,
2007–2011), gender, industrial status (industrial, non-industrial,
unknown), internal radiation monitoring status (monitored for internal
radiation, non-monitored), and two-year lagged cumulative dose (eight
categories with cut-off points at 5, 10, 20, 50, 100, 200 and 400 mSv).

The goal of the statistical analysis was to assess how the rate of
leukemia mortality and incidence changes in relationship to
cumulative doses from occupational radiation external exposure,
taking account of available information on potential confounding
factors such as gender, attained age, birth cohort, calendar period,
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socioeconomic status, duration of employment, employer/facility of
employment and exposure to other forms of radiation. Poisson
regression models were used to estimate the excess relative risk (ERR)
and excess absolute risk (EAR) for leukemia mortality and incidence
associated with cumulative external radiation dose.

The age-specific risk, k(a, c, i, f, d), where a is the attained age, c is
calendar period, f is the first employer, i is the industrial status and d is
the cumulative external dose, was defined as follows for the two
models.

The form of the ERR models was:

k a;c;i; f ;d

� �
¼ k0 a;c;i; f

� �
1þ ERR dð Þ½ �; ð1Þ

while that for the EAR models was:

k a;c;i; f ;d

� �
¼ k0 a;c;i; f

� �
þ EAR dð Þ ð2Þ

The ERR estimates are expressed per Sv while the EAR values
estimate the excess leukemia cases per 10,000 person-year-Sv (Py-
Sv). Fully parametric, semi-parametric and stratified models were all
considered for the baseline hazard function (k0) for the ERR model
and these produced broadly similar results. Most of ERR model results
are presented using a model containing stratified adjustment for age,
calendar year, first employer and industrial status. However, the EAR
model used a parametrically-specified background including adjust-
ments for the same factors of attained age, calendar time, industrial
status and first employer.

For the main analyses, the relative rate was quantified as a linear
function of cumulative dose, where ERR(d) ¼ bd. To allow for an
induction and latency period between exposure and death/incidence
and to enable comparison with previous study results, cumulative dose
was lagged by two years in the main analysis. Although most of the
ERR estimates presented here are based on a linear ERR model
(ERR(d) ¼ bd), the linearity of the estimates was also tested by
comparing the relative fit of the linear model to linear-quadratic
(ERR(d) ¼ b1d þ b2d2), quadratic (ERR(d) ¼ bd2) and linear
exponential models (ERR(d) ¼ b1dexp(b2d).

In addition, analyses were performed to evaluate gender, internal
radiation monitoring status and attained age as potential effect
modifiers. Due to computational constraints on the ERR parameter
and low power, the supplementary analyses, in which the modifying
effects of gender were evaluated, were based on comparing the
deviation of the multiplicative relative risk model with a single
exponential dose parameter against a model that included an additional
parameter that allowed for gender-specific risks.

The variation in risk over follow-up was examined by truncating
analyses at 2011, 2006, 2001 and 1996, respectively, and looking at
risks across time since first exposure. Temporal variation in the effect
of exposure was examined through the analysis of age-at-exposure and

time-since-exposure windows. Defined windows were used to
evaluate variation in risk by age-at-exposure (,30, 30–49 and 50þ
years) and time-since-exposure (2–24 and 25þ years). For age-at-
exposure and time-since-exposure, the cumulative dose received in
each of the categories was modeled jointly, with each window
categorized into the same set of dose categories as used in the main
lagged analysis, and the fit of this model was tested against that of the
standard model with two-year lagged total cumulative dose. As with
previous leukemia analyses in this cohort, the main analysis was based
on two-year lagged doses, but results for alternative lagging periods of
10, 20, 25 and 30 years were also considered in supplementary
analyses.

Parameter estimates were computed using maximum likelihood
methods. Hypothesis tests and confidence intervals were based on
likelihood ratio tests and direct evaluation of the profile likelihood.
We have reported 90% confidence intervals (90% CI) for the ERR and
EAR parameter estimates to be consistent with previous studies. The
results may thus be interpreted as a one-sided test at the 5% level of
statistical significance. All analyses were performed using the AMFIT
module of the EPICURE software (22). Due to computational
constraints (i.e. the small number of events) most of the analysis
focused on the overall grouping of non-CLL and EAR results are only
presented for this disease grouping.

RESULTS

The study population for this analysis consisted of
173,081 workers (Table 1) who accrued 5.3 million
person-years of follow-up and a collective dose of 4,414
person-Sv. While the average cumulative dose was 25.5
mSv, distribution of dose was very skewed; most workers
were exposed to relatively low levels of radiation, with
115,915 (67%) workers receiving less than 10 mSv of
cumulative dose. However, the cohort also included
workers with moderate to high cumulative occupational
exposures; 10,667 (6.2%) workers accrued doses of more
than 100 mSv, 1,529 (0.9%) more than 400 mSv and 70
workers above 1 Sv from exposures over their working
lifetime.

External Analysis

A total of 375 people were known to have died with
leukemia as the underlying cause of death by the end of

TABLE 1
Summary for the NRRW Cohort by First Employer

Employer

No. of workers by
cumulative dose (mSv)

Total no.
of workers

Mean
dose

Collective
dose (mSv)

Person-years
(person-Sv),10 10–59 50–100 100þ

UKAEA 14,858 7,989 2,379 2,313 27,539 34.3 944.8 972,854
BNFL 18,548 11,719 4,000 5,811 40,078 54.7 2,192.2 1,275,453
AWE 12,127 2,247 283 162 14,819 8.4 124.6 439,698
MOD 54,955 6,311 1,394 1,171 63,831 8.5 542.0 1,844,114
British Energy Generation (England and Wales) 6,204 5,378 1,163 613 13,358 24.4 325.7 445,228
British Energy Generation (Scotland) 1,845 794 320 185 3,144 23.4 73.5 75,062
GE Healthcare 2,648 709 223 307 3,887 32.5 126.3 97,704
Research organizationsa 2,298 683 101 42 3,124 11.1 34.7 94,784
Rolls-Royce 2,432 640 166 63 3,301 15.1 49.9 85,915
Total 115,915 36,470 10,029 10,667 173,081 25.5 4,413.6 5,330,813

a This employer group consists of a number of research organizations; further details can be found elsewhere (15).
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follow-up, and of these, 286 (76%), were attributed to non-
CLL types (Table 2). Despite incidence data only being
routinely available from 1971 there were considerably more
leukemia incidences registered (636) than mortality events
and 61% (385) of these incidences were attributed to non-
CLL types.

For mortality, none of the leukemia subtypes showed
evidence of increased risks compared to national rates
(Table 2) and indeed the rates for non-CLL and AML were
somewhat below the national level [non-CLL: SMR ¼ 88
(95% CI: 78; 99); AML: SMR ¼ 82 (95% CI: 70; 96)].
However, unlike mortality, there was no evidence that the
non-CLL incidence rate was below national levels [SIR ¼
98 (95% CI: 89; 109)]. Among the leukemia subtypes a
similar pattern was observed with no evidence of increased
incidence compared to national rates. Leukemia SMRs and
SIRs for male workers were very similar to the overall
figures (Supplementary Table S2; https://doi.org/10.1667/
RR15358.1.S1), while the small number of leukemias
among female workers (Supplementary Table S3) provided
no evidence of increased risks for any of the leukemia
subtypes.

Dose Response Analysis

Leukemia subtype-specific ERR/Sv estimates are pre-
sented with respect to cumulative external dose lagged two
years in Table 3. For non-CLL, a statistically significant
ERR [ERR¼ 1.38 (90% CI: 0.04; 3.34)], was found. This
excess risk was largely driven by CML [ERR¼ 6.77 (90%
CI: 2.14; 15.44), 88 cases]. Among other leukemia
subtypes there was little evidence of increased risks, and
as expected, CLL [ERR ¼ –0.60 (90% CI: ,0; 0.65)]
showed no evidence of increased risk in relationship to
external dose.

The shape of the dose response for non-CLL was
examined by comparing the dose category-specific ERR
estimates to the ERR/Sv estimate from the linear model

(Fig. 1), which indicates that a linear model adequately

approximated the dose-response function, although much

of the evidence of increased risk came from doses in

excess of 100 mSv. This was confirmed by fitting

alternative, linear-quadratic and linear exponential models,

none of which markedly improve model fit (P . 0.50).

The linear model was also found to have a lower deviation

than the pure quadratic model. To assess the trend over the

lower cumulative dose range, we estimated the linear ERR

over restricted cumulative dose ranges of 0–400 mSv

[ERR ¼ 1.86 (90% CI: –0.13; 4.54)], 0–200 mSv [ERR¼
2.51 (90% CI: –0.44; 6.39)] and 0–100 mSv [ERR¼ 0.53

(90% CI: –3.78; 6.21)]. These estimates are all consistent

with the unrestricted estimate, although as anticipated, the

uncertainty on estimates increases with decreasing dose

range.

As mentioned previously, the main dose-response analysis

was based only on male workers since there was insufficient

information among females to produce meaningful results

using the linear ERR model. Given this lack of information, it

TABLE 2
Standardized Mortality and Incidence Ratios (SMR/SIRs) by Leukemia Subtype

Leukemia subtype

Mortalitya Incidenceb

Number of deaths

SMR 95% CI

Number of incidences

SIR 95% CIObserved Expectedc Observed Expectedd

ALL 21 26.9 78.2 48.4; 119.5 28 28.2 99.5 66.1; 143.8
CLL 89 96.1 92.6 74.4; 113.9 251 237.6 105.6 93.0; 119.5
Unspecified lymphatic 7 8.1 86.8 34.9; 178.9 41 33.0 124.1 89.1; 168.4
AML 164 199.0 82.4 70.3; 96.1 186 208.6 89.2 76.8; 102.9
CML 56 59.8 93.7 70.8; 121.7 86 85.0 101.2 80.9; 125.0
Unspecified myeloid 5 5.2 95.9 31.1; 223.9 17 10.4 163.8 95.4; 262.2
Unspecified leukemia 33 25.3 130.6 89.9; 183.4 23 26.6 86.4 54.8; 129.7
All leukemia 375 420.2 89.2 80.4; 98.7 636 629.4 101.0 93.3; 109.2
Non-CLL 286 324.1 88.2 78.3; 99.1 385 391.8 98.3 88.7; 108.6

a Mortality covers the period 1955–2011.
b Incidence analysis based on the period 1971–2011.
c The expected number of deaths is based on England and Wales figures.
d The expected number of leukemia incidences are based on England and Wales for 1971–2006 and England-only figures for 2007–2011.

FIG. 1. Non-CLL ERR estimates and 90% CI by two-year-lagged
external cumulative dose category with linear ERR/Sv estimate and
associatec 90% CI reference lines.
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is not surprising that the leukemia subtype results for male

and female workers combined was not materially different

from that for male workers alone (Supplementary Table S4;

https://doi.org/10.1667/RR15358.1.S1). Supplementary anal-

yses based on a multiplicative relative risk model also

showed little evidence of a difference in the relative risk,

associated with dose, between the genders (P ¼ 0.15;

Supplementary Table S5).

The potential effect of internal exposures on the risk

estimates was examined by excluding workers flagged as

monitored for internal exposures from the analysis. This

resulted in non-CLL estimates that were consistent with the

overall estimates [ERR ¼ 1.66 (90% CI: ,0; 5.62)],

although less precise.

Although increased non-CLL ERR estimates were

observed in the full analysis, the point estimate of ERR
did decrease when follow-up in this cohort was successively
extended (Table 4); the point estimates of ERR decreased

by 44% with extended follow-up from 1996 to 2011. This
pattern was observed not only in the main analysis but also
in the analysis looking at mortality and incidence alone,

where the ERR estimates similarly fell by 53% and 39%,
respectively. This pattern may be partly explained by the
variation in ERR point estimates by time since first

exposure (Table 4), which shows some evidence (P ¼
0.053) that increased risks in relationship to dose were
observed only in the first 40 years after follow-up and more

specifically in the time period of 20–39 years after first
exposure [ERR ¼ 3.95 (90% CI: 1.36; 7.67)].

TABLE 3
Male Leukemia Incidence in Relationship to External Radiation Dose: ERR/Sv Estimates, Observed and Expected

Number of Leukemia Cases from Poisson Regression Analysis

Leukemia
subtype

Observed cases [expected casesa] by
cumulative external dose (mSv), two-year lag

Total ERR/Svb (90% CI) P valuec,10 10–20 20–50 50–100 100–200 200–400 .400

ALL
Observed 14 2 4 3 1 1 0 25 1.79 (,–7.19; 25.80) 0.377
Expected [15.5] [2.4] [2.8] [1.5] [1.0] [0.5] [0.2] [23.8]

CLL
Observed 119 32 37 24 13 8 3 236 –0.60 (,–1.69; 0.65) 0.819
Expected [121.8] [29.8] [39.6] [22.5] [15.1] [9.0] [5.1] [242.8]

Other lymphatic
Observed 21 5 7 2 1 0 0 36 –0.60 (,–6.38; 1.56) 0.818
Expected [22.7] [3.7] [4.7] [2.6] [1.7] [0.9] [0.6] [36.8]

AML
Observed 109 12 25 11 13 6 1 177 –0.19 (,–1.84; 2.28) 0.569
Expected [105.2] [18.4] [24.2] [14.0] [9.2] [4.7] [2.4] [178.2]

CML
Observed 49 9 9 6 6 3 6 88 6.77 (2.13; 15.44) ,.001
Expected [46.5] [7.5] [9.0] [4.9] [2.7] [1.6] [0.9] [73.1]

Other myeloid
Observed 11 3 1 1 0 1 0 17 –0.55 (,–9.04; 7.44) 0.630
Expected [8.9] [2.3] [3.0] [1.7] [0.8] [0.5] [0.2] [17.3]

Unspecified leukemia
Observed 21 3 2 5 2 1 0 34 0.74 (,–5.33; 13.93) 0.425
Expected [20.2] [3.4] [4.5] [2.5] [1.4] [0.8] [0.4] [33.2]

Total leukemia
Observed 345 66 86 52 36 20 11 616 0.40 (–0.41; 1.51) 0.230
Expected [342.4] [67.7] [87.9] [49.5] [31.7] [17.9] [9.7] [606.7]

Non-CLL
Observed 226 34 49 28 23 12 8 380 1.38 (0.04; 3.34) 0.044
Expected [219.8] [37.9] [48.2] [27.0] [16.6] [9.0] [4.7] [363.2]

Myeloid leukemiad

Observed 169 24 35 18 19 10 7 282 1.85 (0.24; 4.28) 0.025
Expected [159.8] [27.9] [35.5] [20.0] [12.3] [6.6] [3.4] [265.5]

Lymphatic leukemiae

Observed 154 39 48 29 15 9 3 297 –0.59 (,–0.60; 0.30) 0.893
Expected [160.5] [36.1] [47.3] [26.7] [17.9] [10.5] [6.0] [305.0]

a The expected number of deaths is the estimated number of background cases using the Poisson regression model in the absence of
occupational radiation exposure.

b ERR/Sv estimates are calculated from a linear ERR model that contains background adjustments for age, calendar time, industrial status and
first employer.

c P value represents a one-sided test of the linear ERR/Sv parameter.
d The myeloid leukemia disease group consists of all events in AML, CML and other myeloid groupings.
e The lymphatic leukemia disease group consists of all events in ALL, CLL and other lymphatic groupings.
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Temporal Variation in ERR and EAR Estimates

When fitting a linear EAR model without attained age

effect modification there was evidence of increased risk in

relationship to external dose for non-CLL [EAR ¼ 1.33

(90% CI: 0.04; 2.89)] (Table 5). Neither the ERR nor EAR

models showed significant effect modification with attained

age (P¼ 0.10 and P¼ 0.14, respectively), but both showed

a similar pattern of larger point estimates of risk at lower

and higher ages and smaller in risk at middle ages (40 to 69

years).

TABLE 4
Male Non-CLL, Variation in Linear ERR/Sv Estimates over Follow-up

Main analysisa Mortality only Incidence onlya

N ERR/Sv (90% CI) N ERR/Sv (90% CI) N ERR/Sv (90% CI)

Overallb 380 1.38 (0.04; 3.34) 269 1.00 (–0.23; 2.90) 333 1.57 (0.11; 3.75)
Truncating follow-up to:

12/31/2011 380 1.38 (0.04; 3.34) 269 1.00 (–0.23; 2.90) 333 1.57 (0.11; 3.75)
12/31/2006 315 1.84 (0.30; 4.13) 226 1.27 (–0.10; 3.41) 275 1.93 (0.30; 4.40)
12/31/2001 238 2.04 (0.28; 4.77) 171 1.95 (0.13; 4.90) 204 1.98 (0.19; 4.87)
12/31/1996 173 2.48 (0.33; 5.98) 134 2.12 (–0.10; 5.90) 140 2.59 (0.28; 6.59)
12/31/1991 126 1.20 (–0.60; 4.49) 103 1.74 (–0.14; 5.68) 96 1.25 (,0; 5.07)

Time since first exposure (years)
0–19 124 0.66 (,0; 6.51) 96 ,0 (,0; 3.54) 107 2.21 (,0; 10.18)
20–39 198 3.95 (1.36; 7.67) 128 2.45 (0.25; 5.88) 185 3.62 (1.07; 7.42)
40þ 58 –0.28 (,0; 1.51) 62 0.32 (,0; 2.77) 60 –0.10 (,0; 1.96)
Test for heterogeneityc P ¼ 0.053 P ¼ 0.13 P ¼ 0.13

a In the main and incidence analysis, a small number of leukemia events occurring after first cancer registration (excluding non-melanoma skin
cancers) are ignored, since follow-up is truncated at the date of first cancer event.

b For the overall results the ERR/Sv estimates are calculated from a linear ERR model that contains background adjustments for age, calendar
time, gender, industrial status and first employer.

c Test for heterogeneity based on the likelihood ratio test comparing the overall model with models that allow the ERR to vary by time since
first exposure.

TABLE 5
Male Non-CLL, Temporal Variation in Linear ERR/Sv and EAR Estimates by Attained Age, Age at Exposure, Time

since Exposure and Using Differing Lagging Strategies

N
ERR model EAR model

ERR/Sv (90% CI) EAR 3 104 Py-Sv (90% CI)

Overalla 380 1.38 (0.08; 3.24) 1.33 (0.04; 2.89)
Attained age (years)

,40 47 15.20 (2.14; 37.73) 3.26 (0.48; 7.48)
40–69 206 0.42 (,0; 2.65) 0.40 (,0; 2.06)
70þ 127 1.85 (0.12; 4.34) 5.36 (0.03; 12.31)
Test for heterogeneityb P ¼ 0.10 P ¼ 0.14

Age when doses received (years)
,30 6.21 (–0.57; 17.27) 3.99 (0.71; 8.32)
30–50 –0.39 (,0; 1.77) –0.20 (,0; 1.55)
50þ 2.58 (0.11; 6.14) 2.89 (,0; 9.02)
Test for heterogeneityc P ¼ 0.24 P ¼ 0.23

Time since doses received
2–24 years ago 2.28 (0.11; 5.35) 1.23 (–0.11; 2.97)
25þ years ago 0.37 (,0; 2.98) 1.82 (,0; 7.05)
Test for heterogeneityd P ¼ 0.37 P . 0.50

Alternative lagging strategies
Lag time:

10 years 1.25 (–0.18; 3.40) 1.80 (0.04; 3.95)
20 years 1.41 (–0.34; 4.20) 2.87 (–0.34; 6.71)
25 years 0.39 (,0; 3.11) 2.45 (,0; 7.70)
30 years –0.23 (,0; 2.53) 1.82 (,0; 9.24)

a The overall models are based on using two-year doses, but the ERR/Sv estimates are very slightly different from those presented in previous
tables, since findings are based on a parametric rather than stratified non-parametric background model.

b Test for heterogeneity based on the likelihood ratio test comparing the overall model with models that allow the ERR to vary attained age.
c Test for heterogeneity based on the likelihood ratio test comparing the overall model using two-year lag cumulative doses with models that

partition the two-year lagged dose into three time windows based on the age at which the dose was received.
d Test for heterogeneity based on the likelihood ratio test comparing the overall model using two-year lag cumulative doses with models that

partition the two-year lagged dose into two time windows based on the time since the dose was received.
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There was no evidence of a difference in radiation-related
risk for non-CLL by the age at which the dose was received,
although there was a general pattern in which the point
estimate of ERR and EAR associated with the dose received
before age 30 and after age 50 years was higher than those
associated with doses received between the ages of 30 and
49 years (Table 5). When alternative lagging strategies were
considered, there was little difference between 2-, 10- and
20-year lagged results for both ERR and EAR estimates for
non-CLL. However, slight differences in pattern were
evident between ERR and EAR estimates when looking at
longer lags, with the EAR estimate remaining relative
consistent but the ERR point estimate declining at 25- and
30-year lag. This pattern was consistent with the results of
the time-since-exposure analysis, which suggested that
doses received more that 25 years previously may play a
less important role when using the ERR model than when
using the EAR model. The power to detect these variations
in risks over time is low, and even when the ERR model is
used, there is little evidence of variation in risk with time
since the dose was received (P ¼ 0.37) and such a pattern
could just as well be explained by chance.

DISCUSSION

As with previously reported NRRW-3 analyses (15) there
was no evidence of increased leukemia rates in the cohort
compared to the national population, and the non-CLL
mortality rate was lower than that observed nationally. Such
findings are consistent with the healthy worker effect
(HWE) (23) in which working populations tend to have
lower disease rates than equivalent comparison national or
regional populations. Any HWE is reasonably small in this
cohort (non-CLL: SMR ¼ 89) and any reduction in
relationship to national rates is limited to mortality with
no evidence of lowered rates for leukemia incidence (non-
CLL: SIR ¼ 98).

Although it may be instructive to examine the rates of
leukemia in relationship to a national comparison group, the
main interest in this study was to examine whether the rates
of leukemia varied with the level of occupational external
radiation exposure. We observed a positive association
between cumulative dose of external radiation and the
incidence of non-CLL among male workers. This associ-
ation was largely driven by increased rates of myeloid
leukemia with a large positive association observed for
CML. ALL and unspecified leukemia were the only other
subtypes to show positive, although highly imprecise, point
estimates of risk.

One of the motivations behind this study was to derive
radiation risk estimates with greater statistical precision than
in the previously published NRRW-3 study (14) by using
extended follow-up information. It is clear when the risks
derived for this study [ERR¼1.38 (90% CI: 0.04; 3.34)] are
compared with the previous results [ERR ¼ 1.78 (90% CI:
0.17; 4.36)] that the precision of the estimates has increased

markedly due to the increased maturity of the cohort, with
the total number of leukemia events having increased by
72% (non-CLL from 224 to 402 events). Any increase in
precision with increased follow-up needs to be balanced
carefully against any dilution in risk that may occur if the
risk decreases with time since exposure or attained age.
There is only limited evidence that risk decreased with time
since exposure (P¼0.37) or attained age (P¼0.10), but this
may well tell us more about the limited power in this study
to currently examine these effects than any lack of effect.
The pattern of the point estimates of risk are suggestive of a
dilution of risks associated with doses received many years
previously, and the observed reduction in the magnitude of
the linear ERR with increased follow-up may well partly be
an artefact of this effect.

The central estimates of ERR and EAR obtained in this
study for non-CLL are consistent with the latest incidence
estimates derived from the LSS of Japanese atomic bomb
survivors (2). [ERR ¼ 1.74 at 1 Gy (90% CI: 0.79; 2.68),
based on a linear-quadratic model. EAR ¼ 2.14 at 1 Gy
(90% CI: 1.20; 3.09), for males based on a linear-quadratic
model]. Despite these consistencies, generalizing radiation
risk estimates based on the LSS cohort compared to other
populations is complicated by the fact that LSS cohort
members had a single acute exposure, in contrast to the
protracted chronic low-dose-rate exposures seen in nuclear
workers. The shape of the dose response also shows some
differences between the cohorts, with risk in this study best
described by a linear function of dose with little evidence of
the non-linearity (P . 0.5) observed in the LSS cohort.

Similarly, there were also differences in the temporal
variation in risk between the cohorts that are worthy of
further consideration. For example, the effect of attained
age, time since exposure and age at exposure, and the
temporal variation in risk over follow-up showed some
differences between the cohorts.

The lack of a quadratic effect may partially be explained
by the absence of information at higher doses (.500 mSv)
in the NRRW cohort. However, at lower dose ranges the
differences in predicted excess risk between the linear and
linear-quadratic model are marginal. In the LSS cohort there
was evidence of effect modification in relationship to
attained age and time since exposure when the ERR model
was used, and attained age and age at exposure when the
EAR model was used. Models examining similar effects in
the NRRW cohort are limited by low power due to lower
doses and the number of cases (an estimated 17 excess cases
of non-CLL compared to 94 in the LSS cohort). In general,
the point estimates observed showed no consistent decrease
in excess risks in relationship to attained age, as observed in
the LSS cohort, and no consistent increase in risk in
relationship to age at exposure.

One notable feature of both the LSS cohort and the
Mayak workers in Russia (24) was an immediate increase in
leukemia risk in the first five years after exposure followed
by a subsequent decrease in excess risk over time, although
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a smaller excess risk was still found to persist many years
after exposure. Given this pattern, one might expect to
observe an increased excess risk with the use of shorter lag
periods in the analysis; however, this was not the case in the
NRRW cohort in which risks were only found to decrease
when lags of more than 20 years were used. This result is
more consistent with a recently published study looking at
temporal effects in the INWORKS cohort (25), in which
excess leukemia risks were not observed in the first years
after exposure, and the optimal lag period was 19 years. The
temporal variation in risk within the NRRW cohort falls
somewhere between these two options, with excess risks
consistent across lag periods up to 20 years and with lower
point estimates of ERR associated with doses received more
than 25 years ago.

This pattern of risks tallies well with the time-since-first-
exposure analysis, which showed an attenuation in risks 40
years after first exposure, with no evidence of increased
risks. This finding is somewhat in conflict with the LSS
cohort where small excess risks were found to persist more
than 40 years after exposure for non-CLL. In the NRRW
cohort this results in an attenuation of the central estimate of
risk when the end of follow-up is moved from 2001 to 2011.
While this may be the consequence of a genuine lack of
long-term effect on leukemia it should also be noted that the
average dose of the cohort has decreased markedly over
time, and it may be difficult to detect small excess risks at
these lower dose levels.

We noted differences between our results and those of the
LSS and Mayak cohorts (24) [ERR/Gy ¼ 4.98 (90% CI:
1.98; 13.74), male workers]. However, both the LSS cohort
(single acute exposure, mean dose 0.1 Gy) and Mayak
workers (chronic exposure with a mean dose of 0.39 Gy)
had very different exposures compared to the NRRW
cohort, in which workers generally had chronic low external
dose exposures over a working lifetime with a mean dose of
0.025 Sv. Positive associations between non-CLL and
external radiation exposure have also been found in other
cohorts, including the INWORKS cohort (26) [ERR/Gy ¼
2.96 (90% CI: 1.17; 5.21)], the pooled French [ERR/Sv ¼
3.96 (90% CI: ,0; 16.82)] and U.S. [ERR/Sv ¼ 1.7 (90%
CI: –0.22; 4.7)] nuclear worker cohorts (27, 28), as well as
the residents living near the Techa river (29) [ERR/Gy¼4.9
(95% CI: 1.6; 14.3)] who were exposed to radioactive
discharges from the Mayak plant. A meta-analysis of
leukemia risks in relationship to cohorts exposed to chronic
low-dose exposures (30), which included these cohorts as
well as others where no leukemia excess risk was detected,
found a preferred pooled estimate of non-CLL risk [ERR¼
1.9 (95% CI: 0.7; 3.2)] that was consistent with the estimate
from this study.

Some caution is needed when comparing results between
studies, since some have used recorded doses or dose
equivalents, e.g., this study, previous NRRW analyses,
pooled French and U.S. cohorts, while others have used
absorbed organ doses to the red bone marrow, e.g., the

INWORKS and LSS cohort studies. In general, dose
equivalents can be viewed as conservative estimates of
external dose to the deep tissue organs that take no account
of shielding factors from other tissues. The net effect is that
organ dose estimates tend to be somewhat attenuated when
compared with dose equivalents. Therefore, where a
positive association exists with radiation exposure, the
point estimates of ERR calculated using dose equivalents
are likely to be attenuated when compared to using absorbed
organ doses. For example, in the INWORKS cancer study
(13) point estimates of solid cancer risk where attenuated
when using recorded doses [ERR ¼ 0.33 (90% CI: 0.12;
0.56)] compared to absorbed colon doses [ERR ¼ 0.47
(90% CI: 0.18; 0.79)]. This may partially explain why the
non-CLL point estimates of ERR are somewhat reduced
(although statistically compatible) when compared with
estimates from the studies that use absorbed organ doses,
although it is important to note that there is no gain in the
precision of risk estimates by the choice of dose metric (in
terms of model fit).

Much of the excess risk that we observed for non-CLL
was driven by an increased risk for CML [ERR¼6.77 (90%
CI: 2.13; 15.44)].This increased rate of CML was also
found in a previous analysis of this cohort and in other
studies such as the WISMUT cohort of uranium miners (31)
[ERR ¼ 7.20 (95% CI: 4.48; 19.65)] and the INWORKS
cohort [ERR ¼ 10.45 (90% CI: 4.48; 19.65)], which
includes a subset of the NRRW-3 cohort. However, the
higher-dose LSS and Mayak studies, which both show
increased risks for CML, also showed excess risks that were
just as high for AML if not higher than for CML. There was
no evidence of increased risk for CLL in this cohort and this
is in general agreement with the prevailing scientific view
that radiation has little effect on CLL rates. Several studies
have suggested a possible link between radiation exposure
and CLL rates (32–35) but that was not found in this study.

A particular strength of this study is that we were able to
calculate risks using both mortality and incidence data.
Outcome misclassification for leukemia and subtypes of
leukemia is a potential limitation of any mortality study,
since the specificity on death certificates is less precise and
can induce bias particularly in subtype analyses. In this
context it may be worth noting that point estimates of non-
CLL risks were somewhat attenuated when analyses were
based on mortality data alone [ERR¼ 1.00 (90% CI: –0.23;
2.90)].

One limitation of this study, common to most occupa-
tional studies, was the absence of information on potential
confounders that are known to be risk factors for the disease
under study. However, for leukemia the number of potential
confounders is limited and the association between the
potential confounders and level of external dose would have
to be strong to cause much effect, especially having already
adjusted for several other baseline factors including
industrial status. Smoking is one potential confounder for
myeloid leukemia (36), but the association is not strong, and
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it is known from the lung cancer and chronic obstructive
pulmonary disease risks already published on this cohort
that smoking is unlikely to have a positive confounding
effect in this study (18).

A number of chemicals are also known to be associated
with increased leukemia risk (37); however, exposure of
workers to such chemicals in the nuclear industry is likely to
be small, although some potential bias from this unmea-
sured confounder on study results cannot be ruled out. A
chemical of particular interest is benzene, which in a recent
review (38) was found to be more clearly and strongly
related to AML than CML. As the main evidence of
increased risks in this study comes for CML rather than
AML, this suggests that benzene is unlikely to be a strong
confounding factor in this study.

In this same review (38), an association was found
between benzene exposure and myelodysplastic syndromes
(MDS), which are commonly considered to be a preleuke-
mic condition; up to one third of cases go on to develop
AML (37). MDS have also been linked to higher doses of
radiation in studies of both the Nagasaki atomic bomb
survivors and patients receiving radiotherapy (39). Unfor-
tunately MDS have only really been identifiable as a
separate condition since the implementation of ICD-10 (40),
which was from 1995 for cancer incidence, and from 2001
for mortality in the NRRW cohort. MDS are not included in
the definition of leukemia events used in the main analysis;
however, a sub-analysis of MDS, when restricting analysis
to the ICD-10 follow-up period, did not reveal any evidence
of an association with radiation exposure [ERR ¼ –0.36
(90% CI: ,0; 2.17), 140 cases]. The MDS ERR estimate is
very similar in magnitude to that observed for AML [ERR¼
–0.28 (90% CI: ,0; 2.08), 189 cases], which adds to the
evidence that benzene exposure is not likely to greatly
confound risk estimates in this study.

As mentioned in the analysis of cancer of this cohort (18)
another possible source of bias in the analysis results is the
potential effect of both measured and unmeasured neutron
doses on risk estimates. Measurements from early neutron
dosimeters were relatively poor compared to data from
contemporary devices (41). Furthermore, sources of neu-
trons and monitoring practices varied widely among
facilities over time. Thus, neutron exposure data are likely
to be incomplete and some exposure misclassification is
unavoidable in this study. Although neutron exposures are
likely to be small in relationship to those from photons (42),
additional research is needed to understand the effects of
neutrons in this study and in other studies of populations
exposed to mixed radiation fields.

A number of workers in this cohort were also potentially
exposed to internal radionuclides during employment,
predominately from uranium and plutonium exposures. In
most occupational settings exposure to internal radionu-
clides (and in particular, plutonium and uranium) are low
compared to external exposures (43–46) and studies that
have directly adjusted for the effects of estimated plutonium

doses have shown little effect on the leukemia risk estimates
associated with external dose (47, 48). Unfortunately,
internal dose assessments are not currently routinely
available for the cohort; however, supplementary analyses
found no evidence of a difference in ERR estimates between
workers monitored and not monitored for internal exposures
(P ¼ 0.28). This finding tallies with the expectation that
internal doses will generally be low in this cohort and
suggests that the confounding effect of internal exposures
may not be large for leukemia end points.

In summary, much of the evidence for setting radiation
protection standards is based on extrapolation of risks from
high-dose or acute radiation studies. The current study
provides further direct evidence that non-CLL may be
increased by low-dose and low-dose-rate radiation expo-
sure. The risks are generally consistent with those observed
in the atomic bomb survivor studies and consistent with
risks coefficients on which international radiation safety
standards, including the dose limits and constraints used to
control exposures, are based. While there was some
indication of temporal variation in leukemia risk that is
different from those derived of the LSS cohort, the power to
detect such effects is limited. Further follow-up of this or
other cohorts incorporating further follow-up may be useful
in this regard.
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