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ARTICLE

Radiation exposure and leukaemia risk among cohorts of
persons exposed to low and moderate doses of external
ionising radiation in childhood
Mark P. Little 1,15✉, Richard Wakeford 2,15, Lydia B. Zablotska3,15, David Borrego1, Keith T. Griffin1, Rodrigue S. Allodji 4,
Florent de Vathaire4, Choonsik Lee1, Alina V. Brenner1, Jeremy S. Miller5, David Campbell5, Mark S. Pearce6,7, Siegal Sadetzki8,9,
Michele M. Doody1, Erik Holmberg 10, Marie Lundell11,16, Benjamin French12, Michael Jacob Adams13,15,
Amy Berrington de González1,14,15 and Martha S. Linet1,15

This is a U.S. Government work and not under copyright protection in the US; foreign copyright protection may apply 2023

BACKGROUND: Many high-dose groups demonstrate increased leukaemia risks, with risk greatest following childhood exposure;
risks at low/moderate doses are less clear.
METHODS: We conducted a pooled analysis of the major radiation-associated leukaemias (acute myeloid leukaemia (AML) with/
without the inclusion of myelodysplastic syndrome (MDS), chronic myeloid leukaemia (CML), acute lymphoblastic leukaemia (ALL))
in ten childhood-exposed groups, including Japanese atomic bomb survivors, four therapeutically irradiated and five diagnostically
exposed cohorts, a mixture of incidence and mortality data. Relative/absolute risk Poisson regression models were fitted.
RESULTS: Of 365 cases/deaths of leukaemias excluding chronic lymphocytic leukaemia, there were 272 AML/CML/ALL among
310,905 persons (7,641,362 person-years), with mean active bone marrow (ABM) dose of 0.11 Gy (range 0–5.95). We estimated
significant (P < 0.005) linear excess relative risks/Gy (ERR/Gy) for: AML (n= 140)= 1.48 (95% CI 0.59–2.85), CML (n= 61)= 1.77 (95%
CI 0.38–4.50), and ALL (n= 71)= 6.65 (95% CI 2.79–14.83). There is upward curvature in the dose response for ALL and AML over
the full dose range, although at lower doses (<0.5 Gy) curvature for ALL is downwards.
DISCUSSION: We found increased ERR/Gy for all major types of radiation-associated leukaemia after childhood exposure to ABM
doses that were predominantly (for 99%) <1 Gy, and consistent with our prior analysis focusing on <100mGy.

British Journal of Cancer (2023) 129:1152–1165; https://doi.org/10.1038/s41416-023-02387-8

INTRODUCTION
Leukaemia is the malignancy most strongly associated with
ionising radiation exposure, with increased risks observed at
moderate-to-high doses for myeloid subtypes and to a lesser
extent for acute lymphoblastic leukaemia (ALL) [1]. Radiation-
associated risks are highest for leukaemia following exposures in
childhood and begin to increase earlier after exposure than other
cancers [1, 2]. In contrast, most major types of lymphoma,
including chronic lymphocytic leukaemia (CLL), essentially the
same disease as small lymphocytic lymphoma (SLL) [3], are at best
weakly associated with radiation exposure [1, 4].

The rarity of leukaemia, and small numbers of subtypes in any
single cohort, has precluded quantification of stable estimates in the
low-to-moderate dose range (e.g., <0.5 Gy). In a recent pooled
analysis of nine cohorts of children and adolescents aged less than
21 years at exposure, we reported significantly elevated
dose–response trends for acute myeloid leukaemia (AML), AML plus
myelodysplastic syndrome (MDS), and ALL at mean cumulative low
doses (<100mGy) to active bone marrow (ABM), with little evidence
of inter-cohort heterogeneity or departure from linearity [5].
Data from the nine cohorts we previously studied [5], plus one

additional cohort [6, 7], provide an opportunity to extend the

Received: 21 December 2022 Revised: 12 July 2023 Accepted: 27 July 2023
Published online: 18 August 2023

1Radiation Epidemiology Branch, National Cancer Institute, 9609 Medical Center Drive, Bethesda, MD 20892-9778, USA. 2Centre for Occupational and Environmental Health,
Faculty of Biology, Medicine and Health, The University of Manchester, Ellen Wilkinson Building, Oxford Road, Manchester M13 9PL, UK. 3Department of Epidemiology &
Biostatistics, School of Medicine, University of California, San Francisco, 550 16th Street, 2nd floor, San Francisco, CA 94143, USA. 4Equipe d’Epidémiologie des radiations, Unité
1018 INSERM, Bâtiment B2M, Institut Gustave Roussy, Villejuif, Cedex 94805, France. 5Information Management Services, Silver Spring, MD 20904, USA. 6Institute of Health and
Society, Newcastle University, Sir James Spence Institute, Royal Victoria Infirmary, Queen Victoria Road, Newcastle upon Tyne NE1 4LP, UK. 7NIHR Health Protection Research Unit
in chemical and radiation threats and hazards, Newcastle University, Newcastle upon Tyne, UK. 8Israel Ministry of Health, Jerusalem, Israel. 9Cancer & Radiation Epidemiology Unit,
Gertner Institute for Epidemiology & Health Policy Research, Sheba Medical Center, Tel-Hashomer, Israel & Sackler Faculty of Medicine, Tel Aviv University, Tel Aviv-Yafo, Israel.
10Department of Oncology, Sahlgrenska University Hospital, S-413-45 Göteborg, Sweden. 11Department of Medical Radiation Physics and Nuclear Medicine, Karolinska University
Hospital, S-17176 Stockholm, Sweden. 12Department of Biostatistics, Vanderbilt University Medical Center, Nashville, TN, USA. 13University of Rochester School of Medicine and
Dentistry, 265 Crittenden Boulevard, CU 420644, Rochester, NY 14642-0644, USA. 14Division of Genetics and Epidemiology, Institute of Cancer Research, London, UK. 15These
authors contributed equally: Mark P. Little, Richard Wakeford, Lydia B. Zablotska, Michael Jacob Adams, Amy Berrington de González, Martha S. Linet. 16Deceased: Marie Lundell.
✉email: mark.little@nih.gov

www.nature.com/bjc British Journal of Cancer

1
2
3
4
5
6
7
8
9
0
()
;,:

http://crossmark.crossref.org/dialog/?doi=10.1038/s41416-023-02387-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41416-023-02387-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41416-023-02387-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41416-023-02387-8&domain=pdf
http://orcid.org/0000-0003-0980-7567
http://orcid.org/0000-0003-0980-7567
http://orcid.org/0000-0003-0980-7567
http://orcid.org/0000-0003-0980-7567
http://orcid.org/0000-0003-0980-7567
http://orcid.org/0000-0002-2934-0987
http://orcid.org/0000-0002-2934-0987
http://orcid.org/0000-0002-2934-0987
http://orcid.org/0000-0002-2934-0987
http://orcid.org/0000-0002-2934-0987
http://orcid.org/0000-0002-1895-8415
http://orcid.org/0000-0002-1895-8415
http://orcid.org/0000-0002-1895-8415
http://orcid.org/0000-0002-1895-8415
http://orcid.org/0000-0002-1895-8415
http://orcid.org/0000-0001-5107-4550
http://orcid.org/0000-0001-5107-4550
http://orcid.org/0000-0001-5107-4550
http://orcid.org/0000-0001-5107-4550
http://orcid.org/0000-0001-5107-4550
https://doi.org/10.1038/s41416-023-02387-8
mailto:mark.little@nih.gov
www.nature.com/bjc


assessment of dose response and provide risk estimates for low-
to-moderate radiation exposures that are more precise than those
derived from individual studies. The current analysis focused on
the shape of the radiation dose–response curve, which the
previous analysis with doses <100 mGy did not have power to do
[5], and the effects of age at, and time since, exposure, while
taking into account any evidence of inter-cohort heterogeneity. As
before, we have focused on risks of the major types of radiation-
associated leukaemia (therefore excluding CLL/SLL). We previously
analysed risks of CLL/SLL, lymphoma and multiple myeloma in a
subset of nine of these cohorts using the entire dose range [8].

MATERIALS AND METHODS
Cohort definition, incidence/mortality ascertainment
We examined all available cohort studies, with five or more leukaemias or
myeloid malignancies receiving whole-body-averaged cumulative radia-
tion doses to the ABM > 0.005 Gy while under the age of 21 years. We
excluded any studies of patients being treated for malignant disease, in
which chemotherapy is potentially a strong confounder, and also any
studies of non-malignant disease that involved chemotherapy. We
required that the cohorts had whole-body-averaged cumulative ABM
dose estimates for each individual, and we reviewed the quality and
completeness of the dosimetry. We identified eligible cohorts from the
most recent comprehensive summaries by international committees
[1, 2, 9] combined with literature reviews [10, 11] and PubMed literature
searches done on May 29, 2018 to identify cohort studies published before
June 30, 2014. Ten cohorts met the eligibility criteria, including nine
[12–21] that were included in our previous publication [5] plus the patients
who underwent radiotherapy in Israel for treatment of tinea capitis [6, 7].
Details of the 10 cohorts can be found in Appendix A (Table A1). A number
of eligible cohort studies have appeared since the above literature
searches were conducted, most of them studies of leukaemia in relation to
computed tomography (CT) exposure [22–26].
Cohorts excluded were those in which subjects mostly received

radiation exposures from internally deposited radionuclides, dosimetry
was inadequately described, and those with very small numbers of
leukaemia or myeloid malignancies. Studies that employed a case–control
design were also excluded, because of difficulty in combining risks with
those from cohorts (see Appendix A for more detail about exclusions).
Apart from the Japanese atomic bomb survivors’ Life Span Study (LSS) [17],
the datasets comprise medically exposed groups: five for therapeutic
reasons (three haemangioma cohorts [13–16], Israeli tinea capitis [6, 7] and
Rochester enlarged thymus [18, 19]), and four for diagnostic reasons (two
tuberculosis [TB] monitored cohorts [12, 27], US patients monitored for
scoliosis [20] and the United Kingdom–National Cancer Institute paediatric
computed tomography (UK-NCI CT) cohort [21]). Follow-up started
generally at the beginning or the end of the initial period of radiation
exposure for most medically irradiated groups, and continued until the
earliest of date of leukaemia diagnosis, date of death, loss to follow-up or
the end of the study (which varies by cohort (Appendix B Table B1,
Fig. B1)). Follow-up of cohorts began at the date of admission to one of the
participating treatment institutions [12], the date of establishment of the
relevant mortality registers [18–20, 27] or national cancer registries [14–16],
or the Japanese national census establishing the LSS cohort [17]. Further
details about subject identification and on follow-up in the individual
cohorts are given in Appendix A Table A1.

Radiation dosimetry
Whole-body-averaged cumulative ABM doses were calculated for each
subject in the cohorts according to methods described previously [5] and
summarised in Appendix A. For many of the cohorts, this was the only
available measure of dose—in particular, compartmental ABM doses were
unavailable, which is especially pertinent for the heterogeneous exposures
experienced in the therapeutic cohorts. ABM doses were expressed as
absorbed doses (in gray, Gy) with each radiation component weighted by
relative biological effectiveness (RBE) values, which for sparsely ionising
radiations (e.g., X-rays) are equal to unweighted absorbed doses, but for
the LSS cohort take account of the (generally small) neutron component of
exposure by weighting by a factor of 10. No other adjustment for RBE was
made, for example, in relation to the lower energy X-rays used in
diagnostic exposures. Overall, the pooled analysis generally used the most
recently calculated set of doses described in these studies, although for the

Israeli tinea capitis data, modifications were applied to derive whole-body-
averaged ABM doses from the skull ABM doses that were used until
recently [7].

Outcome classification
The methods/sources of case identification were study specific. These
include (I) tumour/cancer registries [6, 14–16, 28]; (II) medically validated
self-reported information [13]; and (III) national vital statistics registries
[12, 18–20, 27]. Further details of disease ascertainment and follow-up
methods for each cohort are given in Appendix A. As these studies span
several decades and include incidence and mortality data, we carefully
reviewed the lympho-haematopoietic malignancy outcome data and
developed International Classification of Diseases (ICD) and International
Classification of Diseases for Oncology (ICD-O) coding to harmonise
outcomes across studies and over calendar time (exposure and follow-up
periods spanned 1916–2016 (Appendix B Table B1)), as described in
Appendix A. We defined the following outcomes of interest, the main
strongly radiation-associated leukaemia outcomes [1], specifically:

a. acute myeloid leukaemia (AML);
b. AML and myelodysplastic syndrome (MDS);
c. chronic myeloid leukaemia (CML);
d. acute lymphoblastic leukaemia (ALL);
e. acute leukaemia;
f. all myeloid malignant neoplasms (including AML, CML, other

myeloproliferative cancers and MDS);
g. leukaemia excluding CLL, unclassified as AML/CML/ALL;
h. leukaemia excluding CLL.

Deaths were coded to the ICD revisions 6 through 10, and incident
outcomes were generally coded to the ICD-O revisions 2 or 3 (see
Appendix A Tables A3 and A4 for detailed ICD/ICD-O coding) [29]. CLL was
excluded because it is now classified as a form of non-Hodgkin lymphoma
(SLL), and there is little evidence that it is radiation-associated [1, 4, 8].
There were 18 cases of myelodysplastic syndrome (MDS). These were too
few to reliably analyse by themselves, so analyses were conducted in
which these cases were combined (or not) with AML.

Covariates
A unified set of covariates was employed, which could be considered as
either confounders or effect modifiers, specifically sex, age at entry, age
first exposed, age last exposed, age attained, year of birth, years since first
exposure, years since last exposure, lagged mean ABM dose accumulated
in moving windows by time since exposure and age at exposure.

Statistical analysis
We estimated the excess relative risk (ERR) per Gy of mean cumulative ABM
dose (ERR/Gy) and excess absolute risk (EAR) per person-year Gy (PY Gy) for
each outcome for pre-defined dose categories (see Appendix A Table A5
for the categories we evaluated) using the unexposed group (0 Gy) as the
reference category; EAR was assessed by fitting generalised additive
models (GAM) [30]. We also assessed the fit of a continuous dose–response
model, and in order to assess possible non-linearity in dose-effect,
compared the fit of linear and linear-exponential (and occasionally linear-
quadratic) models. We also assessed whether the ERR varied with time
since exposure or age at exposure. All models were stratified by cohort,
sex, attained age and calendar time. Additional sensitivity analysis was
conducted for the LSS stratifying by city (Hiroshima/Nagasaki), and also
stratifying by city and membership of the Adult Health Study (AHS) within
the LSS (since members of the AHS would have undergone active
surveillance for cancer and cancer precursor outcomes), but as these made
little difference they are not reported further. Additional statistical details
are given in Appendix C. The models were fitted by Poisson maximum
likelihood [31] using Epicure [32]. Confidence intervals (CI) were derived
from the profile likelihood [31]; when this did not converge, Wald-based CI
were employed [33]. In general, all confidence intervals are 95% (type I
error= 0.05), and a two-sided P value of P= 0.05 is deemed statistically
significant. No adjustment was made for multiple comparisons.
In the five therapeutic cohorts, doses would be expected to be

particularly high in some ABM compartments, and would generally have
been given over a fairly short timescale. These localised high doses are
much higher than in the LSS or in any of the four diagnostically exposed
groups; the distribution of dose is most homogeneous in the LSS. For this
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reason, and because of the generally lower ages at exposure in the
therapeutic groups, for certain analyses, we analysed the therapeutically
exposed, diagnostically exposed and LSS separately. We assessed
adequacy of the assumed Poissonian distribution of the data by fitting
quasi-likelihood models [31] using R [34].
No blinding was performed, but all outcomes were determined

independently of exposure status.
We estimated the power of a one-sided test of trend (with type I error

rate (=α) of 5%) using the methodology described in the paper of Little
et al. [35]. Statistical power was 100% for AML, and 99% for ALL. Power was
about 86% for CML. If the assumed risk coefficient were to be halved in all
datasets apart from the LSS little changed, in particular for the three
endpoints with power >80% (AML, ALL, CML) the same held. If the LSS data
were excluded and risk coefficients were halved power for AML fell to 49%,
for ALL fell to 50%, and for CML fell to 26%.

RESULTS
Table 1 demonstrates that in the pooled analysis of ten cohorts
there was a total of 310,905 persons accumulating 7,641,362
person-years of follow-up; this represents an additional 48,332
persons and 2,486,898 person-years compared to our earlier
pooled analyses of low-dose exposures, which used only nine of
the present cohorts [5]. Of the pooled cohort, 154,647 (49.7%)
were male, 156,036 (50.2%) were female, with a small number
(222, 0.1%, all in the UK-NCI CT cohort) of unknown sex. The mean
individual whole-body-averaged cumulative ABM dose was
0.11 Gy, although there was considerable spread of individual
cumulative doses (range, 0–5.95 Gy); the highest mean dose was
observed in the Israeli tinea capitis cohort, 0.29 Gy, and the lowest
mean dose was in the US scoliosis cohort, 0.008 Gy (Appendix A
Table A2, Appendix B Table B1). Among the exposed (those with
doses >0 Gy), the mean age at first exposure was 8.0 years, and the
mean years since last exposure was 22.4 years (Appendix B
Table B1). There was a total of 272 leukaemia cases/deaths of types
that are associated with radiation exposure, of which 140 were AML,
61 CML and 71 ALL (Table 1). There was a total of 365 leukaemias
excluding CLL, the additional 93 cases/deaths being due to
leukaemias that could not be assigned a major specified category;
we consider this rather heterogeneous group of leukaemias
excluding CLL, unclassified as AML/CML/ALL, only briefly. There
was some evidence of overdispersion for all endpoints, with
variance approximately twice that predicted by a Poisson model.
We estimated raised linear ERR/Gy for: AML, 1.48 (95% CI

0.59–2.85, P-trend < 0.0001); CML, 1.77 (95% CI 0.38–4.50,
P-trend= 0.0029); ALL, 6.65 (95% CI 2.79–14.83, P-trend < 0.0001)
(Table 2). The dose–response trends are shown graphically in
Fig. 1 and in Appendix B Fig. B2. There was no discernible global
inter-cohort heterogeneity in ERR/Gy for these three endpoints
(Table 2), although there were some indications of heterogeneity
when contrasting each particular cohort against all other cohorts,
in particular, in comparing the LSS against the combined nine
medically exposed cohorts (Appendix B Table B2).
Table 3 and Appendix B Table B3 present ERR/Gy estimates for

broader disease groupings and restricted cumulative ABM dose
ranges and shows that all the groupings have significantly raised
linear ERR/Gy estimates for the unrestricted dose range. For AML,
AML+MDS, ALL, acute leukaemia and myeloid malignant
neoplasms, reduction of the dose range to ≤1 Gy or ≤500mGy
results in decrease of ERR/Gy, in many cases with loss of
significance (P > 0.05), but further reduction of the dose range
resulted in an increase in ERR/Gy, which in all cases became again
statistically significant (P < 0.05) for dose ≤200mGy. However, for
CML the reverse trend is apparent, with ERR/Gy tending to
decrease as the dose range is restricted and becoming negative
for doses ≤200mGy, although the negative ERR/Gy are not
statistically significant.
Table 4 and Appendix B Table B4 show the results of fitting

linear-exponential models and reinforces these findings of

apparent departures from linearity, suggesting that there are
weak indications of upwards curvature in the dose–response over
the full dose range for AML (P= 0.06), AML+MDS (P= 0.06) and
CML (P= 0.05), with rather more pronounced upward curvature
for ALL (P= 0.0298), myeloid neoplasms (P= 0.0068), acute
leukaemia (P= 0.0020) and myeloid neoplasms+ALL
(P= 0.0002). However, if the dose range is restricted to ≤1 Gy or
≤500 mGy the curvature reverses direction for ALL, myeloid
neoplasms and myeloid neoplasms+ALL, markedly so for ALL
and myeloid neoplasms+ALL, with some indications of statistical
significance, particularly for ≤500mGy (P < 0.05). Appendix B
Table B5 suggests that fitting slightly more complex models with
separate linear terms for certain high-power subcohorts (LSS,
Israeli tinea capitis, UK-NCI CT) does not much change this picture.
If we consider dose–response curvature among the group of LSS
plus the four diagnostically exposed cohorts at least for ALL there
remains some evidence of upward curvature (P= 0.0949) (Appen-
dix B Table B6 and Fig. B3). There are some indications of upward
curvature for AML+MDS (P= 0.0794), or AML (P= 0.0992), and
downward curvature for CML (P= 0.0966) for the combined five
therapeutic cohorts (Appendix B Table B7 and Fig. B3). If a linear-
quadratic model is fitted there are stronger indications of
departures from linearity for AML (P= 0.0136), with a significant
quadratic coefficient and non-significant linear coefficient (results
not shown).
Table 2 also shows the results of fitting GAMs to ascertain EARs

by endpoint. In general, EARs were in the range 0.13–0.24 per 104

PY Gy. In contrast to the ERR estimates, there was statistically
significant (P < 0.002) inter-cohort heterogeneity in EAR for AML,
but not for CML and ALL (P > 0.2). However, problems with
convergence complicate interpretation of these findings (Table 2).
For some endpoints, ERR/Gy in the LSS, US scoliosis and UK-NCI-

CT cohorts tended to be higher than those in other cohorts,
whereas risks were highest for all three endpoints when the Israeli
tinea capitis cohort was omitted from the analysis (see Appendix B
Table B2). The only cohorts with generally good power (>75%)
were the LSS and Israeli tinea capitis cohorts for AML/ALL and also
the Stockholm haemangioma cohort for AML, although the LSS
and Israeli tinea capitis cohorts for CML and also the Canadian TB
cohort for ALL had moderate power (Appendix B Table B8).
Table 5 demonstrates that the highly significant discrepancy

between the higher ERR/Gy estimates in the LSS compared to the
combined other nine cohorts (Appendix B Table B2) was largely
due to the five therapeutically irradiated groups, mainly driven by
the generally low ERR/Gy values for the Israeli tinea capitis cohort.
By comparison, Table 5 shows that while the risks in the combined
four diagnostically exposed cohorts (Massachusetts + Canadian
TB, US Scoliosis, UK-NCI CT) were lower than those in the LSS, the
differences were only statistically significant for ALL (P= 0.0237).
There is little evidence of heterogeneity for any endpoint within
the therapeutic and diagnostic studies considered separately
(Appendix B Table B9). It is notable that incidence risks are
generally statistically significant, in contrast to the generally non-
significant risks in the mortality data (Appendix B Table B10).
However, there are few indications of significant differences
between the risks in incidence and mortality data (Appendix B
Table B10).
Appendix B Fig. B3 illustrates the difference in dose response

between the LSS combined with the diagnostically exposed
groups in contrast to the therapeutically exposed groups for all
three endpoints. Appendix B Table B6 shows that for the LSS and
four diagnostically exposed cohorts combined there are highly
significant excess risks for a linear ERR/Gy model for AML= 3.907
(95% CI 1.625, 7.985), CML= 6.211 (95% CI 2.166, 14.890), and
ALL= 23.450 (95% CI 8.635, 72.280) (P-trend < 0.0001 in all cases);
it is clear that these ERR/Gy estimates are dominated by the LSS
estimates (Table 5). Appendix B Table B7 demonstrates that for the
combined five therapeutically exposed cohorts the linear ERR/Gy
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estimates do not differ significantly from the null for any of the
four endpoints. There are highly significant differences between
the slopes of the dose responses obtained from the LSS plus
diagnostically exposed cohorts and from the therapeutically
exposed cohorts for AML (P= 0.0034), CML (P= 0.0003) and ALL
(P < 0.0001).
Table 6 shows that in the LSS combined with the four

diagnostically exposed groups there were significant reductions
of ERR/Gy with increasing age at exposure for AML (P= 0.0267),
driven by the LSS (Appendix B Table B11), and while for CML and
ALL there were indications of such reductions with increasing age
at exposure these were not statistically significant (P > 0.4). For the
five therapeutically exposed groups, there were no suggestions of
variation of risk by age at exposure (P > 0.5), which remained the
case when all cohorts were analysed together (Table 6). Table 6
demonstrates that in the LSS combined with the four diagnosti-
cally exposed groups there were reductions in ERR/Gy with
increasing time since exposure, which were statistically significant
for ALL (P= 0.0062), and at marginal levels of significance for AML
(P= 0.0787) and CML (P= 0.0856); however, these are very much
driven by the LSS (Appendix B Table B11). The ERR/Gy estimates
for the period 2–5 years after exposure were notably raised for all
three endpoints, and significantly so for ALL. For the five
therapeutically exposed groups there were no indications of
variation of risk by time since exposure (P > 0.5) (Table 6). When all
cohorts are analysed together there was significant heterogeneity
of ERR/Gy by time since exposure for CML (P= 0.0108) and ALL
(P= 0.0017), and at borderline levels of significance for AML
(P= 0.0513).

DISCUSSION
Although there have been previous pooling analyses of leukaemia
(e.g., Little et al. [36], Leuraud et al. [37]), this and the companion
paper assessing risk for mean cumulative ABM doses <100mGy [5]
are the first to focus exclusively on leukaemia risks following
radiation exposure in childhood. The present analysis, without
restriction of ABM dose and with addition of one more cohort,
adds 61 AML, 25 CML and 31 ALL cases/deaths to the 79, 36 and
40 of these types, respectively, considered in the <100mGy
analysis [5] (Table 1). The analysis is based on a long period of
follow-up (with 56.3% person-years of follow-up ≥10 years after
first exposure, and 28.3% person-years of follow-up ≥30 years after

first exposure (Table 1)) and a large number of leukaemia cases/
deaths in those exposed as children and adolescents. In this
pooled analysis, all of the substantial studies of leukaemia after
low and moderate dose exposure in childhood published at the
time of the literature search are included. We observed
significantly increasing risk with dose for AML, CML and ALL, with
some indication of upward curvature in the dose response over
the full dose range for all three endpoints (Table 4), and no
significant heterogeneity in radiation-associated ERR between the
cohorts, although there is significant heterogeneity in EAR for AML
(Table 2). Our findings are entirely consistent with those from the
previous pooled analysis of cohorts with cumulative ABM doses
<100mGy [5]. Table 3 and Appendix B Table B3 demonstrate that
decreasing the dose range to ≤1 Gy or ≤500mGy results in
decreases of ERR/Gy for AML, AML+MDS, ALL, CML, acute
leukaemia and myeloid malignant neoplasms, but with increasing
restriction of dose below 500mGy the ERR/Gy becomes larger for
most endpoints, although for CML the effect of restriction of dose
range tends to reduce the ERR/Gy, which becomes negative at
doses ≤200mGy. Consistent with this, Table 4, Appendix B
Table B4 and Appendix B Table B5 suggest that there is upward
curvature for many endpoints over the full dose range, albeit only
marginally statistically significant for some endpoints (AML,
AML+MDS, CML), and at least for ALL the curvature reverses
direction with increasing restriction of dose. Our previous study
with dose restricted to ≤100mGy found little evidence of
curvilinearity for any endpoint [5].
Although the significantly raised ERR/Gy estimates for AML, CML

and ALL in the LSS are influential in the pooled results, the LSS and
diagnostically exposed cohorts produce compatible estimates,
with the exception of ALL (Table 5). While the limited statistical
power for some (but not all (Appendix B Table B8)) of the
therapeutic cohorts may have contributed to the mostly null
results in the combined therapeutic cohorts, cell sterilisation in
ABM compartments receiving high doses may be a better
explanation, as discussed in detail below. One factor that may
contribute to the heterogeneity in risk between the LSS and other
cohorts is the lack of the first 5.1 years of follow-up in the LSS.
There were strong indications in the late-1940s that there was a
radiation-associated excess risk of leukaemia in the Japanese
atomic bomb survivors [38]. This is likely to be particularly
important for ALL given the significant reduction in ERR with
increasing years since exposure (Table 6).

Table 2. Excess relative risk and excess absolute risk models with ERR/Gy and EAR/Gy estimates (and 95% CI).

Excess relative risk models

Endpoint ERR /Gy (+ 95% CI)a Cases/deaths P valuea P value for inter-cohort heterogeneity

Acute myeloid leukaemia 1.48 (0.59, 2.85) 140 <0.0001 0.1437

Chronic myeloid leukaemia 1.77 (0.38, 4.50) 61 0.0029 0.9072

Acute lymphoblastic leukaemia 6.65 (2.79, 14.83) 71 <0.0001 0.9171

Excess absolute risk models

Endpoint EAR/104 PY.Gy (+ 95% CI)a Cases/deaths P valuea P value for inter-cohort heterogeneity

Acute myeloid leukaemiab 0.215c (0.090, 0.373) 140 0.0002c 0.0017c

Chronic myeloid leukaemiad 0.125c (0.043, 0.238) 61 0.0008c 0.8090c

Acute lymphoblastic leukaemiae 0.242c (0.128, 0.384) 71 <0.0001c 0.2315c

aAll P values and confidence intervals are based on the profile likelihood.
bBaseline model adjusted for cohort, sex, with continuous terms for ln[age], ln[age]2, ln[age]3, [calendar year of follow-up], [calendar year of follow-up]2.
cIndications of non-convergence.
dBaseline model adjusted for cohort, sex, with continuous terms for ln[age], [calendar year of follow-up], [calendar year of follow-up]2, [calendar year of follow-
up]3, [calendar year of follow-up]4, [calendar year of follow-up]5, [calendar year of follow-up]6.
eBaseline model adjusted for cohort, sex, with continuous terms for ln[age], [calendar year of follow-up], [calendar year of follow-up]2.
A linear relative risk model is based on a semi-parametric background module stratified by cohort, sex, age and year of follow-up (using intervals of age and
year of follow-up defined by person-year table, as in Appendix A Table A1). All confidence intervals are based on the profile likelihood.
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It has become clear that leukaemia is one of the most
radiosensitive malignancies, with radiation-associated excesses
seen in a number of exposed populations, and that excess relative
risks per unit dose are much higher for those exposed in early life
[1, 11, 39]. However, the shape of the dose response is unclear. In
the LSS there were suggestions of upward curvature for AML, but
not for ALL and CML, for which a linear dose response was
indicated [17]. In the results reported here for the LSS combined
with the four diagnostically exposed cohorts, there is weak
evidence for upward curvature for ALL, but little departure from
linearity in the dose responses for AML or CML (Appendix B
Table B6). In a pooled analysis of childhood cancer survivors, there
were weak and borderline significant increases in all leukaemia
and AML risk with dose, although trends with dose were much
stronger among those not receiving chemotherapy [40].
The small number of MDS in our study does not allow us to

separately analyse this endpoint. Iwanaga et al. [41] and Matsuo
et al. [42] found increased risk of MDS among the Japanese atomic
bomb survivors. There has been notable controversy about
inclusion (or not) of MDS in studies assessing the relationship of
radiation from paediatric CT scans and subsequent risk of
leukaemia [21, 26, 43]. The similarity of the dose response for
AML and AML+MDS in our analysis (Tables 3 and 4 and Appendix
B Table B5) weakly suggests that MDS is about as radiogenic as
AML, but the small number of MDS cases in relation to the much
larger number of AMLs (18 vs 140) implies that little weight can be
assigned to this observation; the lack of expert haematopathology
review of the MDS cases in our pooled cohorts precluded us from
more detailed assessment.
Leukaemia is a rare but generally highly fatal complication of

cancer treatment [44], and has been observed in some patient

populations exposed to radiotherapy (RT) (that did not receive
chemotherapy). There has been a number of studies of leukaemia
after treatment for childhood cancer, in many of which there was
chemotherapy, details of which are given in Table 7. Radiation
risks in these studies were generally null (Table 7), possibly a
consequence of the very high compartmental bone marrow
doses, which in some compartments are well into the range at
which cell sterilisation would be expected; however, the swamp-
ing effect of certain specific types of concomitant primary
chemotherapy risks, which are generally markedly elevated, may
also be a factor. It is notable that in RT-treated groups in which
there is no or little primary chemotherapy, there is pronounced
radiation-associated excess leukaemia risk [40]. The leukaemia
risks in these studies of RT for cancer treatment are generally
lower than, but statistically consistent with, those estimated here
(Table 7).
It is notable that leukaemia risks in some of the low-dose/low-

dose-rate studies, in particular the UK [45] and Swiss [46]
background radiation studies of childhood exposures, are higher
than those estimated here (Table 7). The curvature in the dose
response for the endpoints we evaluated, and the way the
curvature changes direction depending on the dose range
assessed (Table 4 and Appendix B Table B4) should be considered
in comparing our findings with those at much lower levels of dose
in the UK [45] and Swiss [46] background radiation studies; a linear
dose response was observed, as might be expected since these
are low-dose-rate exposures. Curvature was not seen in the low-
dose range in our previous analysis ( ≤ 100 mGy) [5].
We observed pronounced and statistically significant (P < 0.05)

reduction in relative risk with increasing age at exposure for AML,
and weak indications of such reductions for CML and ALL, in the
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diagnostically exposed groups combined with the LSS (Table 6).
There were no obvious variations in relative risks with increasing
age at exposure for the therapeutically exposed groups (Table 6).
Likewise, there were significant reductions in relative risk with
increasing time since exposure for ALL, and at marginal levels of
significance for AML and CML, in the diagnostically exposed
groups combined with the LSS (although mostly driven by the LSS
(Appendix B Table B11)), and suggestions of an excess risk 2–5
years after exposure, particularly for ALL. However, there were no
time-since-exposure variations for the therapeutically exposed
groups (Table 6). In a parallel analysis of the low-dose part of the
radiation exposure range (<100mGy) of this pooling study there
were similar (but non-significant) age-at-exposure and time-since-
exposure trends [5]. We are not aware of other studies of
childhood exposure to low-to-moderate doses that evaluated risks
for age at exposure and time since exposure. However, these age-
at-exposure and time-since-exposure trends are consistent with
the variations observed in a number of other exposed groups, in
particular in a pooled analysis of all-age LSS incidence data and
data from two medically exposed groups [36], also in later analysis
of LSS incidence and mortality data with adjustment for dose error
using Bayesian Markov Chain Monte Carlo and regression-
calibration methods [47, 48].
The 93 cases/deaths of leukaemias excluding CLL, but not

classified as AML/CML/ALL, produce an ERR/Gy estimate that is
non-significantly positive, 0.60 (95% CI −0.76, 2.40, P= 0.27)
(results not shown) but smaller than the estimates for AML, CML
and ALL (Table 2). Of potential relevance are the small number (7)
of cases from the LSS and the relatively large proportion (56%) of
cases/deaths from the diagnostic cohorts, for which ERR/Gy
estimates are generally low (Table 5). It is notable that most of
these cases/deaths (81/93) occur among those with entry year
before 1960 (Table 1); the majority (61/93) occur among those
diagnosed before 1990, are over the age of 35 years at diagnosis
(64/93), and there is a slight preponderance of deaths (52/93)
(results not shown). The fact that so many of these cases/deaths
are at age >35 years, and that there are only weak indications of a
dose response suggest that it is possible that some of these are
really CLL/SLL.
Strengths of the pooled analysis study reported here are the

prospective designs used in all component cohorts, advanced
dosimetry assessment for the period when the studies were
carried out, long follow-up, harmonisation of endpoints, the large
number of cases or deaths exposed at low and moderate doses,

and assessment of possible temporal (in particular time-since-
exposure and age-at-exposure) modifications. For the first time we
have made extensive efforts to model the dose-response for the
entire pooled analysis dataset with unrestricted doses and for
several groupings of restricted dose categories, together with
dose-response modelling for certain cohort subsets.
A major weakness of the study is lack of detailed information for

all cohorts on several aspects of dose, including distribution of
dose over time and by bone marrow compartment, and the dose
rate of delivery. Consideration must be given to the within-
individual heterogeneity in bone marrow dose that is present in all
cohorts apart from the LSS. Therefore, a mean whole-body-
averaged ABM dose of, say, 1 Gy for an individual could, in some
of the medically exposed cohorts imply appreciably higher doses
in certain bone marrow compartments, and as discussed above,
localised ABM doses are high in most of the therapeutic cohorts.
This would only matter if there were appreciable non-linearity in
the leukaemia dose response, in particular, if doses were
sufficiently high that cell sterilisation could be significant, which
as discussed above is particularly likely in the five therapeutically
exposed groups. For example, of interest are the low ERR/Gy
estimates for the Israeli tinea capitis cohort, which had the highest
mean whole-body-averaged ABM dose (0.29 Gy), but received
mainly by the skull ABM. Among groups exposed to high-dose
medical procedures there is additional evidence that this might
occur for leukaemia [36]. Thus, although detailed assessment of
the reported and available dosimetry was systematically under-
taken by co-authors with expertise (DB and CL), the cumulative
dose measure used must be considered in the light of absence of
key dose information. The dosimetry is also not uniform between
the component cohorts, as we discuss in Appendix A.
Another weakness is that many cohorts extend follow-up over

many years, with the consequence that disease coding may not be
uniform even within a single study. Varying follow-up periods for
different studies exacerbates this problem. There are substantial
geographic, ethnic, and socioeconomic differences between the
cohorts, as well as the reason for radiation exposure (atomic bomb
exposure, diagnostic medical, therapeutic medical), and in the
underlying medical conditions of the subjects. However, the
relative risk models we used were stratified by cohort (and so by
country, underlying medical conditions, exposure type), and by
calendar period and attained age, thus accounting for differences
in baseline rates between countries, or over time, or both. An
additional shortcoming is the indication of heterogeneity of risk

Table 3. Dose response (linear ERR/Gy estimates) for selected leukaemia endpoints in relation to dose range used for fitting.

Dose range ERR/Gy (+ 95% CI) Cases/deaths P value ERR/Gy (+ 95% CI) Cases/deaths P value

Acute myeloid leukaemia +myelodysplastic syndrome Acute myeloid leukaemia

Unrestricted 1.430 (0.586, 2.725) 158 <0.0001 1.475 (0.591, 2.847) 140 <0.0001

≤1 Gy −0.015 (−0.677, 1.103) 142 0.9748 −0.033 (−0.706, 1.139) 125 0.9436

≤500mGy −0.566 (−1.943, 2.295) 128 0.6143 −1.440 (−2.580, 0.794) 113 0.1590

≤300mGy 5.049 (−0.887, 15.62) 124 0.1134 2.125 (−2.582, 10.76) 110 0.4591

≤200mGy 15.40 (4.949, 33.04) 124 0.0005 10.43 (1.845, 25.13) 110 0.0100

≤100mGy 20.91 (4.080, 49.21) 111 0.0081 15.56 (0.921, 40.61) 99 0.0333

Chronic myeloid leukaemia Acute lymphoblastic leukaemia

Unrestricted 1.769 (0.384, 4.504) 61 0.0029 6.654 (2.792, 14.83) 71 <0.0001

≤1 Gy 0.346 (−0.776, 2.889) 56 0.6596 2.934 (0.209, 9.310) 62 0.0270

≤500mGy 0.074 (−3.156, 5.149) 51 0.9643 4.219 (−0.600, 16.52) 55 0.1141

≤300mGy 0.945 (−2.864, 10.30) 49 0.7368 11.70 (−1.385, 51.91) 51 0.1075

≤200mGy −3.614 (−8.839a, 6.602) 46 0.3666 22.99 (1.027, 89.71) 50 0.0330

≤100mGy −6.422 (−17.98a, 13.57) 43 0.3939 46.60 (3.526, >100) 47 0.0227
aWald-based CI.
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between the cohorts, in particular between the LSS and the five
therapeutically irradiated cohorts (Table 5). Follow-up for some of
the cohorts (e.g., Rochester thymus, Canadian TB) began long after
exposure, because the appropriate mechanisms of follow-up were
not in place until that point (e.g., Canadian linkage to national
mortality follow-up did not begin until 1950, Rochester thymus
study linkage to national US mortality follow-up did not start until
1979 with creation of the National Death Index (NDI)). Inevitably
this limits the information in the years soon after exposure for
these studies, although it would not obviously result in bias. The

number of cases for certain endpoints (e.g., MDS, CML, ALL) is
limited, particularly in combination with certain subgroups (LSS,
therapeutically exposed, diagnostically exposed). As with the
previous analysis [5] we judged that it was important to give
results for certain heterogeneous groups of disease (e.g., myeloid
neoplasms, acute leukaemia) that have been commonly used in
the past, although these are possibly not so useful aetiologically as
the main endpoints (AML, CML, ALL) that we concentrate on. The
overlap in endpoints must be taken into account in interpreting
the results.

Table 7. Leukaemia relative risks in other groups exposed to ionising radiation in childhood and adulthood.

Cohort Endpoint RR at 1 Gy (+ 95% CI)

Childhood exposure—present study and other childhood exposed at low-dose rate

Present study AML 4.91 (2.63, 8.99)

CML 7.21 (3.17, 15.89)

ALL 24.45 (9.64, 73.28)

UK background radiation [45] AML 41 (0, 211)

All leukaemia 91 (21, 171)

Swiss background radiation [46] All leukaemia 37 (0, 78)

French background radiation [49] Acute leukaemia 1 (0, 11)

French background radiation [50] ALL 0 (0, 9)

AML 0 (0, 17)

Finnish background radiation [51] ALL 0 (0, 91)

AML 0 (0, 151)

Chernobyl exposure age <6 [52] All leukaemia 33.4 (9.78, 85.0)

Childhood exposure—high-dose rate

LESG childhood cancer [53, 54] All leukaemia 1.00 (0.97, 1.09)

UK childhood cancer [54, 55] All leukaemia 1.24 (1.01, 2.28)

Euro2K childhood cancer [56] All leukaemia 1.31 (0.68, 1.94)

SFOP childhood cancer [57] All leukaemia 0.99 (0.93, 1.04)

Pooled childhood cancer [40] All leukaemia without chemotherapy 2.55 (1.14, 15.3)

All leukaemia with chemotherapy 1.02 (0.99, 1.09)

All-age exposure low-dose rate

Indian background radiation [58] Leukaemia excluding CLL 6.84 (ND, 345.3)

Chinese background radiation [59] All leukaemia 11.68 ( < 0, ∞)

Techa River [60] Chronic myeloid leukaemia 4.1 (1.5, 19)

Leukaemia excluding CLL 1.51 (1.17, 2.5)

Acute/subacute leukaemia 2.8 (1.4, 6.9)

Taiwan 60Co [61] Leukaemia excluding CLL 2.8 (1.4a, 3.8a)

All-age exposure high-dose rate

LSS+ IRSCC+UK Spondylitis [36] AML 4.60b

CML 3.26b

Adult low-dose-rate exposure

INWORKS [37] AML 2.29 (0.18a, 5.28a)

CML 11.45 (5.48a, 20.65a)

ALL 6.80 (NA, 32.57a)

Mayak [62] AML 14.23 (5.25a, 49.45a)

CML 2.39 (0.78a, 8.32a)

Chornobyl clean-up [63] Leukaemia excluding CLL 6.0 (0.0a, 58a)

Chornobyl clean-up [64] Leukaemia excluding CLL 3.21 (1.05, 8.61)

Chornobyl clean-up [65] Leukaemia excluding CLL 1.44 (0.00a, 3.56a)

LESG Late Effects Study Group, SFOP Société Française d’Oncologie Pédiatrique, IRSCC International Radiation Study of Cervical Cancer patients, INWORKS
International Nuclear Workers Study.
a90% CI.
bAdjusted to age at exposure 25 years, 25 years since exposure; quadratic-exponential relative risk model RR shown at 1 Gy.
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The mixture of mortality and incidence data complicates
interpretation, but as we consider principally relative risk models,
one would not expect ERR/Gy to differ appreciably in mortality
compared with incidence. From Appendix B Table B10, ERR/Gy
estimates from the combined six cohorts for which incidence data
are available are significantly raised for all three endpoints, but
none of the estimates from the combined four cohorts for which
mortality data are available differs significantly from the null or
from the estimates using incidence data; however, the numbers of
deaths included in the mortality analyses were small, particularly
so for ALL (n= 5). Follow-up in the various groups did not start at
the same time after radiation exposure. For example, for mortality
in the Rochester thymus cohort, follow-up did not begin until
1979, over 20 years after exposure, and so well past the peak
period for ALL onset 5–10 years after exposure. Missed leukaemia
deaths in this cohort might result in an underestimation of
ERR/Gy, particularly for ALL. Although there are significant
heterogeneities between the LSS, diagnostically and therapeuti-
cally irradiated groups, particularly for ALL (Table 5), these
differences should be interpreted cautiously since they
were based on groupings that were largely determined during
the analysis and not pre-specified, although there was a general
expectation that the higher dose cohorts might exhibit a distinct
pattern of risks. Based on detailed analysis of the subgroups, we
found that the LSS results had a considerable influence on the
overall pooled analysis results, particularly for ALL. However, it
should be borne in mind that global tests of heterogeneity for the
ERR/Gy estimates from all ten cohorts do not show evidence of
heterogeneity (Table 2).
In summary, we have documented radiation-associated excess

leukaemia risks at low and moderate whole-body-averaged
cumulative ABM doses for AML, CML and ALL. There is a marked
and significant (or marginally significant) reduction of risk with
increasing time after exposure, and indications of risk appearing
within the period 2–5 years after exposure. For the full dose range,
there is evidence of upward curvature in the dose response for ALL,
acute leukaemia and myeloid malignant neoplasms (Table 4 and
Appendix B Table B4), and weaker indications of such curvature also
for AML (with or without MDS) and CML; there are also suggestions
of upward curvature for ALL in the LSS+diagnostic group
(Appendix B Table B6) and for AML in the therapeutic group
(Appendix B Table B7). However, with increasing restriction of the
dose range, downward curvature becomes apparent for ALL.
Further follow-up of these and other groups using current systems
of coding of lympho-haematopoietic neoplasms, possibly com-
bined with the establishment of a uniform and up-to-date re-
evaluation of dosimetry, is strongly recommended.
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