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ABSTRACT 

 There is limited evidence that non-leukaemic lymphoid malignancies are radiogenic. As radiation-

related cancer risks are generally higher after childhood exposure, we analyzed pooled lymphoid 

neoplasm data in nine cohorts first exposed to external radiation aged <21 years using active bone 

marrow (ABM) and, where available, lymphoid system doses, and harmonized outcome 

classification. Relative and absolute risk models were fitted. 

Years of entry spanned 1916-1981. At the end of follow-up (mean 42.1 years) there were 

593 lymphoma (422 non-Hodgkin (NHL), 107 Hodgkin (HL), 64 uncertain subtype), 66 chronic 

lymphocytic leukaemia (CLL) and 122 multiple myeloma (MM) deaths and incident cases among 

143,136 persons, with mean ABM dose 0.14 Gy (range 0–5.95 Gy) and mean age at first exposure 

6.93 years. Excess relative risk (ERR) was not significantly increased for lymphoma (ERR/Gy=-

0.001; 95%CI: -0.255, 0.279), HL (ERR/Gy=-0.113; 95%CI:-0.669, 0.709), NHL+CLL 

(ERR/Gy=0.099; 95%CI:-0.149, 0.433), NHL (ERR/Gy=0.068; 95%CI:-0.253, 0.421), CLL 

(ERR/Gy=0.320; 95%CI: -0.678, 1.712), or MM (ERR/Gy=0.149; 95%CI:-0.513, 1.063 (p-

trend>0.4). In six cohorts with estimates of lymphatic tissue dose, borderline significant increased 

risks (p-trend=0.02-0.07) were observed for NHL+CLL, NHL, CLL.   

Further pooled epidemiological studies are needed with longer follow-up, central outcome 

review by expert hematopathologists, and assessment of radiation doses to lymphoid tissues. 
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INTRODUCTION 

Studies that associate radiation exposure from a variety of sources during childhood and 

adolescence with subsequent risk of hematopoietic neoplasms have established leukemia and 

myeloid neoplasms as clearly radiogenic, but only a limited number of studies have examined 

lymphoid malignancies1. Most studies of radiation exposure and subsequent risk of non-Hodgkin 

lymphoma (NHL), chronic lymphocytic leukemia (CLL), multiple myeloma (MM) and other 

lymphoid malignancies are based on adult exposures and have shown little or no evidence of 

elevated risks 1-13, with the exception of a few investigations of NHL 5, 6 and MM 3 in subsets of 

the Japanese atomic-bomb survivor Life Span Study (LSS) and in a small number of nuclear 

worker studies11, 12, and of NHL13 and CLL9 in Chernobyl emergency and clean-up workers. 

Childhood radiation exposure confers the highest proportionally increased risks for many 

cancer types, in particular leukaemia 1, so it is the most promising setting for studying the risks of 

lymphoid malignancies. However, because of the relative rarity of lympho-haematopoietic 

malignancies, most individual cohort studies do not have enough cases to provide sufficient 

statistical power for a meaningful investigation.  

We previously conducted a pooled analysis of myeloid neoplasms and leukaemia following 

low-level radiation exposure in young persons (age <21 years) 14. In the present paper we focused 

on the estimation of radiation-related risk of lymphoma (including NHL, CLL, HL, and MM) in a 

pooled analysis of nine of these cohorts exposed to radiation while aged <21 years. We assessed 

risks in relation to external exposure to radiation, excluding all groups treated for malignant 

disease. The primary analysis was conducted in terms of the active bone marrow (ABM) dose. 

Because of indications that ABM dose may not be optimal for lymphoma 15-18 in sensitivity 

analyses we evaluated dose-response in relation to lymphoid tissue doses19 for those cohorts for 
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which these could be derived. We examined risks in subsets of the cohorts by type of outcome, 

nature of exposure, demographic and other factors.  

 

MATERIALS AND METHODS 

Cohort definition, incidence/mortality ascertainment  

We examined all available radiation-exposed cohort studies from the most recent comprehensive 

summaries by international committees 1 combined with recent literature reviews 20 and PubMed 

literature searches. The PubMed searches were last performed on 29 May 2018, to find studies 

published before 30 June 2014. We chose cohorts without restriction by age at first exposure, but 

focused on cohort members receiving radiation under age 21 years. We restricted to groups with 

5 or more haematopoietic malignancies receiving average cumulative ABM radiation doses >0.005 

Gy of low-LET radiation. A complication in many medical studies, particularly after treatment for 

cancer, is the administration of certain types of concomitant chemotherapy, possibly associated 

with an elevated risk of NHL 10, 21. For this reason, we excluded any studies of patients treated for 

malignant disease. Those groups mainly exposed to internal sources of radiation, where dosimetry 

was inadequately described, or with very small numbers of cases were also excluded. We required 

that the cohorts had individual cumulative ABM dose estimates. The following nine cohorts met 

the eligibility criteria:  

(a) the paediatrically-exposed (age at treatment <21 years) patients of the Massachusetts TB 

fluoroscopy mortality study 22; 

(b) the paediatrically-exposed (age at treatment <21 years) patients of the Canadian TB 

fluoroscopy cohort 23; 

(c) the French haemangioma cohort 24; 

(d) the Göteborg haemangioma cohort 25; 
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(e)  the Stockholm haemangioma cohort 26, 27; 

(f) the Israeli tinea capitis cohort 28, 29; 

(g) the paediatrically-exposed (age at exposure <20 years) subjects of the Japanese atomic-

bomb survivor Life Span Study (LSS) cohort 6; 

(h) the Rochester enlarged thymus cohort 30, 31; 

(i) the US scoliosis cohort 32. 

From the selected cohorts, we obtained individual-level data, specifying (among other 

things) restrictions by age at first exposure (generally <21 years).  

Apart from the LSS, the datasets comprise medically exposed groups (for therapeutic or 

diagnostic purposes). Follow-up started generally at the end of treatment for most medically 

irradiated groups and continued until the earliest of date of cancer diagnosis, date of death, loss to 

follow-up or the end of the study. Follow-up in some groups (Canadian TB fluoroscopy study, 

Rochester thymus enlargement cohort, Swedish haemangioma cohorts) began on the date of 

establishment of the relevant national mortality or cancer registries, or the Japanese national census 

establishing the LSS cohort. Further details about subject identification are given in Appendix A; 

in particular, further details on follow-up in the individual cohorts are given in Table A1. 

Radiation dosimetry 

We used ABM dose as the primary measure of target organ/tissue dose in analysis of lymphoid 

neoplasms risks since ABM dose was available for all cohorts and other dose-response analyses 

of radiation and lymphoid neoplasms have used ABM dose. As outlined in Appendix B, because 

of indications that ABM dose may not be optimal for lymphoma 15-18, for six cohorts for which the 

relevant information was available (both TB fluoroscopy, Rochester enlarged thymus, Israeli tinea 

capitis, LSS, scoliosis) we also conducted analyses using estimated doses to components of the 

lymphoid system, specifically to the two main components, lymphatic tissue (lymph nodes, spleen, 
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thymus, small intestine), and to circulating lymphocytes derived from age category-specific 

computational phantoms developed by Lee et al 19. The dosimetry model used in the current 

analyses was an extension, also developed using age-specific computational phantoms, of a 

previously developed dosimetry model of lymph nodes 33. Mean cumulative ABM and lymphoid 

system doses were calculated for each subject in the cohorts according to methods described 

previously1 (see Appendix A). Doses were expressed as absorbed doses in Gy, which are 

predominantly photon doses, although for the LSS cohort the (relatively small) neutron component 

of absorbed dose is weighted (by a factor of 10) to account for the greater biological effectiveness 

of neutrons relative to photons. Overall, the pooled analysis generally used the most recently 

calculated set of doses described in these studies, although in some cases, for example in the Israeli 

tinea capitis data, modifications were applied to derive average whole-body ABM and lymphoid 

system doses from available skull ABM doses 29, 34.  

Outcome classification 

The methods/sources of case identification were study-specific. These include: (1) population-

based tumour/cancer registries (LSS, Israeli tinea capitis, Göteborg and Stockholm haemangioma); 

(2) medically-validated self-reported information (French haemangioma); (3) national vital 

statistics registries (Canadian TB fluoroscopy, Massachusetts TB fluoroscopy, Rochester thymus, 

US scoliosis). Further details of disease ascertainment and follow-up methods for each cohort are 

given in Appendix A. These studies span several decades, with some cohorts recruiting subjects 

before 1920 and some recruiting after 1980, and follow-up extending beyond 2000 (Table 1), and 

include incidence and mortality data. Therefore, we carefully reviewed the lymphoid malignancy 

outcome data and developed ICD coding to harmonise outcomes across both incidence and 

mortality studies and over calendar time (see Appendix A). Owing to the large temporal range in 

the data and the notable changes in lymphoma classification during the past 60+ years 35-37, we had 
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to concentrate on large subtype groups, and could not include more recent subtype classifications. 

We defined the following outcomes of interest with categories that have been used in other 

analyses of radiation-exposed populations and would allow us to categorize outcomes diagnosed 

over a 60+ year period: 

a) all lymphoma (NHL+HL, although a few lymphomas were not classified further as NHL or HL); 

b) NHL; 

c) CLL; 

d) NHL + CLL; 

e) Hodgkin lymphoma (HL); 

f) MM. 

CLL, a form of NHL38, 39, was combined with NHL for analyses, but also considered separately 

for comparison with other studies. Deaths were coded to the International Classification of 

Diseases (ICD) revisions 6 through 10, and incident outcomes were generally coded to the 

International Classification of Diseases for Oncology (ICD-O) revisions 2 or 3 (see Appendix A 

for detailed ICD/ICD-O coding) 39.  

Covariates 

A unified set of covariates that was collected in a uniform way across the nine cohorts, was used 

for adjustment of radiation risk. These included sex, age at cohort entry, age first exposed, age last 

exposed, attained age, year of birth, years since first exposure, years since last exposure, two-year 

lagged mean ABM dose, accumulated in moving windows by time since exposure and age at 

exposure. Various dose lags have been used in the analysis of lymphoma and MM in other 

cohorts11  and while a dose-lag of two years has been adopted for our main analysis, because this 

is most frequently used in other studies 7-10, 40-42, we also evaluated longer and shorter latency 

periods in sensitivity analyses.  
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Randomisation and masking 

All data received by the statistical analyst (MPL) was in fully anonymised form.  

Statistical analysis 

In our primary analyses we estimated the excess relative risk (ERR) per Gy of ABM dose 

(ERR/Gy) for each lymphoid malignancy outcome for pre-defined dose categories (see Table A5) 

using the unexposed group (0 mGy) as the reference category, and using linear-quadratic models 

to assess possible non-linearity in dose. We also fitted models of generalised absolute risk (GAM) 

to obtain estimates of excess absolute risk (EAR) 43. The models were fitted by Poisson maximum 

likelihood 44 using Epicure 45. The data were approximately Poisson distributed within each 

subcohort and age group. Central estimates were maximum likelihood estimates. All tests were based 

on the likelihood ratio statistic and were two-sided. There were no adjustments made for multiple 

comparisons. Confidence intervals (CI) were generally estimated using the profile likelihood, and 

when the profile CI did not converge were Wald-based. In particular, profile CI were used for Figures 

1 and 2. The statistical power using a 1-sided Poisson trend test with type-I error α=0.05 46 and 

risk coefficients derived from the subset of the publicly available LSS dataset of Hsu et al6 with 

age at exposure <20 [ERR/Sv =0.2589 for NHL, =0.4537 for NHL+CLL, =0.406 for HL, =0.2543 

for MM], with the given numbers of lymphomas and myelomas and using the dose distribution 

outlined in Table C1, was 37.9% for NHL, 75.9% for NHL+CLL, 25.2% for HL and 16.7% for 

MM. Further details are given in Appendix B. The primary analyses focused on all cohorts 

combined. Secondary analyses of heterogeneity, which compared each cohort against the 

remaining eight other cohorts, or assessing the differences between the LSS, the three 

diagnostically exposed cohorts and the five therapeutically exposed cohorts are less appropriate 

than the primary analysis of global heterogeneity (performed in Table 1), in part because of the 
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problem of multiple testing in the absence of a clear hypothesis guiding the cohort or group of 

cohorts likely to be outliers.  

We also conducted secondary analyses in six of the cohorts to evaluate lymphoid neoplasm 

risks in relation to estimated doses to total circulating lymphocytes and lymphatic tissue using a 

recent approach to estimating doses to these tissues 19. In other secondary analyses we assessed 

risk modifications by sex. An issue of potential importance was the impact of localized higher 

doses received from heterogeneous exposures, so we conducted certain analyses with the five 

therapeutic cohorts (Israeli tinea capitis, French/Göteborg/Stockholm haemangioma, Rochester 

thymus) considered separately. We contrasted these with the (effectively) uniformly exposed LSS 

cohort and those groups in which lower levels of exposure were used for diagnostic purposes 

(Canadian TB fluoroscopy, Massachusetts TB fluoroscopy, US scoliosis), and in which ages at 

exposure were generally higher. 

Code and data availability 

The data and all analysis code is available from the principal author upon request. 

Ethical approval 

The study cohort has been declared exempt by the National Cancer Institute Special Studies 

Institution Review Board, because using pre-existing approved data. Obtaining informed consent 

from all study subjects was therefore not necessary. 

  

RESULTS 

There was a total of 143,136 persons in the combined cohort accumulating 6,020,619 person-years 

of follow-up, with mean follow-up 42.1 years; 60,886 (42.5%) of the cohort were male, 82,250 

(57.5%) were female (Appendix C Tables C1, C2). Study entry occurred between the years of 

1916 and 1981 (data not shown). There were 422 NHL, 66 CLL, 122 MM and 107 HL cases/deaths 
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(Appendix C Table C1). Mean individual ABM dose in the combined cohort was 0.14 Gy (range 

0–5.95 Gy), although there was considerable heterogeneity between cohorts: the highest mean 

dose, for the Israeli tinea capitis cohort, was 0.29 Gy whereas the lowest mean dose, for the US 

scoliosis cohort, was 0.008 Gy (Appendix C Table C2). Most of the cases/deaths received low or 

moderate ABM doses (<1 Gy) (Appendix C Table C1). Among the exposed, the mean age at first 

exposure was 6.93 years, the mean years since last exposure was 29.62 years, and the mean attained 

age at observation was 36.55 years (Appendix C Table C2). 

Lymphoid neoplasm risks for all cohorts combined and individual cohorts using ABM dose 

Table 1 shows that there was no excess risk for all lymphoma (ERR/Gy=-0.001; 95% CI: -0.255, 

0.279, p-trend>0.999) or HL (ERR/Gy=-0.113; 95% CI: -0.669, 0.709, p-trend=0.737). We found 

small and statistically non-significantly raised risks for NHL+CLL (ERR/Gy=0.099; 95%CI:-

0.149, 0.433, p-trend=0.480), NHL (ERR/Gy=0.068; 95% CI: -0.253, 0.421, p-trend=0.650), CLL 

(ERR/Gy=0.320; 95% CI: -0.678, 1.712, p-trend=0.445) and MM (ERR/Gy=0.149; 95% CI: -

0.513, 1.063, p-trend=0.654). There was no evidence of heterogeneity between cohorts for any 

endpoint (p>0.1, Table 1), and no indications of curvature in the dose response, as measured by 

quadratic departures from linearity, for any endpoint (p>0.2) (results not shown), as illustrated by 

Figure 1 and Appendix C Table C3.  

The individual risks by cohort and endpoint are shown in Figure 2. In Table C4 we formally 

assess the evidence for differences between each cohort and all other datasets combined as a 

secondary analysis of heterogeneity. There were indications that risks in the LSS and the Israeli 

tinea capitis cohorts were significantly different from the other cohorts, being higher and lower, 

respectively, particularly for NHL+CLL; otherwise no individual cohort differed significantly 

from the other eight (Appendix C Table C4). After omitting either the LSS or the Israeli tinea 

capitis cohorts the inter-cohort heterogeneity disappears entirely for all endpoints (data not shown). 
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There was little difference in ERR between incidence and mortality data, although the HL 

mortality risk was raised to a marginally significant extent (ERR/Gy=4.156; 95% CI: -0.261, 

20.440, p-trend=0.087), and was borderline significantly different (p=0.064) from the incidence 

risk (Appendix C Table C5). 

Excess absolute risks (EAR) were generally small, in the range 0.0-0.65 cases/deaths per 

10,000 person-years at 1 Gy (Appendix C Table C6); it should be noted that some of the models 

did not converge for the rarer endpoints. Of some interest is the significant EAR of NHL+CLL, 

with an EAR/104 PY.Gy of 0.153 (95% CI: 0.016, 0.337, p=0.023), largely driven by the trend for 

NHL, with an EAR/104 PY.Gy of 0.148 (95% CI: 0.011, 0.333, p=0.031) (Appendix C Table C6), 

which in turn is due to males in the LSS, with an EAR/104 PY.Gy of 0.901 (95% CI: 0.167, 2.027, 

p=0.005) (results not shown). Very similar EARs were found when analysis was restricted to the 

five incidence cohorts only, although the EARs in the four mortality cohorts were generally a little 

higher although based on fewer deaths (Appendix C Table C6). 

There were few suggestions that varying latency in the range 0-10 years had an impact upon 

the results (Appendix C Table C7), and few indications of significant modifications of risk by age 

at exposure, time since exposure or attained age (results not shown). 

Secondary analysis of heterogeneity suggested that there were indications of differences in 

risk between the LSS, diagnostic and therapeutic groups for NHL, at borderline levels of 

significance (p=0.066) , and also for CLL (p=0.012) (Appendix C Table C8); there were 

indications of a statistically significant elevation in NHL risk in the LSS (due to males, Appendix 

C Table C10). However, convergence problems complicate interpretation of all these findings. 

Although in the pooled data there were no suggestions of differences in ERR/Gy between males 

and females for any endpoint (Appendix C Table C9), if analysis was broken down by dataset 

there were indications in the LSS for all lymphoma, NHL+CLL and NHL of significantly higher 
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(p<0.02) risks for men compared with women, primarily due to NHL, with risks for men generally 

statistically significantly elevated (Appendix C Table C10). 

Lymphoid neoplasm risks for six-cohort subset using alternative dose measures 

In a subset of six of the nine cohorts for which doses to two lymphoid system target tissues were 

available, the effect of using circulating lymphocyte or lymphatic tissue dose on the risk was to 

elevate and render borderline significant the ERR/Gy for NHL+CLL: using ABM dose, 0.050 

(95% CI: -0.189, 0.387, p=0.726); using lymphocyte dose, 0.294 (95% CI: -0.114, 0.889, 

p=0.190); using lymphatic tissue dose, 0.790 (95% CI: 0.083, 1.882, p=0.022) (Table 2). Likewise, 

when lymphatic tissue dose was employed, trends in risk for NHL and CLL separately became 

borderline significant (p=0.074 and p=0.055, respectively) (Table 2). The trends both for 

NHL+CLL and NHL were largely driven by LSS males, although there were large (if non-

significant) risks also in the Massachusetts TB and scoliosis cohorts (Appendix C Table C11, 

Appendix C Figure C1).  

  

DISCUSSION 

To our knowledge this pooled analysis is the first to focus on lymphoma and MM after radiation 

exposure at a young age 11. In this analysis of nine cohorts of children or adolescents exposed to 

radiation, we observed little evidence of radiation-related excess risk for most endpoints 

considered in our primary analyses of lymphoid neoplasms in all cohorts combined using ABM 

doses.  

ABM dose has often been used for analyses of lymphoma and MM. However, the ABM 

constitutes a small fraction (3–7%)47, 48 of the lymphocyte distribution throughout the body, so that 

it may be a relatively poor target tissue for radiation exposure with respect to the lymphoid system, 

which could have reduced the power of previous epidemiological studies of non-uniform 
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exposures to detect a dose-response for lymphomas. For this reason, we have explored in the six 

cohorts for which these calculations are possible use of lymphocyte or lymphatic tissue dose. In 

this analysis, we observed notable increases in ERR/Gy which became borderline significant 

(p=0.02 – 0.07) for NHL+CLL, NHL and CLL when lymphatic tissue dose was used (Table 2).   

All the substantive studies of lymphoid malignant neoplasms after radiation exposure in 

childhood and adolescence are included here (see Appendix A for details of the few excluded 

studies) with the exception of therapeutic exposures for the treatment of malignant diseases and 

internal exposures from radionuclides. There have been a number of studies of lymphoma and MM 

in groups environmentally exposed to radiation in childhood, details of which are given in Table 

C12. Radiation risks in these studies were generally positive for all endpoints, but non-significantly 

so (Table C12), and therefore consistent with those of the present study.  

In other studies of lymphoid malignancies in the literature, mostly focusing on adult radiation 

exposures, there is generally little evidence for radiation-related excess risk of any type of 

lymphoma or MM. 1, 4 . There is some evidence of excess CLL incidence in the latest follow-up of 

the LSS, although based on only 12 cases 6, 3 of which are included in the present study (Appendix 

C Table C2), and some indications of this in the current analysis, particularly in the six-cohort 

subset using lymphatic tissue dose (Table 2, Appendix C Table C11, Appendix C Figure C1); it 

should be noted that two of the CLL cases analyzed by Hsu et al 6 were hairy cell leukemia (HCL), 

which should have been classified as NHL (Tables A3, A4). There are large and significant excess 

risks of NHL and MM incidence, although not of HL in a cohort of UK radiation workers 12. There 

are also large and borderline significant excess risks of CLL9 and NHL13 in two groups of 

Chernobyl liquidators, with magnitude equal to or exceeding that of non-CLL leukaemia 9. There 

is support in previous analysis of the LSS for a NHL dose-response for men, but none for women 

6, which is reinforced by our own analyses of these data using ABM dose (Table 1, Appendix C 
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Table C10). The evidence for excess risk for both sexes combined for NHL or NHL+CLL becomes 

stronger (in the subset of six of the nine cohorts) when lymphatic tissue dose is employed (Table 

2, Appendix C Table C11, Appendix C Figure C1). There is slightly stronger evidence that MM 

might be radiogenic, as reviewed by UNSCEAR 1, but the evidence comes largely from studies of 

cancer mortality rather than cancer incidence, and in particular there is no evidence of a dose-

related trend in the LSS incidence data 6.  

Strengths of the study are the prospective designs used in all component sub-studies, high-

quality dosimetry including evaluation of different dose metrics, close to 30 years mean follow-up 

and the large number of lymphoid malignancy cases or deaths among those exposed at a young 

age. Since incidence of CLL, MM and a substantial fraction of NHL is highest among the elderly, 

longer follow-up is needed to clarify whether radiation exposure during childhood or adolescence 

is linked with possible increases in risk of these lymphoid malignancies, which may only be 

apparent after many decades. A weakness is that the long period covered by the multiple studies 

included substantial changes in classification of lymphoid malignancies including 

misclassification over time within a particular study and among different studies, since different 

classifications were used worldwide before 200135. For example, earlier diagnoses of HL were 

found to be NHL upon re-review and initial diagnoses of CLL were later reclassified as HCL (and 

hence NHL). The effect of changes in classification are not clear-cut, but possibly result in risk 

coefficients being biased towards the null 49. We are aware of ongoing reclassification of lymphatic 

malignancies in the LSS, which may impact risks in this cohort. 

Some heterogeneity in dosimetry between cohorts (see Appendix A) may have some bearing 

on the inter-cohort heterogeneity in risk that we observed for some outcomes. It is unclear if the 

ABM dose used in our primary analyses is the optimal target tissue dose. We have therefore 

evaluated lymphoid system doses in a subset of the cohorts in our secondary analyses. These may 



  

16 
  

potentially be more relevant target tissue doses given the partial body exposures that are a feature 

particularly of the therapeutically-exposed cohorts considered here (Swedish/French 

haemangioma, Israeli tinea capitis, Rochester thymus irradiation). The higher risks for lymphoid 

system radiation doses in the subset of cohorts that we could evaluate raise questions about which 

target organs/tissues are most relevant.  There are biological data to suggest that dose to lymphatic 

tissue may be the more appropriate dose to use for lymphomas, although ABM dose may be more 

likely optimal for MM 15-18.  

Although most members of the cohorts are nominally exposed at low or moderate ABM 

doses (<1 Gy), consideration must be given to the heterogeneity in bone marrow dose (and 

lymphoid system dose) that is present in all cohorts apart from the LSS. Therefore, a mean ABM 

dose of, say, 1 Gy could, in some of the medically exposed cohorts, imply appreciably higher doses 

in certain bone marrow and lymphatic tissue compartments. This would only matter if there were 

substantial non-linearity in the dose response, in particular, if doses were sufficiently high that cell 

sterilisation could be significant. Among groups exposed to high-dose medical procedures, there 

is some evidence that this might occur for leukaemia 50, but we are not aware of such data for 

lymphoma and MM, although studies are limited.  

The mixture of mortality and incidence data complicates interpretation; however, as we 

consider mainly relative risk models, one would not expect ERR/Gy estimates to differ appreciably 

in mortality compared with incidence.  We found few indications of differences in ERR for 

mortality or incidence (Appendix C Table C5). Perhaps more surprisingly, we also found no 

appreciable difference in EAR between the full analysis and the analysis restricted to the incidence 

cohorts. Mortality and passive incidence collection studies may not be adequate for study of 

radiation risks of CLL, since mortality studies tend to underestimate CLL by as much as 38% 51, 
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52. In addition, several studies have shown that tumour registries under-report incident CLL by 12-

38% 53, 54.  

In summary, we found little evidence of radiation-related risk of lymphoma or MM in the 

primary analyses using bone marrow dose. However, the indications of excess risk for NHL and 

CLL when using lymphatic tissue dose in a six-cohort subset suggest that alternative lymphatic 

tissue doses should be further evaluated in future epidemiologic cohort studies assessing radiation-

related risk of lymphoid malignancies following radiation exposure in childhood and adolescence. 

In addition, further follow-up of these nine cohorts is indicated. Future studies of 

childhood/adolescent radiation exposure should also use centralized expert pathology review and 

current systems of coding of lymphoid neoplasms.  
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Table 1. Excess relative risk (ERR) per Gy (and 95% CI) of lymphoma and multiple myeloma obtained from fitting semi-
parametric linear (in dose) excess relative risk models in relation to active bone marrow dose.a 

Endpoint Cases ERR/Gy (95% CI) p-valueb Inter-cohort heterogeneity p-
value  

All lymphoma 593 -0.001 (-0.255c, 0.279) >0.999 0.197 
     
Non-Hodgkin lymphoma 
(NHL) + chronic 
lymphocytic leukaemia 
(CLL) 

488 0.099 (-0.149, 0.433) 0.480 0.344 

     
Non-Hodgkin lymphoma 
(NHL) 422 0.068 (-0.253c, 0.421) 0.650 0.606 

     
Chronic lymphocytic 
leukaemia (CLL) 66 0.320 (-0.678c, 1.712) 0.445 0.912 

     
Hodgkin lymphoma (HL) 107 -0.113 (-0.669c, 0.709) 0.737 0.995 
     
Multiple myeloma (MM) 122 0.149 (-0.513c, 1.063) 0.654 0.985 

aModels are as described by Appendix B (B2), stratifying 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). Unless otherwise stated, all confidence intervals are based on the profile likelihood. 
bp-value of improvement in fit over null model (without dose trend). 
cWald-based confidence limit. 
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Table 2. Assessment of significance and inter-cohort heterogeneity in excess relative risk (ERR) per Gy (and 95% CI) in 
relation to dose to active bone marrow (ABM), total circulating lymphocytes and lymphatic tissues, for the six cohorts for 
which doses to the lymphoid system are available.† 

Tissue dose used 
Number of 
case/deaths ERR/Gy (+95% CI) p-valuea 

Inter-cohort 
heterogeneity p-value  

All lymphoma 
Active bone marrow dose 474 -0.031 (-0.237, 0.251) 0.805 0.084 
Lymphocyte dose  0.135 (-0.205, 0.621) 0.498 0.105 
Lymphatic tissue dose  0.492 (-0.067, 1.332) 0.096 0.340b 

Non-Hodgkin lymphoma + CLL 
Active bone marrow dose 376 0.050 (-0.189, 0.387) 0.726 0.154b 
Lymphocyte dose  0.294 (-0.114, 0.889) 0.190 0.377b 
Lymphatic tissue dose  0.790 (0.083, 1.882) 0.022 0.862b 

Non-Hodgkin lymphoma 
Active bone marrow dose 342 0.019 (-0.224, 0.370) 0.896 0.333b 
Lymphocyte dose  0.219 (-0.189, 0.828) 0.352 0.515b 
Lymphatic tissue dose  0.631 (-0.045, 1.704) 0.074 0.854b 

Chronic lymphocytic leukemia 
Active bone marrow dose 34 0.331 (-0.989c, 2.283) 0.504 0.774b 
Lymphocyte dose  1.113b (-1.888c, 5.329) 0.212b 0.914b 
Lymphatic tissue dose  4.511 (-0.031, 20.020) 0.055 0.800b 

Hodgkin lymphoma 
Active bone marrow dose 71 -0.080 (-0.711c, 0.846) 0.825 0.900b 
Lymphocyte dose  -0.024 (-1.309c, 1.858) 0.975 0.896b 
Lymphatic tissue dose  0.492 (-2.426c, 5.855) 0.749 0.911b 

Multiple myeloma 
Active bone marrow dose 96 -0.043 (-0.655c, 0.808) 0.890 0.964a 
Lymphocyte dose  0.070 (-0.938c, 1.434) 0.877 0.970a 
Lymphatic tissue dose  0.281 (-1.130c, 2.489) 0.640 0.983a 
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†Obtained by fitting linear relative risk model, allowing for separate risk for diagnostically-exposed cohorts (Massachusetts TB, Canadian TB, US scoliosis), therapeutically-exposed cohorts (Israeli tinea 
capitis, Rochester thymus) and Japanese atomic bomb survivor Life Span Study (LSS), stratifying 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). The six cohorts included in this analysis are those for which doses to the lymphoid system can be approximated from ABM doses (see Appendix B). Unless 
otherwise stated, all confidence intervals are based on the profile likelihood. 
ap-value of improvement in fit over null model (without dose trend). 
bindications of non-convergence 
cWald-based CI 
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Figure legends 
 
Figure 1 Relative risk (and 95% CI) by active bone marrow dose for (a) non-Hodgkin lymphoma 
(NHL) and chronic lymphocytic leukaemia (CLL), (b) non-Hodgkin lymphoma, (c) Hodgkin 
lymphoma, (d) multiple myeloma. Solid blue line + symbols give the observed relative risk (and 
95% CI), red line gives relative risk = 1, dashed green line the fitted linear relative risk model, with 
ERR/Gy taken from Table 3. Dose boundaries used for categories are 0, 0.005, 0.02, 0.10, 0.15, 0.20, 
0.50, 0.75, 1.00, 2.00 Gy. 
 
Figure 2. Forest plot of ERR/Gy and 95% CI by cohort and endpoint, for dose to the active bone 
marrow 

 

 


