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Risk of hematological malignancies from CT 
radiation exposure in children, adolescents 
and young adults
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Over one million European children undergo computed tomography 
(CT) scans annually. Although moderate- to high-dose ionizing radiation 
exposure is an established risk factor for hematological malignancies, 
risks at CT examination dose levels remain uncertain. Here we followed up 
a multinational cohort (EPI-CT) of 948,174 individuals who underwent CT 
examinations before age 22 years in nine European countries. Radiation 
doses to the active bone marrow were estimated on the basis of body part 
scanned, patient characteristics, time period and inferred CT technical 
parameters. We found an association between cumulative dose and risk 
of all hematological malignancies, with an excess relative risk of 1.96 (95% 
confidence interval 1.10 to 3.12) per 100 mGy (790 cases). Similar estimates 
were obtained for lymphoid and myeloid malignancies. Results suggest 
that for every 10,000 children examined today (mean dose 8 mGy), 1–2 
persons are expected to develop a hematological malignancy attributable 
to radiation exposure in the subsequent 12 years. Our results strengthen 
the body of evidence of increased cancer risk at low radiation doses and 
highlight the need for continued justification of pediatric CT examinations 
and optimization of doses.

The use of computed tomography (CT) has grown rapidly in most 
high-income countries1 since its introduction2 at the beginning of the 
1970s. Although the benefits of CT imaging in patient management 
are undisputed, the potential increased cancer risk3 and relatively high 
cumulative doses incurred from multiple scans have raised concerns in 

the medical and scientific community, leading to a plateauing/reduc-
tion in number of pediatric CTs in many countries4–6 and a reduction 
in pediatric doses7. A number of alternative modalities, including 
fast-acquisition magnetic resonance imaging and ultrasonography 
are now replacing CT examinations for specific pediatric indications8. 
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The distribution of dose to the active bone marrow (referred to 
as ABM dose or dose throughout the Article) was strongly positively 
skewed, with most individuals having received low doses (Extended 
Data Table 1). The mean and median cumulative ABM dose at end of the 
follow-up were 15.6 mGy and 10.7 mGy (p25–p75: 5.8–18.2 mGy) (Table 1),  
respectively, in the cohort and 20 mGy and 13.0 mGy (p25–p75: 6.8–
23.2 mGy) among cases overall.

As reported in the previous EPI-CT dosimetry paper7, the pre-
dominant body part scanned was the head, representing, with neck 
examinations, approximately 81% of all examinations. For this location, 
the mean ABM dose decreased by about 25% over the study period 
in newborns aged 0–3 months (from 15 mGy before 1991 to 12 mGy 
after 2001) but remained constant in adults aged 17.5 years and older 
(2.6 mGy). Dose reduction over time was greater for examinations of 
other body regions: for example, for chest CTs by more than 60% in 
newborns (from 18 to 7 mGy) and approximately 40% in adults (from 
8 to 5 mGy).

Risk estimation
Elevated relative risks (RRs) for all hematological malignancies com-
bined were observed across all dose categories ≥10 mGy, with a strong 
dose–response relationship and a RR of 2.66 (95% confidence interval 
(CI) 1.92 to 3.70) for doses ≥50 mGy compared with doses <5 mGy (refer-
ence category) (Table 2). The estimated excess relative risk (ERR) per 
100 mGy was 1.96 (95% CI 1.10 to 3.12). Elevated RRs were observed for 
lymphoid malignancies and for myeloid malignancies and AL separately 
in most dose categories compared with the reference (Table 2), with risk 
estimates generally increasing with dose. Continuous risk estimates 
were very similar for lymphoid malignancies (ERR/100 mGy 2.01, 95% 
CI 1.02 to 3.42) and myeloid malignancies and AL (ERR/100 mGy 2.02, 
95% CI 0.47 to 4.77). The excess absolute risk (EAR) was estimated to 
be 17.7 per 100,000 PYs per 100 mGy (95% CI 11.6 to 24.0).

The ERR/100 mGy for NHL was 2.51 (95% CI 1.14 to 4.73) and for 
HL 1.24 (95% CI 0.08 to 3.28). Increasing trends in RRs with dose were 
seen for all subtypes (Table 3), although the CIs included unity for 
mature T and NK cell and for precursor cell neoplasms, and for the 
MPN + MDS + MDS/MPN grouping. An increased RR compared with 
the reference dose category was seen at doses as low as 10–15 mGy for 
NHL as a whole and for mature B cell neoplasms, the largest subgroup. 
A dose-dependent increase in RR was also seen for leukemia excluding 
chronic lymphocytic leukemia (CLL) in an analysis using previous clas-
sification for comparison with published estimates.

Potential confounders of the risk estimates
Removing birth cohort from the model and adjusting for 
socio-economic status (SES), where available, had little impact on 
risk estimates (Table 4). Analyses by country (Supplementary Table 3)  
showed similar numbers of cases of hematological malignancies in the 
United Kingdom as in the remaining countries combined (394 versus 
396). The ERR/100 mGy was about twice as high in the United Kingdom 
compared with all other countries together, overall (ERR/100 mGy 2.69 
versus 1.34), and for lymphoid malignancies and myeloid malignancies 
and AL separately. Risk estimates varied across countries, particu-
larly for myeloid malignancies and AL, where numbers of cases were 
low, but estimates were statistically compatible. Analyses removing 
one country at a time confirmed that only the United Kingdom had 
a strong influence on the combined risk estimate (Supplementary 
Tables 3 and 4).

Potential modifiers of the risk estimates
There was no evidence of effect modification by sex, except for myeloid 
malignancies and AL where the elevated ERR was restricted to women 
(Table 4). The risk increased with increasing age at exposure, especially 
for lymphoid malignancies, with estimates in the 5–9 and ≥10 years 
at exposure groups about 2-fold and 3–4-fold those for the <5 years 

Despite this, up to 7% of all CT procedures in high-income countries 
are performed on children2.

While moderate-dose (≥100 mGy) to high-dose (≥1 Gy) ionizing 
radiation exposure is a well-established risk factor for leukemia, in 
both children and adults9,10, the risk associated with childhood and 
adolescent low-dose exposure (<100 mGy), the dose range typically 
associated with diagnostic CT examinations, is unclear. This is espe-
cially concerning given that CT scanning is the largest contributor to 
the world’s average annual effective dose per person from medical 
radiation sources, in both children and adults2,11.

Several studies estimated the hematological malignancies risk 
associated with CT scan radiation in children and young adults in 
large-scale national cohort12–18 and case–control studies19,20. Although 
results of most individual studies12,13,17,20 and a recent meta-analysis21 
suggest an increased risk of leukemia associated with repeated CT 
examinations, studies were criticized due to low statistical power, 
inadequate individual dosimetry and potential bias from confounding 
by indication (when those who undergo CT examinations are at higher 
risk of cancer than those who do not, due to underlying conditions)22. 
Current international radiological protection recommendations23 
are, therefore, mainly based on linear extrapolations of risk from the 
higher doses of the Japanese atomic bomb survivor studies24. These 
extrapolations, which assume no dose threshold below which the risk 
of radiation-induced cancer is zero (the linear no threshold model of 
risk), are controversial10,25.

The EPI-CT study, coordinated by the International Agency for 
Research on Cancer (IARC), was set up to overcome limitations of 
previous national studies and improve direct estimates of cancer risk 
from low-dose radiation exposure from CT scanning in childhood 
and adolescence. It included 948,174 individuals from nine European 
countries26. In this Article, we present the EPI-CT analyses of risk of 
hematological malignancies in relation to radiation exposure from CT 
examinations in childhood, adolescence and early adulthood.

Results
Descriptive analyses
The analysis included 876,771 individuals, who underwent 1,331,896 CT 
examinations (mean 1.52, standard deviation (s.d.) 1.46 CT examinations 
per patient) and were followed up for at least 2 years following their first 
CT. They contributed 6,863,833 person-years (PYs) of follow-up (Table 1).  
We identified 790 hematological malignancies (subtype distribution 
in Supplementary Table 1), including 578 cases of lymphoid malignan-
cies and 203 cases of myeloid malignancies and acute leukemia (AL). 
Mean follow-up was 7.8 years (6.5 years for cases). Fifty-one percent of 
the cases were younger than 20 years at diagnosis (ranging from 38% 
among mature T and natural killer (NK) cell neoplasms to 82% among 
precursor cell neoplasms), whereas 88.5% (range 76–99%) were younger 
than 30 years (Table 1 and Supplementary Table 2).

The distribution of age at first scan was skewed towards later ages, 
with 30% of the cohort (33% of cases) scanned at age 15 years or above 
(Table 1 and Supplementary Table 2). This distribution varied by out-
come. Among lymphoid malignancies, 70.5% of Hodgkin lymphoma 
(HL) cases were ≥10 years at the time of their first CT, compared with 
46.5% among non-Hodgkin lymphoma (NHL) cases. Among the latter, 
62% of mature T and NK cell neoplasm cases were ≥10 years at the time 
of their first CT compared with 24% precursor cell neoplasm cases 
(Supplementary Table 2). Among myeloid malignancies and AL cases, 
the group of myeloproliferative neoplasms (MPNs), myelodysplastic 
syndrome (MDS) cases and myelodysplastic/myeloproliferative neo-
plasms (MDS/MPN) also tended to be older at first CT (65% ≥10 years).

About 58% of participants were born between 1985 and 1999 (Table 1). 
 Countries contributed heterogeneously to the EPI-CT cohort (Table 1), 
with the United Kingdom, the Netherlands, Sweden and France repre-
senting 35%, 16%, 14% and 12% of individuals in the cohort, respectively 
(50%, 17%, 14% and 6% of cases).
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group, respectively. Risk decreased with time since exposure, with 
risk estimates highest for ABM doses received in the time window ‘2 
to <5 years’ and lowest in the time window ‘≥10 years’ before diagno-
sis. There was, however, no evidence for heterogeneity of risk by time 
window of exposure, except for myeloid malignancies and AL.

Sensitivity analyses
Lagging doses by 1 year had little effect on the ERR/100 mGy, while a 
lag of 5 years reduced the risk by slightly less than half for all and for 
lymphoid malignancies and by two-thirds for myeloid malignancies 
and AL (Table 5). Using the median of all dose realizations had no major 

Table 1 | Characteristics of the cohort

Hematological malignancies—numbers (%) Entire  
cohort—n (%)

PYs of  
follow-up—n (%)

All cases Lymphoid All myeloid 
malignancies 
and AL

Histio. and 
dendritic 
cell

Unsp.

All* HL NHL

Overall 790 (100) 578 (73.2) 190 (24.1) 387 (49.0) 203 (25.7) 6 (0.8) 3 (0.4) 876,771 (100) 6,863,833 (100)

Sex

 Male 466 (59.0) 343 (59.3) 117 (61.6) 226 (58.4) 118 (58.1) 3 (50.0) 2 (66.7) 491,426 (56.0) 3,826,559 (55.7)

 Female 324 (41.0) 235 (29.7) 73 (38.4) 161 (41.6) 85 (41.9) 3 (50.0) 1 (33.3) 385,345 (44) 3,037,274 (44.3)

Age at first CT (years)

 <1 93 (11.8) 70 (12.1) 12 (6.3) 58 (15) 22 (10.8) 0 (0) 1 (33.3) 100,628 (11.5) 789,500 (11.5)

 1 to <5 126 (15.9) 95 (16.4) 13 (6.8) 82 (21.2) 30 (14.8) 1 (16.7) 0 (0) 149,483 (17.0) 1,159,795 (16.9)

 5 to <10 132 (16.7) 98 (17.0) 31 (16.3) 67 (17.3) 33 (16.3) 1 (16.7) 0 (0) 168,135 (19.2) 1,308,483 (19.1)

 10 to <15 169 (21.4) 123 (21.3) 58 (30.5) 65 (16.8) 42 (20.7) 3 (50.0) 1 (33.3) 190,561 (21.7) 1,525,680 (22.2)

 ≥15 270 (34.2) 192 (33.2) 76 (40.0) 115 (29.7) 76 (37.4) 1 (16.7) 1 (33.3) 267,964 (30.6) 2,080,375 (30.3)

Years since first CT examination at end of follow-up

 2 to <5 266 (33.7) 197 (34.1) 55 (28.9) 142 (36.7) 64 (31.5) 4 (66.7) 1 (33.3) 215,041 (24.5) 323,031 (4.7)

 5 to <10 263 (33.3) 196 (33.9) 71 (37.4) 124 (32.0) 67 (33.0) 0 (0) 0 (0) 305,667 (34.9) 1,624,031 (23.7)

 10 to <15 137 (17.3) 99 (17.1) 42 (22.1) 57 (14.7) 35 (17.2) 2 (33.3) 1 (33.3) 188,762 (21.5) 1,938,588 (28.2)

 ≥15 124 (15.7) 86 (14.9) 22 (11.6) 64 (16.5) 37 (18.2) 0 (0) 1 (33.3) 167,301 (19.1) 2,978,183 (43.4)

Birth cohort

 <1980 162 (20.5) 115 (19.9) 42 (22.1) 73 (18.9) 45 (22.2) 2 (33.3) 0 (0) 65,725 (7.5) 1,169,822 (17.0)

 1980 to <1985 143 (18.1) 94 (16.3) 41 (21.6) 53 (13.7) 47 (23.2) 0 (0) 2 (66.7) 84,747 (9.7) 1,101,016 (16.0)

 1985 to <1990 144 (18.2) 108 (18.7) 42 (22.1) 65 (16.8) 35 (17.2) 1 (16.7) 0 (0) 152,209 (17.4) 1,434,265 (20.9)

 1990 to <1995 148 (18.7) 113 (19.6) 42 (22.1) 71 (18.3) 34 (16.7) 1 (16.7) 0 (0) 189,513 (21.6) 1,303,426 (19.0)

 1995 to <2000 107 (13.5) 81 (14) 17 (8.9) 64 (16.5) 24 (11.8) 1 (16.7) 1 (33.3) 163,306 (18.6) 989,004 (14.4)

 2000 to <2005 67 (8.5) 55 (9.5) 6 (3.2) 49 (12.7) 11 (5.4) 1 (16.7) 0 (0) 131,115 (15.0) 643,601 (9.4)

 ≥2005 19 (2.4) 12 (2.1) 0 (0) 12 (3.1) 7 (3.4) 0 (0) 0 (0) 90,156 (10.3) 222,700 (3.2)

Attained age, years

 2 to <20 404 (51.1) 299 (51.7) 75 (39.5) 224 (57.9) 99 (48.8) 5 (83.3) 1 (33.3) 435,894 (49.7) 2,132,791 (31.1)

 20 to <30 295 (37.3) 214 (37) 97 (51.1) 116 (30.0) 78 (38.4) 1 (16.7) 2 (66.7) 320,706 (36.6) 2,752,949 (40.1)

 30 to <40 86 (10.9) 62 (10.7) 18 (9.5) 44 (11.4) 24 (11.8) 0 (0) 0 (0) 104,767 (11.9) 1,633,680 (23.8)

 ≥40 5 (0.6) 3 (0.5) 0 (0) 3 (0.8) 2 (1.0) 0 (0) 0 (0) 15,404 (1.8) 344,414 (5.0)

Country

 Belgium 5 (0.6) 3 (0.5) 0 (0) 3 (0.8) 2 (1.0) 0 (0) 0 (0) 9,052 (1.0) 28,131 (0.4)

 Denmark 8 (1.0) 7 (1.2) 2 (1.1) 5 (1.3) 0 (0) 1 (16.7) 0 (0) 15,835 (1.8) 68,053 (1.0)

 France 47 (5.9) 43 (7.4) 8 (4.2) 35 (9) 4 (2.0) 0 (0) 0 (0) 104,542 (11.9) 453,713 (6.6)

 Germany 23 (2.9) 19 (3.3) 2 (1.1) 17 (4.4) 4 (2.0) 0 (0) 0 (0) 39,501 (4.5) 162,615 (2.4)

 The Netherlands 137 (17.3) 98 (17) 30 (15.8) 68 (17.6) 37 (18.2) 2 (33.3) 0 (0) 141,294 (16.1) 1,201,627 (17.5)

 Norway 48 (6.1) 36 (6.2) 13 (6.8) 23 (5.9) 11 (5.4) 1 (16.7) 0 (0) 70,942 (8.1) 461,963 (6.7)

 Spain 21 (2.7) 17 (2.9) 8 (4.2) 9 (2.3) 4 (2.0) 0 (0) 0 (0) 67,031 (7.6) 253,968 (3.7)

 Sweden 107 (13.5) 79 (13.7) 27 (14.2) 51 (13.2) 27 (13.3) 1 (16.7) 0 (0) 119,056 (13.6) 1,151,088 (16.8)

 United Kingdom 394 (49.9) 276 (47.8) 100 (52.6) 176 (45.5) 114 (56.2) 1 (16.7) 3 (100) 309,518 (35.3) 3,082,675 (44.9)

Mean bone marrow dose (min–max), mGy

20 (0–286) 20 (0–286) 17 (0–209) 22 (0–286) 19 (0–117) 10 (6–22) 19 (13–25) 15.6 (0–1,684)

Values are shown as number of participants, PYs and mGy. Histio, histiocytic cell malignancies; Unsp, unspecified; min, minimum; max, maximum. *One case could not be classified as  
HL or NHL.
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impact on risk estimates. Substantial ERR increases were noted when 
excluding individuals with the highest cumulative doses (99th, 98th 
and 95th percentiles). Excluding 5 and 10 years of follow-up after the 
first CT increased the estimated ERR/100 mGy for all hematological 
and for lymphoid malignancies but decreased it for myeloid malignan-
cies and AL; the confidence interval of the latter included zero with a 
10-year exclusion (two-thirds of cases excluded). Restricting analyses 
to individuals born after cancer registration was established in their 
country/region led to a 10–20% reduction in the ERR/100 mGy depend-
ing on outcome, while excluding individuals with a CT in a hospital with 
low CT reporting consistency had little impact on the risk estimates, 
except for myeloid malignancies and AL (25% decrease). Restricting the 
follow-up to 2 years after the maximum age at first CT in each country 
reduced the number of cases from 790 to 491 and duration of follow-up 
and resulted in lower, but still elevated, risk estimates particularly 
for lymphoid malignancies. Excluding individuals with no vital status 
(n = 78,793) slightly reduced risk estimates and increased the width of 
the CIs, due to the reduction in sample size, for all hematological and 
lymphoid malignancies, and reduced the myeloid malignancies and AL 
risk estimates by 31%. Analyses excluding individuals known to have 
undergone transplantation (United Kingdom only) had little effect on 
the risk estimate for lymphoid malignancies.

Number of CT examinations
An increasing trend in RRs was observed with increasing number of CT 
examinations (compared with the reference category: one CT exami-
nation) both for all hematological and lymphoid malignancies (Sup-
plementary Table 5). In the continuous analyses, risk increased by 43% 
per examination for hematological malignancies overall, and by 42% 
and 48%, respectively, for lymphoid and myeloid malignancies and AL.

Discussion
The EPI-CT study is a large-scale multi-center study designed to directly 
estimate the risk of hematological malignancies associated with ion-
izing radiation exposure from CT examinations during childhood and 
young adulthood, aiming to address criticisms of previous studies 
related to dosimetry, statistical power and potential biases. The size of 
the study (nearly one million patients) has considerably increased the 
statistical power compared with previous national studies. EPI-CT also 

evaluated risk using the revised World Health Organization (WHO) clas-
sification of hematopoietic and lymphoid tissue malignancies27,28. Our 
results showed a clear dose–response between cumulative ABM dose 
and risk of hematological malignancies, both lymphoid and myeloid, 
with increased risk at doses as low as 10–15 mGy for NHL as a whole and 
for mature B cell neoplasms.

Associations between risk of hematological malignancies and esti-
mated CT radiation dose to the active bone marrow were robust to the 
different assumptions tested in the sensitivity analyses. Risk estimates 
decreased by about half but remained increased for all hematological 
and lymphoid malignancies when doses were lagged by 5 years. Risk 
estimates increased, rather than decreased, when individuals with 
the highest 1%, 2% and 5% cumulative doses were excluded from the 
analyses, suggesting they were not unduly affected by outliers.

Prior publications on subsets of the EPI-CT cohort reported 
higher leukemia risk estimates for national studies in the United 
Kingdom12 and France16, but much lower estimates for the Dutch14 
study compared with the all-countries EPI-CT risk estimates. When 
applying the EPI-CT dose estimates to the original UK cohort (exposed 
before 2002 and with follow-up to 2008), using the same classifica-
tion of leukemia as in the original publications, the ERR/100 mGy 
was similar to published estimates, though the dose distribution 
differed somewhat (Supplementary Table 6). Thus, the difference 
between the EPI-CT risk estimates and the original UK estimates 
appears attributable to the expanded cohort and longer follow-up 
(Supplementary Table 6). EPI-CT leukemia risk estimates for France, 
using the updated French cohort and follow-up17, were imprecise due 
to small numbers of cases in some categories, but compatible with the 
published French results, even though the dose distribution differed. 
Differences between the EPI-CT risk estimates and the Dutch data14 
appear to be mainly related to differences in the dose estimates used, 
as the results of analyses of the Dutch data using the EPI-CT dosimetry 
were much closer to those of the full EPI-CT study (Supplementary 
Table 6). The EPI-CT dosimetry used more sophisticated modeling of 
doses accounting for historical CT practices and uncertainties due 
to missing data by country and time period. Final absorbed doses to 
active bone marrow for each CT examination received were estimated 
by sex, age group at exposure, body part examined, scanner type and 
technical scan parameters7.

Table 2 | RR and 95% CI per cumulative active bone marrow dose category and ERR/100 mGy by type of hematological 
malignancya—analyses stratified on sex, birth cohort and country

ABM 
dose 
range 
(mGy)

All hematological malignancies 
(n = 790)

Lymphoid malignancies  
(n = 578)

Myeloid malignancies and AL 
(n = 203)

Leukemia excluding CLL  
(n = 271)

# RR 95% CI # RR 95% CI # RR 95% CI # RR 95% CI

[0,5) 125 1.00 91 1.00 34 1.00 38 1.00

[5,10) 171 1.10 0.87 1.39 120 1.07 0.81 1.42 47 1.08 0.69 1.71 43 0.79 0.51 1.24

[10,15) 157 1.53 1.20 1.97 123 1.65 1.24 2.20 32 1.16 0.70 1.92 56 1.35 0.87 2.09

[15,25) 165 1.40 1.09 1.80 121 1.41 1.05 1.90 42 1.31 0.80 2.15 66 1.21 0.78 1.89

[25,50) 114 1.87 1.42 2.45 81 1.81 1.32 2.49 32 1.96 1.17 3.29 44 1.61 1.01 2.58

[50+] 58 2.66 1.92 3.70 42 2.64 1.80 3.89 16 2.75 1.47 5.14 24 2.41 1.40 4.17

P for 
trend

0.02 0.03 0.02 0.02

# ERR/100 mGy 95% CI # ERR/100 mGy 95% CI # ERR/100 mGy 95% CI # ERR/100 mGy 95% CI

790 1.96 1.10 3.12 578 2.01 1.02 3.42 203 2.02 0.47 4.77 271 1.66 0.43 3.74

# RR at 100 mGyb 95% CI # RR at 100 mGy 95% CI # RR at 100 mGy 95% CI # RR at 100 mGy 95% CI

790 2.96 2.10 4.12 578 3.01 2.02 4.42 203 3.02 1.47 5.77 271 2.66 1.43 4.74

Values are shown in RR, ERR/100 mGy and 95% CI. #, number of cases. Statistically significant values are shown in bold. aNo analysis of histiocytic and dendritic cell malignancies or of 
unspecified malignancies were conducted because of the small number of cases (six and three, respectively). bNote that the RR at 100 mGy is simply obtained by adding 1 to the ERR/100 mGy.
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Somewhat surprising was the observation of an increased risk of 
HL in our analysis, particularly in the light of the absence of an associa-
tion in the original UK cohort29 and the inconsistent results in older 
adults in other radiation epidemiology studies30. Applying the EPI-CT 
doses to the original UK cohort (with follow-up until 2008) resulted 
in higher RRs for HL in most dose categories compared with the refer-
ence category, with little indication of a dose–response relationship, 
a different dose distribution (with more individuals receiving higher 
doses) and a higher ERR/100 mGy (1.1 compared with 0.2), with a CI that 
included zero (Supplementary Table 6). Analysis of the larger UK EPI-CT 
cohort, with extended follow-up, yielded an increased ERR/100 mGy 
(1.73, 95% CI 0.09 to 5.46) suggesting that differences between EPI-CT 
and published results are mainly attributable to differences in the 
dosimetry and enlarged cohort size with longer follow-up in the EPI-CT 
study. While the HL results of the categorical analyses of the full EPI-CT 
cohort using the UK dose categorization do not show a monotonic 
trend with dose, analyses using a priori EPI-CT cut points, spanning 
a wider range of doses, showed evidence of a dose–response (Table 
3), with an increased RR in the ≥50 mGy dose category (2.15, 95% CI 
1.08 to 4.30). Given the relative rarity of HL compared with NHL, with 
relatively small numbers of cases in most studies, and in light of the 

increasing HL incidence in young people, our findings based on 190 
cases merit further study.

Within EPI-CT, the UK cohort had a strong influence on risk esti-
mates, contributing about 50% of all hematological malignancies and 
45% of the PYs of follow-up. Differences in risk estimates between the 
United Kingdom and the rest of the countries in the study (also seen 
for brain tumors)31 are unexpected in a multinational collaborative 
study using a common protocol and dose reconstruction approach. 
One factor that may partly explain this difference may be the adequacy 
of the assumptions concerning the technical parameters used during 
pediatric CT examinations in the United Kingdom, particularly in early 
years, possibly resulting in a systematic underestimation of doses. 
Hospital-specific protocols were not available for the United Kingdom7, 
and information from Picture Archiving and Communication System 
(PACS) data was limited and available only for more recent years. Imag-
ing protocols obtained from pre-existing national surveys in Norway 
and the United Kingdom had to be used to generate probability den-
sity functions (PDFs) of machine settings. These may not adequately 
reflect the local choices regarding technical parameters made in spe-
cific hospitals, particularly in earlier years, which could lead to doses 
substantially higher than anticipated32. Another possible explanation 

Table 3 | RR and 95% CI per cumulative active bone marrow dose category and ERR/100 mGy by type of malignancy—
analyses stratified on sex, birth cohort and country

a. Lymphoid malignancies other than HL

ABM 
dose 
range 
(mGy)

Lymphoid malignanciesa

NHLb

All NHL (n = 387) Mature B cell (n = 204) Mature T and NK cell (n = 29) Precursor cell (n = 140)

# RR 95% CI # RR 95% CI # RR 95% CI # RR 95% CI

[0,5) 53 1.00 32 1.00 7 1.00 13 1.00

[5,10) 71 1.12 0.78 1.62 48 1.32 0.84 2.09 6 0.86 0.28 2.67 15 0.71 0.33 1.51

[10,15) 85 1.89 1.32 2.72 42 1.87 1.16 3.04 3 0.67 0.17 2.74 35 1.71 0.88 3.35

[15,25) 87 1.57 1.08 2.28 36 1.44 0.86 2.41 7 1.58 0.50 4.95 40 1.31 0.66 2.60

[25,50) 60 2.08 1.40 3.10 29 2.18 1.28 3.71 4 1.66 0.45 6.06 25 1.63 0.79 3.36

[50+] 31 3.00 1.87 4.81 17 3.63 1.95 6.76 2 2.45 0.47 12.71 12 2.10 0.91 4.85

P for 
trend

0.038 0.011 0.046 0.133

# ERR/ 
100 mGy

95% CI # ERR/ 
100 mGy

95% CI # ERR/ 
100 mGy

95% CI # ERR/ 
100 mGy

95% CI

387 2.51 1.14 4.73 204 3.15 1.17 6.88 29 2.85 −0.20 20.23 140 1.26 −0.05 4.34

b. HL and myeloid malignancies

Lymphoid malignanciesa Myeloid malignanciesc

ABM dose 
range (mGy)

HL (n = 190) AML and related precursor 
neoplasms + ALMP/ALAL (n = 80)

MPN + MDS + MDS/MPN (n = 115)

# RR 95% CI # RR 95% CI # RR 95% CI

[0,5) 38 1.00 13 1 20 1

[5,10) 49 1.01 0.65 1.55 15 0.81 0.38 1.74 31 1.28 0.72 2.29

[10,15) 38 1.32 0.82 2.10 15 1.18 0.54 2.60 17 1.19 0.61 2.33

[15,25) 34 1.21 0.74 1.98 15 1.01 0.45 2.27 24 1.46 0.76 2.79

[25,50) 20 1.36 0.77 2.38 15 2.01 0.90 4.47 15 1.75 0.86 3.58

[50+] 11 2.15 1.08 4.30 7 2.61 0.99 6.90 8 2.61 1.10 6.20

P for trend 0.004 0.04 0.01

# ERR/100 mGy 95% CI # ERR/100 mGy 95% CI # ERR/100 mGy 95% CI

190 1.24 0.08 3.28 80 2.39 0.11 8.17 115 1.51 −0.15 5.06

Values are shown in RR, ERR/100 mGy and 95% CI. Statistically significant values are shown in bold. aOne case of lymphoid malignancy could not be classified as HL or NHL—ICD-O-3, 1st revision 
code 9820. bFourteen NHL cases could not be classified on the basis of cell type—ICD-O-3, 1st revision code 9590. cEight cases could not be classified by subgroup: four cases of AL NOS, one 
acute biphenotypic leukemia and three cases of myeloid leukemia NOS—ICD-O-3, 1st revision codes 9801, 9805 and 9860, respectively. #, number of hematological malignancy cases.
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may be related to missing examinations, as the period during which 
the UK hospitals contributed CT data varied widely between hospitals, 
contrary to the other countries in the study, and a large proportion of 
cases were diagnosed in adulthood while only CT examinations up to 
the age of 22 were included in the study.

EPI-CT was designed to address previous methodological criti-
cisms and limitations of similar studies12–16. Reverse causation appears 
unlikely as risk estimates varied but remained elevated for the major 
malignancies groupings when greater lags and extended exclusion 
periods were applied. Neither birth cohort nor SES appeared to con-
found the associations in the countries where data were available, 
nor was SES associated with dose in the original UK cohort (A.B.d.G. 
personal communication).

Despite all efforts, the study presents some limitations. Confound-
ing by indication could not be addressed directly in the full European 
cohort beyond excluding specific malignancies coded using the Inter-
national Classification of Diseases for Oncology, 3rd Edition (ICD-O-3) 
revision 1 as associated with Down syndrome, therapy or organ trans-
plantation, and conducting a sensitivity analysis excluding individuals 
from the United Kingdom who had undergone organ transplantation. 
Confounding by indication was, however, evaluated either directly—
from a review of medical records—or indirectly—through modeling—in 
several national EPI-CT cohorts15–17,33,34. These analyses support a low 
likelihood for confounding by indication for leukemia, though it may 
be more important for lymphoma, as patients are more likely to have 
immune deficiencies and may be at higher risk of infectious diseases35. 
While appropriate adjustment did not modify radiation-related risk 
in a recent lymphoma case–control study35, the statistical power was 
low, and the possibility of residual confounding cannot be ruled out.

Information on SES was available in only four of the nine countries 
(32.3% of the cohort), and the available information covered different 
SES dimensions, from material deprivation (household income and 
house value) in the Netherlands to other social determinants of urban 
vulnerability (including unemployment, unskilled employment and 
lack of education) in Spain. Adjustment for SES in each country did not 
materially affect the risk estimates. Residual confounding of the rela-
tion between CT radiation dose and risk of hematological malignancies 
is therefore unlikely to be substantial, particularly since the evidence 
for an association between different determinants of SES and risk of 
leukemia (and more generally hematological malignancies) in young 
people is inconsistent36.

While the EPI-CT dose reconstruction is based on sophisticated 
modeling of doses and associated shared and unshared uncertainties, 
uncertainties in individual doses are not negligible (geometric s.d. of 
the order of 2 on average7), particularly in early years, and could not be 
fully integrated in the risk analyses. These uncertainties are unlikely to 
be differential between cases and non cases. While the shared uncer-
tainties are expected to have little impact on the continuous linear risk 
estimates, the unshared uncertainties could lead to underestimation 
of the risk but would not create a spurious association. Further work 
is needed to validate retrospective dose estimates and to ensure the 
systematic prospective collection of appropriate dose quantities and 
technical parameters in the clinic in real time to improve risk estimates 
in the future.

Unlike in the atomic bomb survivor study24, the ERR/100 mGy 
increased with age at exposure and was highest for exposures within 
10 years of diagnosis. These findings, also noted for brain cancers31, 
within EPI-CT, may be an artifact of the generally short follow-up of this 

Table 4 | Effects of potential confounders and potential modifiers of the risk estimates

All hematological malignancies Lymphoid malignancies Myeloid malignancies

# ERR /100 mGy 95% CI # ERR /100 mGy 95% CI # ERR /100 mGy 95% CI

Main results1 790 1.96 1.10 3.12 578 2.01 1.02 3.42 203 2.02 0.47 4.77

Potential confounders analysis:

No adjustment for birth cohort

790 1.92 1.08 3.05 578 1.99 1.02 3.37 203 1.92 0.43 4.53

a) SES2

Unadjusted 210 1.40 0.08 3.83 161 0.99 −0.16 3.37 47 4.22 −0.17 30.6

Adjusted 210 1.44 0.10 3.90 161 1.03 −0.15 3.45 47 4.16 −0.17 29.6

Effect modification analysis:

a) Sex

Males 466 1.45 0.55 2.80 343 1.91 0.71 3.85 118 0.65 -0.42 2.89

Females 324 2.82 1.27 5.32 235 2.14 0.71 4.64 85 6.09 1.62 19.1

Het. P value 0.20 0.85 0.03

b) Age at exposure category (note: one individual can enter in more than one category if they had several CTs)

<5 219 0.78 0.06 1.78 165 0.74 −0.05 1.93 52 1.12 −0.29 3.60

5 to <10 156 1.81 0.57 3.39 115 1.87 0.48 3.74 40 1.72 −0.71 5.41

10+ 466 4.02 2.48 5.99 336 4.25 2.41 6.71 124 3.48 1.05 7.35

Het. P value 0.001 0.002 0.32

c) Time since exposure (years) (note: one individual can enter in more than one category if they had several CTs)

2 to <5 303 3.56 1.96 5.57 222 3.09 1.37 5.37 76 4.88 1.66 9.87

5 to <10 291 2.82 1.58 4.33 216 2.90 1.46 4.70 74 2.98 0.66 6.40

10+ 260 1.24 0.42 2.29 184 1.46 0.49 2.75 72 0.45 −0.80 2.56

Het. P value 0.07 0.21 0.04
1Stratified on sex, birth cohort and country—attained age is used as the underlying time variable. 2Analysis restricted to countries where SES data were available: Belgium, France, the 
Netherlands and Spain. #, number of cases; Het., heterogeneity.
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cohort (7.8 years on average) and of the heterogeneous distribution of 
age at exposure, attained age and time since exposure across countries. 
Further follow-up of this important cohort is needed to increase the 
statistical power to explore these effects comprehensively.

EPI-CT was conducted to directly estimate risk from CT radia-
tion doses received in childhood, adolescence and young adulthood, 
avoiding the need for uncertain extrapolations from the atomic bomb 
survivors and other studies involving higher radiation doses10,25. For 
comparison, our estimates of the ERR/100 mGy in atomic bomb sur-
vivors younger than 20 years at exposure were 0.77 (95% CI 0.31 to 
1.2) for leukemia excluding CLL, based on 40 cases, and −0.02 (95% CI 
−99 to 99) for HL, based on 2 cases. Using the revised WHO classifica-
tion of lymphoid malignancies37, the ERR/100 mGy for NHL among 
those with attained age below 35 was 0.88 (95% CI 0.36 to 3.6), based 
on small numbers of cases (Ritsu Sakata, personal communication). 
Numbers were too small to derive risk estimates restricted to survi-
vors exposed below age 20 and for NHL subgroups. The risk estimates 
for atomic bomb survivors were lower than those in our study. Thus, 
despite the unavoidable differences in dosimetry systems between the  
two studies, our results suggest that the linear no threshold model 
does not overestimate risk from pediatric CT radiation. Indeed, our 
leukemia risk estimate is compatible with those derived in a recent 
combined analysis of data on individuals exposed before the age of 
21 years and ABM dose <100 mGy (ERR/100 mGy 0.84–4.66, depending 
on leukemia subtype)38.

EPI-CT used the revised WHO classification of lymphoid and myeloid 
malignancies, which considers cell lineage and different phases of cell 
differentiation as well as more classical features27,28. To our knowledge, 
the revised classification has only been used in a re-analysis of lymphoma 
incidence in the atomic bomb survivor cohort37. While this classification 
makes comparisons with previous publications more difficult (we show 
results for leukemia excluding CLL classification for this purpose), differ-
ences in the incidence of different subtypes across populations suggest 
possible etiological variation, hence possible differences in radiation 
effects. Indeed, analysis of atomic bomb survivors’ data showed a higher 
radiation risk of precursor cell NHLs than of mature B or T and NK cell 
NHLs, contrary to our findings. Differences in length of follow-up and 
attained age between the atomic bomb survivors’ and the EPI-CT cohorts 
make any conclusion difficult but emphasize the need for future radia-
tion epidemiological studies to adopt this revised classification.

The analyses presented here showed consistent associations 
between CT radiation dose and risk of hematological malignancies as 
a whole, and of lymphoid and myeloid malignancies and AL, with an 
ERR/100 mGy around 2. With an average ABM dose of 8 mGy for a typi-
cal examination today (the average dose in the cohort in 2012–2014), 
this translates to about a 16% increased risk (95% CI 8% to 24%) of these 
rare malignancies per examination. In terms of absolute risk, among 
10,000 children who receive such an examination today, we expect 
about 1.4 cases (95% CI 1 to 2) due to CT radiation during the 12 years 
after the examination.

Table 5 | Results of sensitivity analyses

All hematological malignancies Lymphoid malignancies Myeloid malignancies and AL

# ERR/100 mGy 95% CI # ERR/100 mGy 95% CI # ERR/100 mGy 95% CI

Main results 790 1.96 1.10 3.12 578 2.01 1.02 3.42 203 2.02 0.47 4.77

 ABM doses

 Doses lagged by 1 year 790 1.99 1.13 3.16 578 2.04 1.05 3.47 203 2.07 0.54 4.80

 Doses lagged by 5 years 790 1.06 0.45 1.82 578 1.25 0.53 2.20 203 0.60 −0.43 2.20

 Use of median of dose 
realizations instead of 
mean

790 2.08 1.09 3.42 578 2.13 0.99 3.75 203 2.17 0.36 5.35

 Analyses restricted to individuals with cumulative doses up to:

 99th percentile 777 3.17 1.90 4.91 567 3.02 1.59 5.09 201 3.81 1.43 8.20

 98th percentile 761 3.54 2.08 5.55 554 3.27 1.66 5.63 198 4.43 1.67 9.62

 95th percentile 710 2.80 1.27 4.94 520 2.79 1.02 5.41 181 2.88 0.34 7.75

Exclusions

 5 years from first CT 524 2.36 1.21 4.05 381 2.54 1.19 4.66 139 1.74 0.05 5.25

 10 years from first CT 261 2.67 1.02 5.69 185 3.12 1.13 7.08 72 1.28 -0.62 8.11

 Individuals born before 
the start of cancer 
registration

490 1.54 0.68 2.80 365 1.59 0.60 3.14 119 1.84 0.20 5.29

 Hospitals with low 
reporting consistency

603 1.93 0.97 3.29 440 2.17 1.00 3.93 158 1.49 0.00 4.31

 Follow-up 2 years 
after country-specific 
maximum age at 
exposure

491 1.27 0.49 2.39 356 1.26 0.39 2.63 128 1.61 0.11 6.61

 Individuals with no vital 
status

739 1.73 0.89 2.97 541 1.91 0.91 3.35 189 1.39 0.03 3.85

United Kingdom—main 
results

NA 276 2.77 1.12 5.55 NA

 Excluding individuals 
who underwent 
transplant

NA 256 2.57 0.97 5.31 NA

#, number of hematological malignancies cases; NA, not applicable.
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In conclusion, this large-scale study was designed to directly evalu-
ate cancer risk from pediatric and young adult CT radiation exposure. 
The results of this study, in which much effort has gone into considering 
and accounting for possible biases that could affect the risk estimates, 
strengthen the findings from previous low-dose studies of a consistent 
and robust dose-related increased risk of radiation-induced hema-
tological malignancies. The findings highlight the need for raising 
awareness in the medical community and continued strict applica-
tion of radiological protection measures in medical settings through 
justification and optimization of radiological procedures, particularly 
in pediatric populations. This includes ensuring doses are kept as low 
as reasonably achievable (the ALARA principle), while maintaining 
appropriate image quality for accurate diagnosis, and monitoring 
delivered doses; ensuring examinations are justified and unproductive 
exposure is avoided; and ensuring the benefit-to-risk ratio is maximized 
for all CT examinations39.
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Methods
Study population
The EPI-CT project set up new cohorts in Belgium, Denmark, the Neth-
erlands, Norway, Spain and Sweden, and included and enlarged existing 
cohorts in France, Germany and the United Kingdom12,15,16. Detailed 
methods have been published7,26,40.

The international EPI-CT cohort includes 948,174 individuals 
who: (1) underwent at least one CT examination in a participating 
hospital between 1977 and 2014 before the age of 22 years (exact 
age limit ranging between 10 and 22 years, depending on country26);  
(2) were residents of geographic areas covered by cancer registries; (3) 
had no previous history of cancer; and (4) had no cancer diagnosis in the 
first year following the first CT40. In the present analysis we excluded 
77,369 individuals with follow-up shorter than 2 years, including 142 
individuals with a cancer diagnosis during that period.

The study population was identified through radiology depart-
ment records of 276 pediatric and general (serving large pediatric 
patient populations) hospitals. Basic demographic data (including 
sex, as reported on the clinical history of the patient) and information 
on each examination was collected for each individual.

Ethics approvals
The study was approved by the ethics committee at IARC (coordinating 
center) (IARC IEC 12–35), and the appropriate national, regional and 
hospital ethics committees in participating countries before starting 
the epidemiological study. This was a record linkage study with no 
contact with individual patients (and hence no informed consent).

Follow-up
Cohort members were followed up through national and/or regional 
cancer and mortality registries. Germany and part of France lacked 
information on mortality. Information on migration status was col-
lected where available: in Denmark, Norway and Sweden. In these coun-
tries, only 2.05% of cohort members were known to have emigrated 
during the study follow-up period.

Outcome definitions
Diagnoses were coded using the International Classification of Diseases 
for Oncology, 3rd Edition (ICD-O-3) 1st revision (2013). Only cases with 
behavior code 3 (malignant) were included41. Given changes in classi-
fication of hematological malignancies according to cell lineage and 
maturation27,28, the analyses were conducted using the revised WHO 
classification of lymphoid and myeloid malignancies27,28, focusing on 
the following groupings, types and subtypes (morphology codes in 
Supplementary Table 1):

•	 All hematological malignancies, excluding those coded as 
related to therapy or predisposing syndromes as they are 
unlikely to be related to CT exposure16,33;

•	 All lymphoid malignancies and subgroups of HL, NHL and lym-
phoid malignancy subtypes (mature B cell, mature T and NK cell, 
and precursor cell);

•	 All myeloid malignancies and AL and subgroups of:

•	 Acute myeloid leukemia (AML) and related malignancies together 
with AL of mixed phenotype and ambiguous lineage (ALMP/ALAL);

•	 MPN, MDS, together with MDS/MPN—MPN + MDS + MDS/MPN.

For comparison with previous studies, analysis of leukemia, excluding 
CLL, was also conducted.

Confounding factors
Information on socioeconomic status (SES) was collected, based on 
nationally available data sources, in the following countries using the 
information, for individuals from the following countries, representing 
32.3% of the EPI-CT cohort:

•	 Belgium: SES derived from the healthcare reimbursement clas-
sification based on the annual income of the household (two 
categories: lower or normal);

•	 France: SES based on Townsend deprivation scores, obtained 
from linkage of residential postal code (five quintiles) with 
census data;

•	 the Netherlands: SES derived from average household income 
and house value for six-digit postal codes (average population, 
40 persons) of cohort members’ residential addresses from 
Statistics Netherlands;

•	 Spain: SES based on the Synthetic index of urban vulnerability 
generated according to the socio-economic characteristics 
of the census tract that included the area of residence (five 
quintiles).

No information was available regarding the indication or reasons 
of the CT examinations.

Organ dose estimates
The organ dose estimation methodology is described elsewhere6. 
Briefly, it was based on a multi-level approach integrating CT imaging 
information from hospital questionnaires, national reports, scien-
tific publications, expert opinion together with CT parameter values 
obtained directly from the PACS from 23% of 276 participating hospitals. 
Doses were estimated using the National Cancer Institute Dosimetry 
System for CT42. Uncertainty associated with missing parameters, for 
example, in earlier periods when PACS did not exist, was character-
ized by a range of possible, realistic values for each missing parameter 
using the aforementioned sources of information and PDFs defined by 
age group, sex, body region scanned, machine type representative of 
technology evolution inferred from questionnaires and time period. For 
each CT examination, a set of 200 dose realizations was derived where, 
in each iteration, different values of the parameters were sampled from 
the PDFs, maintaining proper correlations between parameters.

Our main analyses were based on dose to the active (red) bone 
marrow (ABM), as commonly used in analyses of hematological malig-
nancies in radiation epidemiology, and the arithmetic mean of all dose 
realizations for each CT examination. The cumulative dose for each 
participant was obtained by summing the dose (mean of all realiza-
tions) from all examinations the participant received.

Statistical analysis
Descriptive analyses included the distribution of cases and cohort 
members by sex, country, age-at-exposure, attained age and time 
since exposure.

Dose–response analyses were conducted for all outcomes listed 
above by modeling the RR as 1 + βΖ, where Z is the cumulative dose and 
β is the ERR per unit dose. The model was fit with proportional hazards 
regression using the custom-developed R module rERR: Excess Relative 
Risk Models R package version 0.1 (ref. 43). Exact age of the individuals was 
used as the underlying time variable, and all models were stratified by sex, 
country and birth cohort (1960–1979, 1980–1984, 1985–1989, 1990–1994, 
1995–1999, 2000–2004 and 2005–2012). We also fit an EAR model using 
the PEANUTS module of the EPICURE software (version 2.00.02) to esti-
mate the absolute excess number of hematological malignancies per 
10,000 PYs and per dose Z. We used this model to predict the number of 
cases that would be expected in the European population from CT scan-
ning today as the difference between the total number of cases expected 
under the fitted model at a typical dose level and the ‘background’ number 
of cases expected in the absence of radiation exposure.

Analyses used cumulative dose as a continuous variable (in mGy), 
as well as a categorical variable, with cut points defined on the basis 
of the cohort dose distribution: 0.0004 to <5, 5 to <10, 10 to <15, 15 to 
<25, 25 to <50, and 50–1,684 mGy). Due to the skewness of the dose 
distribution, 95% likelihood-based CIs were used in the continuous 
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analyses. For the categorical analyses, we used Wald-based CI. Trends 
in RRs by level of dose were tested by fitting the categorical variables 
as a continuous ordinal variable.

Follow-up started 2 years after the first CT scan (to minimize 
reverse causation potential) or when complete cancer registration 
was available in the country/region, whichever was later. Exit date 
was defined as the earliest of dates of any cancer diagnosis, death, 
emigration (where available) or end of follow-up in the country/region.

To account for a minimal latency between radiation exposure 
and malignancy, doses were lagged by 2 years. As EPI-CT is a record 
linkage study, no information about confounding factors other than 
birth cohort, sex and country/region was systematically available. 
The effect of country was assessed in country-specific analyses, and 
removing one country at a time, and SES effect in analyses restricted 
to countries with available SES. Effect modification by age at exposure 
(<5, 5 to <10, and ≥10 years), time since exposure (2 to <5, 5 to <10, and 
≥10), sex and birth cohort was tested by including an interaction term 
with dose in the linear dose model. The statistical significance of model 
parameters was tested using the likelihood ratio test.

Supplementary and sensitivity analyses were performed to test 
the findings’ robustness. Regarding doses, analyses included: lagging 
doses by 1 and 5 years (instead of 2), using the median of all dose realiza-
tions instead of the mean, and excluding individuals with the highest 
cumulative doses (above the 99th, 98th and 95th percentiles of the 
cumulative dose distribution). Additional analyses were conducted 
excluding: the first 5 and 10 years of follow-up, individuals born before 
the start of cancer registration in their respective country/region, and 
hospitals with low reporting consistency (≥1 consecutive years without 
reporting CT examinations), as well as excluding individuals from the 
United Kingdom known to have undergone organ transplantation 
(transplant data were available only for this country) from the lymphoid 
malignancies analysis as they are at increased risk of post-transplant 
lymphoproliferative disorders. We also terminated follow-up 2 years 
above the age limit for inclusion of scans in each country (as doses 
received later in life were not collected within the project) and excluded 
the subcohorts lacking mortality follow-up.

We repeated analyses using the number of CT examinations 
instead of ABM dose.

To allow comparison of our estimates with those of the atomic 
bomb survivor study, we conducted analyses of leukemia and HL risk in 
that study using publicly available grouped incidence data19, restricted 
to the population and follow-up most relevant for EPI-CT: less than 
20 years old at time of bombing, with attained age less than 35 years. 
These analyses, adjusted on attained age, sex, birth cohort and city, 
were conducted using the AMFIT module of EPICURE.

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability
The data collected and generated in the study are not freely available 
because of ethical and data protection constraints. The pseudonymized 
data analysis file for this manuscript is stored at ISGlobal and cannot 
be shared. Proposals for possible collaborations in further analyses 
of these data should be addressed to E.C. (elisabeth.cardis@isglobal.
org) and will be reviewed by the EPI-CT steering committee. Scientific 
collaborations will require a written agreement with all involved par-
ties. Requests are normally processed within 1 month. Agreed analysis 
will be carried out internally by EPI-CT study members, following 
the agreed scientific collaboration and under the supervision of the 
proposing researcher. Note that the Data Transfer Agreements (DTAs) 
ruling the provision of data for the international EPI-CT analyses are 
time limited and IARC and ISGlobal will be under obligation to destroy 
the data from individual cohorts when the DTAs expire. Data from these 

cohorts will be held only by the original data provider, as long as the 
national data protection legislation permits.

Code availability
The software used to fit ERR models (the rERR R package) is freely 
available at https://rdrr.io/cran/rERR/. All EAR models were performed 
using the PEANUTS module of the EPICURE software (version 2.00.02) 
commercially available at https://risksciences.com/epicure/. The 
EAR code applied is available at https://github.com/Mbb2022-23/
EPI_CT_EAR’. The ERR code applied is available at https://github.com/
radiationISGlobal/EPI_CT_Scripts.
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