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Why was the cohort set up?

Medical diagnostic examinations, although delivering low

doses of ionizing radiation, are the main man-made source

of ionizing radiation exposure for the general population.

The number of procedures performed has grown dramati-

cally in high-income countries in recent decades.1 Among
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these examinations, the use of computed tomography

(CT), a highly informative medical imaging technique, has

dramatically increased, partly as a result of the ease and

speed of image acquisition improvements over the years.

These trends are also observed in paediatric CT, which cur-

rently represents approximately 11% of all CT

examinations.1

CT results in much higher doses of ionizing radiation

than conventional radiography. CT represents 5% to 10%

of all imaging procedures, but 40% to 70% of the collec-

tive medical dose.1,2 There are concerns about potential

health impacts of the radiation exposure from these proce-

dures, particularly cancer in exposed paediatric patients.

According to the epidemiological results from A-bomb sur-

vivors and from patients undergoing radiotherapy and/or

radiological examinations, exposure to ionizing radiation

at a young age is associated with a higher relative risk of

several forms of cancer than exposure later in life.3

Moreover, children have a longer life expectancy than

adults, and hence a longer time in which to express radia-

tion-induced cancers.

Increased cancer risk has been reported after medical di-

agnostic procedures associated with much higher doses

than those reported nowadays.4,5 However, recent epide-

miological studies, focusing on CT exposure during child-

hood or early adulthood, have also reported increased

risks of central nervous system (CNS) tumours, leukaemia

and other cancer types in relation to CT doses.6–12 The

causal interpretation of some of these results has been

questioned because of the lack of individual dose recon-

struction, small sample size and potential methodological

biases linked to confounding by indication and reverse

causation.13,14

Because the risk associated with low doses is estimated

to be small,1 only large studies can achieve adequate statis-

tical power to quantify this risk accurately. The interna-

tional ‘EPIdemiological study to quantify risks for

paediatric Computerized Tomography and to optimize

doses’ (EPI-CT) was set up in 2011 to provide an estima-

tion of the radiation-related risks of cancer after CT expo-

sure in childhood and adolescence. The study is

coordinated by the International Agency for Research on

Cancer (IARC) and partially funded by the European

Community. This European collaborative study pools nine

European national cohorts. It takes advantage of pre-

existing cohorts from three countries (France, Germany

and the UK, all of which were extended as part of this

study) and of new studies in six countries, based on a com-

mon core protocol15 including a specific effort to provide

individual organ dose estimation for the subjects in the co-

hort.16 The EPI-CT study comprises four main parts: an

epidemiological cohort study assessing cancer risks

following radiation exposure from CT; a dose-

reconstruction model to estimate organ doses with associ-

ated uncertainties for each individual in the cohort; a pilot

study regarding biological mechanisms involved17; and rec-

ommendations for optimization of paediatric CT

protocols.

Who is in the cohort?

EPI-CT is a retrospective European multinational cohort

of children and young adults subjected to CT at least once

before the age of 22 years, and who have not been diag-

nosed with cancer either before or at the time of the first

recorded CT nor within 1 year after it. The study aimed

to establish or expand existing cohorts in the following

countries: Belgium, Denmark, France, Germany, The

Netherlands, Norway, Spain, Sweden and the UK

(Table 1). Patients were identified from the electronic

records of the participating hospitals, which were mainly

large paediatric hospitals or hospitals with a large paediat-

ric patient population. Ethical agreements were obtained

in each country before data collection. The study proto-

col15 and detailed procedures adopted by each country are

described elsewhere.6,9,10,12,18

Of the 1 170 186 patients for whom information was

collected, 948 174 (81%) had a follow-up of at least 1 year

after the first recorded CT and had no previous cancer

recorded in the cancer registry (Table 1). Table 2 summa-

rizes the number and characteristics of patients included in

EPI-CT by country. There were slightly more males (56%)

than females in the cohort. The median age at the first

recorded CT varied between countries, reflecting differen-

ces in the age range inclusion criteria. The main age range

was 0–21 years, but the age range was restricted to 0–9

and 0–14 years, respectively, in France and Germany be-

cause only paediatric and adolescent cancer registries are

available at the national level in these countries.

Accordingly, the median age at first exposure was lower,

2.9 years and 6.8, respectively, in France and Germany,

compared with 10.7 years for the whole cohort.

How often have they been followed up?

Follow-up started at the date of the first recorded CT and

ended at the earliest of: date of death; date of cancer diag-

nosis; or end of follow-up at the regional/national level.

Cancer diagnoses and deaths were obtained through link-

age with national or regional cancer registries, mortality

registries and other available national/regional registries,

depending on the country (Table 1). The follow-up period

for cancer incidence ends usually 1 to 3 years before mor-

tality follow-up, due to the delay in reporting cancer cases
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in cancer registries. In two countries, vital status was par-

tially (France) or completely (Germany) unavailable.

The earliest year of first recorded CT varied between

1977 in Sweden and 2001 in Belgium, and depended on

the availability of data, i.e. complete cancer registration to

exclude ineligible patients and electronic radiological in-

formation. Cancer incidence follow-up ended in 2014 in

The Netherlands and Sweden, and between 2010 and

2013 in all other countries (Table 3). Median duration of

incidence follow-up was 7.8 years for the whole cohort,

ranging from 4.1 years in Belgium to 11.3 years in the UK

(Table 3). The total incidence follow-up accounted for

more than 8.7 million person-years (PY). The largest

cohorts in terms of PYs were the UK (3.7 million PY), the

Dutch (1.5 million PY) and the Swedish cohorts (1.4 mil-

lion PY), due to the large number of children included but

also due to the long follow-up. Only 1.3% of the partici-

pants had died by the end of follow-up. The median age at

the end of follow-up ranged from 9.4 years in France to

24 years in the UK.

What has been measured?

For each individual CT, all computerized data were re-

trieved from the Radiological Information System (RIS) of

the radiology department in participating hospitals. This

includes patient-identifying information, patient sex, date

of birth and basic variables about the examination (body

part scanned, examination date and, in certain instances,

indication for CT and referring hospital service). For more

recent time periods, estimation of doses took advantage of

data from the Picture Archiving and Communication

System (PACS) (a system for storage, retrieval and distri-

bution of images). The time periods when PACS data were

available, together with the percentage of CT dosimetric

data extracted from PACS for each country, are presented

in Table 4. The percentage of data originating from the

PACS system, extracted through a dedicated software tool

(PerMoS,19 used to automatically collect technical parame-

ters of each scan from the header of the image in PACS),

differed between the countries since the system was only

implemented relatively recently in hospitals and not all

participating hospitals were willing to query their PACS in

addition to RIS.

From a combination of PACS data and information on

radiological protocols used in the participating hospitals,

individual doses to specific relevant organs, including red

bone marrow and brain for respectively leukaemia and

CNS cancer risk estimation, were then estimated for each

CT scan for each child, using National Cancer Institute

Dosimetry System for CT (NCICT) software20 and taking

into account uncertainties in dose estimates.16 The dose T
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reconstruction strategy which has been implemented

allows accounting for missing data. Doses were therefore

reconstructed for all examinations, but estimated doses

were associated with large uncertainties when examina-

tions were poorly characterized in the RIS data file, includ-

ing missing information on the anatomical zone scanned.

The total number of CT scans collected within the study

was 1 430 454. The mean number of CT scans per patient

was 1.5. The majority of patients (75%) received a single

recorded CT scan (Table 4), and only 0.2% of them re-

ceived more than 10 scans. The percentages of scans

recorded before and after the year 2000 were 22% and

78%, respectively. Table 5 reports the distribution of CT

according to the anatomical area explored. The main areas

examined were ‘head and neck’, ranging from 49.5% in

Denmark to 72.1% in Belgium, followed by ‘chest’. ac-

counting for 8.4% in Sweden to 19.3% in France. Scans of

multiple body parts represented 4.9% of the total number

of CT scans. Those without anatomical area mentioned

represented 2.9% of all collected CT, with large discrepan-

cies between countries reflecting the variability of data

storage at hospital level.

Further information on underlying diseases was also

collected from various sources including hospital diagnos-

tic or discharge databases and rare diseases registries (in

France, The Netherlands, Norway, Spain and Sweden).

Socioeconomic status (SES), a potential confounder, was

obtained from national census data by postal code or cen-

sus track for Belgium, France, The Netherlands, Spain and

the UK and from the National Education registry in

Denmark, Norway and Sweden.

What has been found? Key findings and
publications

Standardized Mortality Ratios (SMRs), as the ratio of ob-

served and expected number of deaths based on national

reference rates, were calculated for the eight countries for

which vital status was available, using a 1-year exclusion

period. Results are presented (Table 6) for two distinct

periods of follow-up after the first CT: years 2 to 5 and

5 years and beyond. The percentage of deaths varied from

0.5% in Belgium to 2.6% in the UK for the whole study

period. Even though the death rates were low, we observed

strongly elevated SMRs in all countries, especially in the

first 5 years following the first CT (Table 6). The SMRs for

all-cause mortality during the 5 years following the first

CT were statistically significant and greater than 1 in all

countries, varying from 1.9 in Belgium to 4.9 in Denmark,

France and the UK. For the time period greater than

5 years after the first CT, the SMR decreased but remained

significantly raised, in all countries except Belgium andT
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Spain. Cancer mortality decreased to the level of the gen-

eral population when time since first exposure exceeded

5 years, except in Sweden [SMR¼ 1.3, 95% confidence in-

terval (CI) 1.1, 1.6). However, non-cancer SMRs remained

significantly increased when considering time since expo-

sure greater than 5 years, except in France and Spain.

These results illustrate the fact that, as expected, our study

population was less healthy than the general population.

Indeed, children undergoing CT, particularly those with re-

peated scans, are likely to suffer conditions that could be

associated with increased mortality. The observed decrease

of SMR for cancer when considering time since first CT

greater than 5 years confirms the need to apply exclusion

periods in the statistical analyses to avoid reverse causation

(i.e. the CT was performed because of a suspicion of can-

cer). Various exclusion periods will be examined in the

main risk analyses. Detailed dose-response analyses for

cancer incidence will be presented in later papers.

A summary of published results from national EPI-CT

cohorts is provided in Table 7. Four national cohorts (the

UK, France, Germany and The Netherlands) have pub-

lished analyses of the relationship between CT exposure

and cancer incidence. The British study reported a dose-

response relationship between CT-related dose and CNS

tumours and leukaemia in exposed children and young

adults,6,21 but not for Hodgkin lymphoma.22 The German

study reported a significantly increased incidence of cancer

and lymphoma in exposed children compared with the

general population.9 Both the French and the German

studies, based on small numbers of cases, reported a dose-

related increase for leukaemia and CNS tumours, though it

was statistically significant only for CNS tumours in

Germany.9–11 The Dutch study reported a dose-response

relationship for cranial CNS tumours and found no associ-

ation with leukaemia.12

Reverse causation bias has been considered by applying

various exclusion periods for cancer risk analyses.

Exclusion periods allowed accounting for individuals who

were potentially scanned because of a suspicion of leukae-

mia (although CT generally is not required for the initial

diagnosis of leukaemia) or CNS tumours. Extending the

exclusion period from 5 to 10 years for CNS tumours in

the British study did not decrease the dose-risk estimates,

as would be expected in case of reverse causation bias.6

Potential confounding by indication for CT, meaning

that children requiring CT may be at risk of cancer because

of an underlying condition, has been handled in different

manners in these studies. In the British study, an analysis

published in 2016 took into account clinical information

available in the RIS for 40% of the cohort and death certif-

icates, to evaluate this potential bias.21 This resulted in a

slightly decreased, but still significant, dose-relatedT
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increased risk for CNS tumours. Exclusion of previously

unreported cancers reduced the Excess Relative Risk

(ERR) per mGy by 15% from 0.036 to 0.033 for leukae-

mia and by 30% from 0.023 to 0.016 for CNS tumours,

but these ERRs remained statistically significantly ele-

vated. In the French cohort, using reliable information on

predisposing factors (PF) for cancer from hospital dis-

charge registries, 3% of the subjects were found to have a

PF for CNS tumours and/or leukaemia.10 This small per-

centage of individuals with PF was nevertheless much

larger than expected in the general population.23 Separate

analyses showed a dose-related increase of leukaemia and

CNS tumours in children with no PFs, whereas there was

no evidence of an increase in those with PFs.11 The differ-

ence in radiation-related risks observed according to the

presence of PFs might be explained by much higher mortal-

ity risks in patients having PFs compared to children with-

out PFs. Furthermore, Meulepas et al. calculated the

magnitude of predisposing syndrome-related confounding

of relative risk (RR) estimates for leukaemia and CNS

tumours after diagnostic CT, under various assumptions

for the association between predisposing syndromes and

the frequency of CT. They concluded that these syndromes

were unlikely to cause meaningful confounding as they

were too , and CT frequency was only moderately elevated

among these subjects.24

What are the main strengths and
weaknesses?

With about 950 000 children included in the study, it has

been calculated14 that the EPI-CT study has sufficient statis-

tical power to detect even small excess cancer risks in this

first follow-up period, at least for leukaemia and CNS can-

cer. It will provide new insights into the potential cancer

risk from CT exposure during childhood, allowing the study

of specific issues such as effect of age at exposure, sex, ex-

clusion period and cancer site, particularly as the population

ages and further follow-up is conducted. The coordinated

international analyses in EPI-CT not only increase statistical

power, but also improve capacity to compare and contrast

results from different countries while minimizing methodo-

logical differences, thanks to a common protocol.

Within EPI-CT, major efforts were devoted to the esti-

mation of individualized organ doses for each scan. Details

are provided in the article presenting the dosimetry recon-

struction for the cohort.15 Briefly, exposure-related data

were extracted from the RIS and, for more recent time

periods, from the PACS of participating hospitals, allowing

examination-specific dose reconstructions. The imple-

mented approach15 allows quantification of uncertainties

in doses due to missing data and produces a range of po-

tential doses for each CT scan, each set suitable for use in a

Table 7. Results from EPI-CT national cohorts

Outcome by country Cases Risk estimates (IC 95%)

CNS tumour risk according to the brain dose

UKa (Pearce et al., 2012) 135b ERR per mGy 0.023 (0.010, 0.049)

UKa (Berrington et al., 2016) 122b without PF ERR per mGy 0.019 (0.008, 0.043)

France (Journy et al., 2015) 22 ERR per mGy 0.022 (�0.016, 0.061)

The Netherlands (Meulepas et al., 2018) 84 ERR per mGy 0.0086 (0.0020, 0.022)

Germany (Krille et al., 2015) 7 HR per mGy 1.008 (1.00, 1.01)

France (Journy et al., 2016) 15 without PF HR per 10 mGy 1.07 (0.99, 1.10)

7 with PF HR per 10 mGy 0.8 (0.45, 1.06)

UKa (Pearce et al., 2012) 135b RR [50-74 mGy] vs <5 mGy 2.82 (1.34, 6.03)

Leukaemia risk according to RBM dose

UKa (Pearce et al., 2012) 74 ERR per mGy (RBM dose) 0.036 (0.005, 0.120)

France (Journy et al., 2015) 17 ERR per mGy 0.057 (�0.079, 0.193)

The Netherlands (Meulepas et al., 2018) 44 ERR per mGy 0.0004 (�0.0012, 0.016)

UKa (Berrington et al., 2016) 70 without PF ERR per mGy 0.037 (0.005, 0.126)

France (Journy et al., 2016) 12 without PF HR per 10 mGy 1.16 (0.77, 1.27)

France (Journy et al., 2016) 5 with PF HR per 10 mGy 0.57 (0.06, 1.32)

Germany (Krille et al., 2015) 17 HR per mGy 1.009 (0.98, 1.04)

UK (Pearce et al., 2012) 74 RR [>30 mGy] vs <5 mGy 3.18 (1.46, 6.94)

Lymphoma risk according to RBM dose

France (Journy et al., 2015) 19 ERR per mGy 0.018 (�0.068, 0.104)

UKa (Berrington et al., 2017) 65c RR [>20] vs <5 mGy 0.92 (0.22, 2.94)

CNS, central nervous system; PF, predisposing factor; RBM, red bone marrow; ERR, excess relative risk; RR, relative risk; HR, hazard ratio; mGy, milligray.
aFollow-up period until 2005 only.
bExclusion period 5 years instead of 2 years.
cHodgkin lymphoma only.
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dose-response as a surrogate of the true doses. Each miss-

ing parameter is represented by a probability density func-

tion (PDF) representative of the state of knowledge for the

time period. For each calculation of the cohort dose set,

values of parameters are selected from the appropriate

PDFs while maintaining proper correlations between

parameters. Recoding all examination types into one com-

mon classification, and centralized calculation of organ

doses using the software NCI-CT20 with appropriately

sized phantoms for paediatric age categories, allowed a

good standardization of the process. Apart from the use of

doses for the main risk analysis, EPI-CT also provides the

basis for a large and useful characterization of doses from

CT in children in Europe, where previously only sparse in-

formation was available.

A limitation of the study is the inability to contact al-

most one million individuals to collect more precise infor-

mation on potential confounders such as underlying

predisposing conditions, other medical radiation proce-

dures performed in the hospital (nuclear medicine proce-

dures, other X-rays) or outside the participating hospitals.

Indication for CT is also not routinely recorded, and few

countries have electronic medical record systems that could

provide this information for a retrospective cohort of this

type. Simulation studies, based on scenarios of expected

range of potential confounders based on information avail-

able in some of the participating countries or regions, will

be performed to provide information on the likelihood of

missing data in the risks estimates. Sensitivity analyses will

be performed on cohorts with information on potential

confounders to provide a basis for adjusting risk estimates.

Nested case-control studies are also being conducted in

several countries [http://www.medirad-project.eu/] to al-

low collection of data on other radiation procedures, miss-

ing scans, predisposing factors and other potential

confounders of the relation between CT dose and leukae-

mia and CNS tumour risks.

Another limitation of the EPI-CT project is that the co-

hort is still relatively young, whereas many solid cancers

(and non-cancer diseases) are more frequent at older ages.

Further long-term follow-up of this important cohort will

provide additional information and will allow a more pre-

cise quantification of the effects of exposure on different

outcomes, as well as on the possible modifying effects of

age at exposure and attained age on estimated risks.

Supplementary funding should be provided to allow the

long-term follow-up. Additional follow-up is currently un-

der way in five of the largest countries with funding from

the European Union within the MEDIRAD project [http://

www.medirad-project.eu]. Funds will be sought in other

countries to update the follow-up of the other cohorts in

the coming years.

Can I get hold of the data? Where can I find
out more?

Study data are not freely available because of ethical and

data protection constraints. The anonymized data are

stored at the IARC and cannot be sent outside the Agency.

Proposals for possible collaborations in further analyses of

the data should be addressed to Dr Ausrele Kesminiene

[KesmienieneA@visitors.iarc.fr] and will be reviewed by

the EPI-CT steering committee.

Funding

The UK study was partially supported by the US National Cancer

Institute (NO2-CP-75501), Radiation Research Programme of the

UK Department of Health (RRX119), Cancer Research UK

(C22891/A16015) and NIHR Health Protection Research Unit in

Chemical and Radiation Threats and Hazards (no grant number).

The French study received funding from the French National Cancer

Institute (2011–1-PL-SHS-01-IRSN-1) and from ‘La Ligue Contre le

Cancer’ (PRE09/MOB). The Dutch study was partially supported by

Profile in a nutshell

• The multinational EPI-CT study was set up in 2011 to

provide direct estimates of risk of solid tumours and

leukaemia among children and young adults who

had undergone computed tomography (CT), and to

consolidate the scientific basis for optimization of

paediatric CT protocols and patient protection.

• Under a common protocol, cohort studies were con-

ducted in Belgium, Denmark, France, Germany, The

Netherlands, Norway, Spain, Sweden and the UK,

coordinated by the International Agency for

Research on Cancer (IARC).

• The study recruited a total of about 950 000 patients

who had undergone CT at least once before the age

of 22 years. A total of 8.7 million person-years of in-

cidence follow-up were accrued between 1977 and

2014. Cohort members were followed up passively

through linkage with population-based cancer and

mortality registries. A methodology was developed

to reconstruct individual organ doses and estimate

associated uncertainties, using data available in elec-

tronic archiving systems of the radiology depart-

ments of participating hospitals. Description of the

cohort and analysis of mortality risk are presented

here.

• Proposals for possible collaboration in further analy-

ses of the data should be addressed to Dr Ausrele

Kesminiene [KesmienieneA@visitors.iarc.fr] and will

be reviewed by the EPI-CT steering committee.
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Worldwide Cancer Research, formally known as the Association for

International Cancer Research (12–1155). The German study was
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02NUK016CX. The Norwegian cohort was funded by the Research
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grant from the Spanish Nuclear Safety Council (Consejo de

Seguridad Nuclear). MBdeB was the recipient of a fellowship of the
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