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Objectives: The increasing use of CT scans in the paediatric population raises the
question of a possible health impact of ionising radiation exposure associated with CT
scans. The aim of this study was to describe the pattern of CT use in early childhood.
Methods: In 14 major French paediatric radiology departments, children undergoing
at least 1 CT scan before age 5, between 2000 and 2006, were included. For each
examination, absorbed organ doses were calculated.
Results: 43% of the 27 362 children in the cohort were aged less than 1 year
during their first exposure, with 9% being aged less than 1 month. The mean
number of examinations per child was 1.6 (range 1–43). The examinations included:
head in 63% of the cases, chest in 21%, abdomen and pelvis in 8% and others in 8%.
Brain and eye lenses received the highest cumulative doses from head examinations,
with mean organ dose values of 22 mGy (maximum 1107 mGy) and 26 mGy (maximum
1392 mGy), respectively. The mean cumulative effective dose was 3.2 mSv (range
0.1–189 mSv).
Conclusion: CT scan exposure in childhood is responsible for relatively high doses to
radiosensitive organs. The rather large dose range according to the protocols used
requires their optimisation. The cohort follow-up will study the risk of long-term
radiation-induced cancer.
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Exposure for medical purposes is the main source
of artificial radiation. In France, it represents 40% of the
annual exposure of the whole population [1]. These
exposures are mostly in relation to radiodiagnosis,
which is associated with low levels of ionising radiation
(IR). Previously, it has been observed that pre-natal and
childhood exposure to X-rays was associated with an
increased risk of cancer [2–4]; however, this was not con-
firmed by a review based on more recent studies pub-
lished since 1990 [5]. The doses that used to be involved
in pre-natal and post-natal diagnostic exposures in the
past were much higher than those reported nowadays,
and no evidence of an increased risk of leukaemia has
been observed. However, some specific procedures, such
as CT, are associated with much higher radiation doses
than conventional radiodiagnosis: CT accounts for only
5% of all X-ray examinations but represents between
40% and 67% of the total medical dose received by the
population [6]. Over the last 20 years the ease and speed
of image acquisition linked to technological develop-
ments has encouraged the proliferation of procedures
and has led to increased doses to patients. These trends
are also observed in paediatric diagnostic imaging,

leading to an increase in the use of CT and, therefore,
an increase in the level of exposure to IR in children.
About 11% of CT scans are carried out in the paediatric
population [7]. Assessment of cancer risk after childhood
radiation exposure remains a concern regardless of
the radioprotection used for children. Children actually
present an increased radiosensitivity of certain tissues
compared with that of adults, which, combined with
a long life expectancy, could allow cancer to develop.
A lack of adjustment of specific technical parameters
during imaging has also been noted.

The objective of this study was to build a cohort of
children who attended the major French radiology
departments very early in life, in order to describe the
pattern of CT scan use in early childhood and to estimate
doses associated with these examinations.

Material and methods

Study population

A retrospective cohort study on patients subjected to
CT scans in 14 major paediatric radiology departments
in France was formed in collaboration with the French
Society of Paediatric and Pre-natal Radiology. The cen-
tres involved were: Angers, Bordeaux, Marseille, Mont-
pellier, Nantes, Paris (centres Trousseau, Béclère, Bicêtre,
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Necker, Saint Vincent de Paul, R. Debré, L. Mourier, Jean
Verdier) and Tours. All are university hospitals. Child-
ren who were less than 5 years old at the first exami-
nation between 1 January 2000 and 31 December 2006
were eligible. Patients who were permanent residents in
France at the first examination were included.

Information collected

Referral criteria for the examination and radiological
diagnosis were not recorded in the hospitals’ electronic
files. However, we were able to flag patients with a
diagnosis of cancer or leukaemia through the French
paediatric cancer registries [Registre des Tumeurs
Solides de l’Enfant (RTSE) and Registre National des
Hemopathies de l’Enfant (RNHE)]. The RNHE and RTSE
have recorded all childhood (i.e. under 15 years old at
diagnosis) cases of leukaemia and cancer in France since
1990 and 2000, respectively. The RNHE and the RTSE
have previously been used as a study base for several
large-scale childhood cancer investigations [8–10].

Electronic files concerning all the CT examinations con-
ducted in these hospitals during the study period were
obtained and the following information was retrieved:
first name, surname, hospital identification number, date
of birth, postal code (based on home address), date of
examination, anatomical region of the body examined, use
– or not – of a contrast agent and, for part of the cohort,
identification of the medical department requesting the
CT scan. Anatomical areas of focus were the following:
head, neck, chest, abdomen, pelvis, extremities (feet,
knees, hands and elbows) and multiple areas.

Exposure assessment

To estimate the radiation exposure of the children
included in the cohort, we calculated organ absorbed
doses. The organ dose represents a rather appropriate
dosimetric indicator to express the energy deposited in a
specific organ but cannot be directly measured in
patients. It needs to be assessed using either physical
or mathematical phantoms that simulate the process of
depositing energy at a given point or in a given organ.
Monte Carlo simulation programs have been developed
to produce dose conversion coefficients translating a
dosimetric quantity such as the volume CT dose index
measured under well-defined conditions for a given CT
machine model into organ absorbed doses. The software
CT-Expo [11], which allows organ doses to be calculated
for two categories of children (babies and young child-
ren), was used to estimate organ doses for each exposed
child according to several technical parameters asso-
ciated with the examination. The two categories of age
we chose were: below 1 year old and above 1 year old.
When the protocol was different according to age within
one of our two age groups (,1 year and >1 year), we
applied the protocol linked to the age under considera-
tion even if the size of the phantom did not change. The
parameters, which include the anatomical region of
the body that was exposed, tube voltage (in kilovolts),
current (in milliamperes), slice thickness and type of CT
machine, were not individually available for the majority

of the patients because of the delayed use of electronic
parameter storage in France. Dose reconstructions were
then based on the specific protocols of each of the
radiology departments taking into account anatomical
area, number of series, age and type of scanner. The
protocols were obtained for several anatomical areas and
not for various clinical diagnoses. However, we could
not exclude that the parameters could have been modi-
fied for a specific indication in some cases, indepen-
dently of the protocol. These protocols enabled us to
estimate radiation doses for a specific type of examina-
tion, e.g. head, neck, chest, abdomen and pelvis. It also
allowed us to estimate the effective dose, which is a
dosimetric indicator that represents the overall health
detriment to the whole body in adults but needs to be
considered with caution in the paediatric field. When
the protocol was not available, because of lack of storage
of the information after a change of the CT machine, a
reconstruction of that protocol was carried out for the
main types of examinations and categories of age using a
sample of images from the time period and the type of
machine. In all, 22 CT machines were used over the
whole period studied, with 10 single-detector CT (SDCT)
and 12 multidetector CT (MDCT) machines. MDCT
machines included 4, 16 and 64 slices in 3, 7 and 2 cases,
respectively. Globally, 18 protocols were available and 4
needed to be reconstructed. During the study period,
modulation of current was used in only one centre
for examinations outside the head. We, therefore, in-
cluded only those patients who had undergone head
examinations from this centre, because of the difficulty
in reconstructing doses from the medical protocol in
examinations using current modulation. In the case of an
examination with unspecified anatomical areas and/or
with no associated medical protocol, the exposure assess-
ment could not be carried out and cumulative radiation
doses could therefore not be calculated. These patients
were thus excluded from the dosimetric analysis. The
patients in whom the anatomical area scanned was the
extremities (feet, knees, hands and elbows) were con-
sidered as non-exposed.

Statistical analysis

Baseline characteristics were computed for all children
included in the study. The median effective and organ
doses, according to the exposed anatomical area, were
calculated for two age groups (0–1 year and 1–5 years)
taking into account the type of CT machine, i.e. SDCT
or MDCT. Procedural frequencies were calculated for
the whole study population over the 9 year follow-up
period, with cumulative effective and organ doses being
estimated until 30 December 2008. Comparisons by
category of referral (referral for cancer diagnosis and
follow-up or referral for non-cancer disease) were cal-
culated with t-tests for quantitative variables and with x2

tests for categorical variables.

Ethics approval

Use of the computer database containing all of the
collected information was agreed by the Commission
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Nationale Informatique et Libertés (CNIL), which ensures
that data privacy laws are enforced in France.

Results

Study population

After exclusion of 863 patients who were not per-
manent residents in France at the time of the study,
the cohort included 27 362 patients. On average, 3900
patients entered the cohort per year. The mean age of the
patients at inclusion was 21 months (Table 1). Almost
half of the population, i.e. 11 857 (43%) children, entered
the cohort at less than 12 months old; of these, 2437 (9%)
were less than 1 month old. The majority of patients were
boys (58%), but there were no significant differences
between girls and boys in mean inclusion age or in the
average number of examinations. The follow-up was
performed until 31 December 2008.

Referral for cancer diagnosis or follow-up accounted
for 1173 patients (4%) in the cohort. A comparison of the
characteristics of the cancer cases with the non-cancer
cases is shown in Table 1. On average, patients with
cancer had more examinations than those without
malignant disease (p,0.0001).

Exposure

CT scans were performed in the 14 radiology de-
partments that were included in the study (11 paedia-
tric units and 3 adult units with a large number of
examinations in children), with various models of CT
machines including 10 SDCT and 12 MDCT machines. A
total of 44 417 CT examinations were identified, with a
mean of 1.6 procedures per person (range 1–43) during
the whole period. Even though the number of children
included in the cohort remained approximately the same
each year, the number of CT scans performed increased
significantly over the study period, rising from 4846 in
2000 to 5564 in 2006 (Figure 1). Most of the patients had
only 1 recorded examination (n519 806, 72%). A further
4228 (16%) patients had 2; 1453 (5%) had 3; and 1875
(7%) had more than 3 CT scan examinations (Table 1).
The mean number of examinations per child decreased
significantly with increasing age at the first examination,
ranging from 1.7 during the first month of life to 1.5 for
the 4–5 years category. The most frequent anatomical
area explored was the head, accounting for 63% of all the
examinations, with a significantly higher frequency in
the non-cancer cases (66%) than in the cancer cases (37%)
(p,0.0001). The number of chest, abdomen or pelvis, and
multiple area (referring to examinations performed at
several anatomical areas at the same time) CT scans were
significantly increased in cancer cases compared with
non-cancer cases (p,0.0001). Unspecified anatomical
area accounted for 2% of the total of the examinations.

The median effective and organ doses per examination
according to the anatomical area explored, the type of CT
machine (SDCT vs MDCT), the radiology department
protocol and the age of the patient (,1 year or >1 year)
are reported in Tables 2 and 3, respectively. The median
observed dose values did not differ significantly accord-
ing to the category of age of the children, except
in cases of middle ear examination, which were asso-
ciated with decreasing dose values as the age increased.
However, MDCT examinations were associated with
slightly decreased doses, except in the case of head
examination.

Cumulative dose estimation could be assessed for 87%
(23 894 children) of the whole cohort. The mean cumula-
tive effective dose per child was 3.2 mSv, ranging from
0 mSv to 189 mSv (Table 4). The mean value was signi-
ficantly higher in the cancer group than in the non-cancer
group: 11.9 mSv and 3.2 mSv, respectively. The median
and mean cumulative organ doses are reported in
Table 4. Taking into account the distribution of anato-
mical areas studied, which were mostly head CT scans,
the median cumulative organ doses were relatively high
for head organs, but rather low for chest, abdomen and
pelvis radiosensitive organs. Maximum values remained
high, because a small proportion of the children were
subjected to more than 10 CT scans. The mean cumulative

Table 1. Baseline characteristics of participants in the
Paediatric Scanner Study, France, 2000–2006

Characteristic Total
subjects,
n527362 (%)

Non-cancer
referrals,
n526189 (%)

Cancer
referrals,
n51173 (%)

All subjects 100 96 4
Sex

Boys 58 58 55
Girls 42 42 45

Age at first examination
Mean (SD)

(months)
21 (18) 21 (18) 28 (17)

,1 month 9 9 3
1 month–
1 year

34 35 21

1–2 years 18 18 21
#3 years 14 13 19
#4 years 13 13 19
#5 years 12 12 17

Number of examinations
per patient
Total 44417 40134 4283
Mean (SD) 1.6 (1.7) 1.5 (1.4) 3.7 (3.9)
1 72 74 31
2 16 15 22
3 5 5 14
3+ 7 6 33

Anatomical area explored
Head 63.0 65.7 37.4
Neck 2.1 2.2 1.1
Chest 21.0 20.8 22.3
Abdomen
and pelvis

7.5 6.5 17.4

Extremities 0.2 0.2 0.0
Multiple
areas

3.7 2.3 17.6

Unknown
areas

1.9 1.7 3.6

Other 0.6 0.6 0.6

SD, standard deviation.

Radiation exposure from CT in early childhood
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dose by age at the first exposure decreased with
increasing age at exposure for brain, eye lenses and bone
marrow (Figure 2), but increased with increasing age at
exposure for testicles and ovaries.

Discussion

Our study allowed us to characterise the radiation
exposure linked to the CT scan procedure in early
infancy in a large population of patients. This is one of
the few studies focusing on the distribution of CT scan
procedures in a very young population [12, 13]. Even
though IR is usually carefully used in childhood, we ob-
served that the CT scan procedure is likely to be used in
very young children, since near half of our population
was less than 1 year old at the time of the first exami-
nation, with about 10% aged younger than 1 month. We
observed an increase in the number of CT scans
performed over the study period, despite the number
of children included in the study remaining approxi-
mately the same each year. The observed increasing use
of CT, particularly for the youngest children, is surpris-
ing because of the advised switch from CT scan to MRI
in routine practice [14]. This may be related to several
factors: the limited number of MRI units in France
compared with other European countries and North
America, especially in emergency suites, and the need
for sedation in young children for MRI, whereas the very

short CT acquisition time (mainly with MDCT) allows
examinations to be performed without any sedation
procedure.

Organ doses were calculated in our study and could be
compared with literature values, or measured with the
help of anthropomorphic or cylindrical phantoms. Few
paediatric values of organ doses are available [6, 15–17,
35] and concern mostly optimisation efforts [6, 18–21, 36].
The CT-Expo software allowed us to calculate doses for
the paediatric population. The use of this software has
been previously validated [22, 23]. One limit of the study
in dose estimation is the fact that CT-Expo software has
only two sizes of phantoms to calculate organ doses.
Indeed, the software uses a baby phantom of 7 weeks old
and a child phantom of 5–7 years old. The uncertainties
around the dose increased for children whose height
increasingly differed from that of the phantom used,
resulting in underestimations or overestimations for
older and younger children, respectively. The estimation
of doses were based on technical parameters extracted
from the radiology department protocol and on the type
of CT machine. Individual technical parameters, such
as tube voltage or current, could not be extracted in-
dividually for each child, but comparison of a sample
of individual data with technical parameters of the
protocols showed a good agreement between the two
approaches (data not shown). Taking into account the
modulation of current would have made the reconstruc-
tion of doses from the medical protocol difficult. In our

Figure 1. Yearly inclusion of pa-
tients and number of examinations
recorded in this year over the period
2000–2006.

Table 2. Median effective dose values per examination, according to the age at exposure and type of CT machine

Explored anatomical area Median effective dose in mSv (min–max) by age at exposure

, 1 year 1–5 years

SDCT MDCT SDCT MDCT

Head 0.9 (0.4–1.6) 1.4 (0.6–3.2) 0.8 (0.3–2.1) 1.4 (0.7–2.7)
Middle ear 1.3 (0.4–2.1) 2.0 (0.2–7.1) 0.4 (0.2–1.1) 0.5 (0.1–2.6)
Chest 3.6 (0.4–11.5) 2.7 (1.0–6.8) 2.5 (0.2–8.3) 1.7 (0.7–5.1)
Abdomen and Pelvis 10.0 (4.4–21.5) 5.7 (2.5–10.6) 9.1 (3.3–19.6) 6.6 (1.8–18.1)

MDCT, multidetector CT; SDCT, single-detector CT.
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study, this point has not been a source of difficulty
because only one centre used this technique for dose
optimisation for CT scans not including head CT scans.
In this centre, only those children who had examinations
of the head—without modulation of current—were
included in the study. For the head procedure, which
was carried out in 63% of cases in our population, the
median cerebral dose ranged from 14 mGy to 26 mGy
with a wide range of doses (6–55 mGy) according to the
type of CT machine and age category. These values are in
the range of those described in previous studies [16, 24].
The eye lens is also largely affected by CT scan, with
a median lens dose ranging from 21 mGy to 37 mGy,
which is either greater than previously reported [15] or

in the range of other studies [17, 24]. However, the
highest doses received by the eye lens were observed in
cases of middle ear examination, with a median dose
ranging from 45 mGy to 55 mGy. According to the lite-
rature, eye lens doses vary from 10 mGy to 60 mGy in
this type of exposure [6, 25–27]. Median doses to the red
bone marrow, which is exposed in head and chest
examinations, ranged from 2 mGy to 6 mGy in head CT
scans and from 1 mGy to 2 mGy in chest CT scans. These
doses were similar to the doses reported elsewhere [15,
24]. Considering chest, abdominal and pelvis examina-
tions, median doses to the breast, lungs and gonads were
in the range of those reported in the literature [15, 24,
28, 29], with, as stated above, a large variation in dose
according to the protocol. Effective doses were also cal-
culated in our study in order to give a single dose value
associated with an examination. However, it should kept
in mind that the application of the underlying risk
coefficients (averaged over several populations, both
genders and all ages) to calculate this quantity is, in
principle, inappropriate in the paediatric population.
However, it is the only one that could be used when a
single quantity is required to express a risk-related dose
value. Specific values of doses for babies could be cal-
culated in our study, taking into account specific radio-
logical protocols for this age range. Comparing our
results with other studies remains difficult because of the
few reports concerning dose estimations for neonates or
babies [30]. We observed that, as a consequence of the
large difference in height and weight between the ages of
0 and 5 years, organ doses were usually higher in babies
than those calculated in older age groups, except in the
case of head examinations. This latter observation is
consistent with the rather large volume of the head in
early infancy.

Table 3. Median organ dose values per examination, according to the age at exposure and type of CT machine

Explored anatomical area Median organ doses in mGy (min–max) by age at exposure

, 1 year 1–5 years

SDCT MDCT SDCT MDCT

Head
Brain 14 (6–28) 23 (8–55) 14 (6–40) 26 (11–47)
Eye Lenses 21 (0.4–32) 23 (1–73) 24 (0.6–50) 37 (1–60)
Bone marrow 4 (1–7) 6 (3–15) 2 (1–6) 4 (2–7)

Middle ear
Brain 13 (3–21) 17 (2–55) 5 (2–14) 6 (1–37)
Eye Lenses 49 (17–96) 55 (9–206) 45 (18–127) 43 (8–195)
Bone marrow 6 (2–10) 9 (1–33) 2 (1–5) 2 (0.4–10)

Chest
Thyroid 10 (1–31) 7 (3–18) 8 (1–25) 5 (2–15)
Oesophagus 9 (1–27) 6 (2–15) 6 (1–21) 4 (2–12)
Lungs 10 (1–30) 6 (3–16) 7 (1–22) 5 (2–13)
Breast 10 (1–30) 6 (3–16) 8 (1–25) 5 (2–15)
Thymus 10 (1–30) 6 (3–17) 7 (1–22) 5 (2 –13)
Bone marrow 2 (0.3–7) 2 (1–4) 1 (0.1–3) 1 (0.3–2)

Abdomen and pelvis
Liver 15 (6–29) 7 (3–13) 13 (5–25) 9 (2–25)
Stomach 15 (7–30) 7 (3–13) 16 (6–31) 10 (3–27)
Colon 14 (6–28) 7 (3–13) 16 (6–32) 10 (3–27)
Small bowel 16 (7–31) 8 (4–13) 17 (6–33) 11 (3–28)
Testicles 7 (4–16) 7 (3–13) 12 (4–23) 10 (3–28)
Ovaries 16 (7–31) 8 (4–14) 15 (6–30) 9 (3–25)

MDCT, multidetector CT; SDCT, single-detector CT.

Table 4. Cumulative effective and organ dose values per
child

Mean Median 1st and 3rd
quartiles

Min–Max

Effective dose
(mSv)

3.2 1.6 0.8–3.1 0.1–189

Organ dose
(mGy)

Brain 22 15 1–30 0–1107
Eye lenses 26 15 1–34 0–1392
Bone marrow 5 4 2–6 0–161
Thyroid 4 1 1–3 0–287
Lung 3 0.4 0.2–2 0–250
Breasts (girls

only)
4 0.3 0.1–2 0–183

Colon 2 0.006 0–0.2 0–281
Testicles 0.6 0.0002 0–0.004 0–79
Ovaries 2 0.007 0.002–0.1 0–291

The cumulative effective dose was calculated only for the
23 894 children who had an individual dosimetric estimation.
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The observed variability in doses for the same age
category remains of concern. CT model and scan para-
meters used in the medical protocol were the two main
reasons for this variability. An almost twofold difference
in dose values has been observed among MDCT models of
scanners after normalising technical parameters [24]. The
discrepancy between technical protocols appeared to be
linked both to the radioprotection awareness of the
radiologist, as shown by several studies on dose reduction
by optimisation [18–21], and to the referral diagnosis.
The wide range of doses linked to the lack of protocol
optimisation should no longer be observed. Indeed, French
recommendations concerning dose reference levels in
paediatric radiology, first published in 2005 [31], were
updated in 2009 [14], and radiologists should have been
applying them before the end of 2010.

The strength of our study was to calculate the cumul-
ative organ and effective doses per child during the
maximum 9 year follow-up of the cohort. All the exam-
inations concerning one child were summed, despite
some of the examinations being performed in several
of the study hospitals. Although the vast majority of
children were exposed to only one CT scan, about 7%
were exposed to more than three CT scans. However, the
total exposure of the children may have been under-
estimated because of possible examinations performed
outside the participating hospitals’ radiology depart-
ments. The mean cumulative effective dose was 3.2 mSv,
ranging from 0.1 mSv to 189 mSv. The very high upper
limit of cumulative doses was linked mainly to the
number of CT scans performed per child. Indeed, a few
of the children were subjected to a total of more than
30 CT scans. The highest mean cumulative organ doses
were observed for brain and eye lens, 22 mGy and
26 mGy, respectively, as a result of the frequency of
repeated head scans in our study. It must be noted that
some children presented cumulative brain or eye lens
doses even greater than 1 Gy. If the total organ doses for
chest, abdomen and pelvis were rather high for one
child, the small number of such procedures in our study
decreased the mean value of the cohort cumulative dose.

The mean cumulative doses reported in our study could
not be compared with literature values because the
few described surveys of paediatric patients subjected to
CT scans concerned only those patients with specific
diseases, such as cystic fibrosis [32] or hydrocephalus
[33].

The levels of cumulative organ doses reported in
our study raise concerns about the possible detriment
to the health of children caused by radiation exposure.
Evaluation of cancer risk after CT scan exposure in
childhood has previously been done according to
established risk models [34]. No epidemiological study
concerning the risk of cancer following CT exposure in
childhood has been published yet, but several national
studies are ongoing or planned. In France, this study is
the first to focus on this subject. All the major paediatric
radiology departments were included in this study, with
five additional departments to be included in the future.
This allowed us to cover all the regions of the country
and to describe the French paediatric radiology pattern
of use. The next step will be to assess the risk of cancer or
leukaemia following IR exposure linked to CT scans in
our cohort. For this purpose, the follow-up will concern
only those children exposed to CT scans for a non-cancer
referral diagnosis. Indeed, patients exposed to CT scans
because of a malignant disease diagnosis or follow-up
should be excluded from the analysis because they are
known to be at greater risk of a second cancer, owing
to a specific susceptibility or to the treatment of the
first malignancy. Patients with CT examination of the
extremities, i.e. feet, knees, hands and elbows, should
not be excluded from the cohort because they would
constitute a reference group within the cohort, allowing
us to compare non-exposed and exposed patients. The
choice of this reference group will enable increased
comparability between these two groups for the under-
lying disease. Follow-up of the health status of the
children in the cohort will be assessed in the future.
Because of the lack of a national adult cancer registry, we
focused our study on very young exposed children in
order to follow them on data incidence for at least 10

Figure 2. Mean cumulated organ
dose by age at first exposure.
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years through the paediatric cancer registries. Further-
more, very young children are known to have an
increased sensitivity to radiation compared with adults
and have a long life expectancy, which could allow
cancer to develop. The follow-up of the cohort when they
are adults will also be done, but only through mortality
follow-up, pending the establishment of an adult nation-
wide cancer registry. A planned joint analysis of our
study with other European transnational cohorts will
increase the statistical power of the study.

In conclusion, this study allows us to characterise
the radiation exposure of young children exposed to CT
scans. Relatively high observed organ doses raise the
question of whether the benefit–risk ratio of diagnostic CT
examinations is being carefully estimated. Optimisation of
the procedures should also be considered, taking into
account the wide range of observed doses. Long follow-up
of this exposed population will permit the study of the
risk of long-term radiation-induced cancer.
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