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Abstract

To clarify whether medical radiation exposure, especially from head computed tomography (CT),
increases the risk of brain tumours in young patients in Japan, which ranks the second highest in the
world in the number of paediatric CT examinations following the US. From 2011 t0-2015, we
performed a case-control study of 120 brain tumour patients and 360 appendicitis patients as
controls. Reasons, the number of brain and head CT scans date were available from’interviews. A
cumulative radiation dose to the brain was calculated as a sum of doses received.from head CT scans
and from conventional X-rays and estimated using a reference table derived from aiterature review
of published studies. We performed conditional logistic regression to assess.therrisk of brain tumours
from brain and head CT, and from conventional head X-ray procedures.

The case group received on average 1.8 CTs to the brain area and 2.2 CTs to the whole head, with a
mean estimated brain dose of 32 £13 mGy. The odds ratio for develfping a brain tumour from
having a brain CT was 0.93 (95% confidence interval: 0.38-1.82). This was hardly altered when
adjusting for parental educational history and for other.diseases (history of neurological disease and
attention-deficit disorder/attention-deficithyperactivity disorder). Neither whole head CT nor
cumulative brain dose to the brain increased the risk of glioma or of all brain tumours. Although this
study conducted in Japan, where ranks'second in the number of CT scans conducted in the world,
did not show an increased risk of brain tumours related to CT scans, it should be taken with caution

N
due to a case-control study with limited sample size.
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1. Introduction

The development of medical X-ray technology has greatly improved the precision of imaging
diagnostics but raised concerns about potential health hazards associated with the increasing(use of
computed tomography (CT) scans, particularly in children when considering paediatric radiation
exposure [1]. Japan has the highest number of CT machines among Organization for Economie,Co-
operation and Development (OECD) countries, with reported 200 CT scans being conducted for
every 1,000 individuals per year [2]. Globally, Japan ranks second after the US in the number of CT
scans conducted, which is approximately double of that, for example, in the UK [ﬁ and Netherlands.
Epidemiological studies [4, 5] have demonstrated an increase in leukaemia.andibrain tumours owing
to diagnostic CT; however, results are not entirely consistent. Since around 2000, several countries
have recommended to apply lower doses for CT scans performed on children than those used for
adults because the former are overly sensitive to radiation [6].A pagdiatric CT guideline was
published in Japan in 2004 [7], which recommends the use of a dose reduction filter and a tube
setting of 100 mAs or less for children weighing 36°'kg.or less (approximately under 10 years old).
Despite the introduction of these low-dose:€T. guidelines in several countries, recently, increased
morbidities have been reported for leukaemiaand some solid tumours in South Korea [8].

The present study aimed to clarify whether medical radiation exposure, especially that from head
CTs, increases the risk of brain tumours in young patients in Japan. We conducted a case-control
study in Japan, using data from the\Japanese part of the Mobi-Kids international study [9], and
collected data using the/same questionnaire. All brain tumours and glioma were included in the study

since low grade glioma'has been‘reported as the most frequent outcome in childhood [10].

2. Materials and/methods

2-1 Study design.and participants

We enrolled 120 patients with primary brain tumours and 360 patients hospitalized with appendicitis
between 2011 and 2015. Inclusion criteria were being aged 10-24 years at the time of diagnosis,

which'was defined as the reference date, and being an inpatient in the collaborating hospitals in
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Tokyo metropolitan area. Only patients with pathologically confirmed brain tumours were enrolled.
Exclusion criteria included having secondary brain tumours, hereditary disease, and severe mental
disorders. Face-to-face interviews for patients aged 18 to 24 years were conducted by trained
interviewers during the hospital stay. If the patients were aged 10 to 17 years or Severely ill'at
any age, interviews were performed either with their parents (mothers or fathers) and the
patient, or with their parents only. On the main questionnaire, social background, medicahhistory,
mobile phone, and Wi-Fi usage, and radiological exposures were collected.«lnraddition, parental and
~
clinical questionnaires were collected from parents and neurosurgeons, respectively. Cases were
matched to controls at a 1:3 ratio based on sex and age (age difference within, 2.5 years), and date of
diagnosis (difference less than 1.5 years). Of these patients, 30.with brain tumours and 120 with
appendicitis were enrolled in the Mobi-Kids study to evaluate the association between laterality of
brain tumour and mobile phone use. Following the eligibility criteria; we excluded brain tumours

which were located in the mid-line (Figure 1)./Fhe detailed protocol of MOBI-Kids was previously

published [9].

Figure 1 Flowchart for patients’ inclusion in the study compared to the eligibility of Mobi-Kids

study
N .
Case-control study of the study (matching rate 3:1)
Matched controls Pathologically confirmed
Apprentices inpatients  F-ss== 4 brain tumour cases
n=360 n=120
Mid-line tumours n=68
Unmatched cases n=23
J
Matched controls Mobi-Kids eligible brain
Apprenticesinpatients [~ tumour cases
| n=120 n=30

Mobi-Kids case control study (matching rate 2:1 including one case
only and 62 control only)
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2-2 Exposure assessment

The information on CT and X-ray examination area, age at examination, and reason for examination
obtained during interviews, was monitored closely. Data on three exposure variables, including
“Number of brain CT (times)” and “Number of head CT (times)” were collected. Atwo-year lag
time was applied to reduce the likelihood that the CT scan was done related to early symptoms.of the
brain tumour [11] leaving out the CT scans conducted within two years before the date ofbrain
tumour diagnosis (Lag 2). “Number of brain CT was the sum of CTs that include brain area, while
“Number of head CTs” was the sum of CTs conducted at the brain, neck; dental, vv\hole body
(including head and neck), and unknown sites. Third variable “Cumulativeibrain‘dose (mGy)” was
estimated using a reference table (Table 1), based on a review of data published by Pasqual et al.
[12], who reported the radiation dose to the brain from conventional X-ray and CT. The literatures
given time-age frame [13] and an estimation of brain dose [14] Weri used in a reference table. Mean
dose values were estimated for new-borns and other age groups for head CTs and conventional X-
rays of the head and neck, including whole body and unknown sites, excluding examinations
conducted within the past two years. Interviews included also information on the number of dental
X-rays, including bite wing, full mouth, and panoramic X-rays in the 5-year age categories, but these
were excluded from dose evaluation, given the extremely low dose to the brain from these X-ray

examinations [15].
N

Table 1  Reference table for mean brain dose estimation from diagnostic radiation

procedures by age and year of éxaminations '>13.14

Body area Age CT scan conventional X-ray
(years) -1989 1990-1999  2000- -1989 1990-1999  2000-
Dental 3to7 20 NA NA NA
8 to 12 10 NA NA NA
13t0 18 10 NA NA NA
Adults 10 NA NA NA
Brain Newborn 50 31 24 0.4 0.6
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1to2 62 50 31 1.5 0.9 0.4
3to7 50 32 0.7 0.7
8to 12 50 36 0.7 0.8
3to 18 36 0.7
Adults 33 1.5

Neck Newborn 0.1 0
1to2 0.1 0
3to7 19 0.1 0
8to 12 17 0.3 0
13 t0 18 14 - 0
Adults 12

Whole body Newborn 6 8 0.4 0.6
1to2 29 22 0.9 0.4
3to7 28 22 0.7 0.7
8to 12 28 22 0.7 0.8
13t0 18 26 0.7
Adults 20 1.5

Don't know 1to?2 50 0.9
3to7 50 33 0.7 0.7
8to 12 2 34 0.8
13to0 18 2 35 0.7
Adults 8 33 1.5

NA; not applicable

2-3 Sensitivity analysis

In the present study, the equipmentiand imaging settings of the CT scans were unknown. Therefore,

our brain dose estimates used for sensitivity analyses were based on the National Cancer Institute’s

dosimetry system for.CT (NCICT) (https://ncidose.cancer.gov/#ncict) [16], selecting typical CT

scanner models used widely:in Japan [17], namely, TOSHIBA XVISION (used until 1999) and

TOSHIBA Aquillion16 (used since 2000). We selected a phantom by sex and age (0 years old at the

time,of imaging: new-born; 1-2 years old: 1 year old; 3-7 years: 5 years old; 8-12 years: 10 years

old; 13-17 years: 15 years old; 18 years and older: adult) for the dose estimation [18]. The following

imaging settings were used as default: tube voltage of 120 kV, rotation time 1, Computed

Page 6 of 19
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Tomography Dose Index (CTDI)vo 6. The absorbed dose to the head was determined using the
varying tube currents of 100 mAs, 200 mAs, and 400 mAs for the sensitivity analysis. In addition,
we assumed 2 models: “Mix 1” determined that the tube current was 400 mAs (the same as that for
adults) before the release of the paediatric low dose CT guidelines in Japan in 2004,7and 100 mAs;
after the release of the guidelines, if the patient was aged 10 years or less at the time'of examination.
“Mix 2” was set up as 400 mAs before 1999 and 100 mAs after 2000 if the subject was aged 10
years or less, to allow for the scenario that the dose lowering strategy for paediatric patients might
have occurred a few years before the guideline was published. .

2-4 Statistical analyses

The odds ratios (ORs) for risk of all brain tumours and histologically confirmed gliomas, and 95%
confidence intervals (Cls) were calculated for all diagnostic radiation‘precedures and head CT scans
using the chi-squared test for categorical variables with STATA16 LStata Corp. 2015. Stata
Statistical Software: Release 14. College Station, TX]. Conditional logistic regression was conducted
for the main analysis. Using the Power software [19], we performed a post hoc power calculation.
Planning a study with 3 matched control(s)per case, when the probability of exposure among
controls is 0.3 and the correlation coefficient for.exposure between matched cases and controls is
0.6, and the true odds ratio for disease in exposed subjects relative to unexposed subjects is 2, we
will need to study 198 cases to be able to reject the null hypothesis that this odds ratio equals 1 with
probability (power) 0.8. The TypeI\error probability associated with this test of this null hypothesis

is 0.05. The present study was approved by the Tokyo Women’s Medical University ethics

committee (2394 R5; November8 2018).

3. Results

3-1 Baseline characteristics

Table'2:shows the baseline characteristics of cases and controls one year before the reference date.
Socioeconomic status (SES) was derived from parental education (mother's or father's education,

whichever was higher). Main difference between cases and controls was seen in the parental
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education: 30% of cases but only 16.4% of controls parental education was high school or less (p =
0.001). According to the Mobi-kids questionnaire, the past history of neurological disease, suchas
migraine, epilepsy, convulsions, and hydrocephalus, was collected. Prevalence of past neurological
disease was significantly higher in the case group (20.0%). Among cases, 4.2% had attention-deficit
disorder / attention-deficit hyperactivity disorder (ADD/ADHD) while it was only 0:8% among,the
control group (p = 0.034). With regard to medical radiation exposure, 24 (20%).cases and:78 (21%)
controls had a history of brain or neck X-rays (p = 0.699). 13 (11%) cases and 42 (12%) controls had
a history of brain CT more than one year before the diagnosis date, with the Iargest\ number of scans
being 11 and 5, respectively (p= 0.964). Finally, 21 (18%) cases and 76 (21%)/controls had a history
of head CT. More than 80% of patient was responded by themselves in.controls, where 59.2% in
cases, although guardians, mostly mothers, were obligated to stay at theiinterviews with patients
aged 17 years and younger. Glioma represented 39% of@all brain tuTours, but the majority of the

cases were those of schwannoma, which were excluded in‘the Mobi-Kids international study.

Table 2 Baseline characteristic between cases and controls at one year before diagnostic date

Cases (n=120) Controls (n=360) p-value
Gender, n (%)
Male, n (%) 72 (60.0) 216 (60.0) 1.000
Age at diagnosis mean+SD y 20.146.5 19.9+6.4
10-14, n (%) 38 31.7) 112 (31.1)
15-19 23 (19.2) 69 (19.2)
20-24 22 (18.3) 73 (20.2)
25-29 37 (30.8) 106 (29.4) 0.971
SES (Parental education) , n (%)
High school‘or less 36 (30.0) 59 (16.4)
Vocational school and college 13 (10.8) 85(23.7)
University and more 67 (55.8) 201 (56.0)
Unknown 4(3.3) 14 (3.9) 0.001*
Past history, n (%)
Neurological disease 24 (20.0) 24 (6.7) 0.000*
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1

2

3

4

5

6 ADD/ADHD 5(4.2) 5(0.8) 0.034%*
; Psychological Disorder 2(1.7) 12 (3.3) 0:542
9 Other cancers 2(1.7) 2 (0.6) 0:511
1? Allergies 55 (45.8) 176 (48.9) 0.704
12 Mobile phone use at 1-year before reference

1 j date, yes n (%) 82 (68.3) 270 (75.0) 0.153
15 Head or Neck X-ray yes n (%) 24 (20.0) 78 (21.1) 0.699
: ? Dental X-ray

18 Bite wing x-ray yes n (%) 10 (55.6) 33.(55.0)

;g Full mouth X ray yes n (%) 0 (0.0) 583"

21 Panoramic X ray yes n (%) 10 (55.6) 26 (43.3)

;g Dental CT yes n (%) 3(16.7) 7 (1197)

24 Number of brain CT, n (%)

;2 0 107 (89.2) 318 (88.3) 0.964
27 1 11 (9.2) 35(9.7)

;g 2 and more 2(1.7) ¥ 7(19)

30 Number of head CT, n (%)

g; 0 99.(82'5) 284 (78.9) 0.695
33 1 16 (13:3) 58 (16.1)

2‘5‘ 2 and more 5(4.17) 18 (5.0)

36 Interviewee. n (%)

g; patient only 71(59.2) 300(83.3) 0.001%
39 mother’s help or mother only 61(31.7) 55(15.3)

40

41 the other ~ 11(9.2) 5(1.4)

42 Glioma 47 (39.2) -

43 .

44 Meningioma 5@4.1) -

45 Schwannoma 57 47.5) -

j? Other brain tumours 11 (9.1) -

48

49

50 3-2 Exposure to brain

51

52

53 Among all brainitumour cases, brain CTs were on average conducted 1.8+2.9 times, with the highest

54

55

56 frequency for a single case being 11 times (Table 3). The corresponding figure was 1.3£0.9 times in

57

58

59 the control group, with the highest frequency for a single patient being 5 times. The number of brain

60

9
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CTs among glioma cases was on average 1.0, with no significant difference among the glioma and

control groups (p=0.324). Further, the number of head CTs, which was the sum of CTs conducted at

the brain, dental, neck, whole body, and unknown sites, was 2.2+0.7 (range 1-11) for the case group,

which was higher than that for the control group (1.5+0.1) (range 1-6). Cumulative brain:dose from

all diagnostic radiation procedures to the head and neck (lagged by 2 years), which.was computed

using the reference table (Table 1), was 32 +13 mGy (n = 36) and 22 +5.5mGy:(n = 13) in the all

cases and glioma groups, respectively, as compared to 25 £3.0'mGy.in the'control group. However,

there were no significant differences among these groups.

Table 3 Exposure estimation among exposed patients: numbers of brain and head CT, and

radiation dose from CT + conventional X-raysiderived from the reference table (lagged by 2

years)
Exposures Exposed all brain tumours (glioma) Controls p values
n mean+SE n meanSE
1) Number of brain CT 12 (6) 1.8+0.2 (1.0) 38 1.3+0.1 0.324
2) Number of head CT 18 (8) 2.240.7 (1.1+0.1) 60 1.5+0.1 0.119
3) Cumulative brain dose (mGy) 36 (13) 32413 (22 £5.5) 114 25£3.0 0.385
1) Brain CT only

2) Brain CT (1) + the other head/CTs including head, such as neck, whole body, and unknown
3) Brain dose from both CT and conventional X-rays to brain, neck, whole body, and unknown

arca

3-3 Brain tumourrisk and medical radiation exposure

Table 4 shows the results of conditional logistic analysis conducted using three exposure measures

as explanatory variables. The ORs for developing all brain tumours were 0.93 (95%CI: 0.55- 1.58)

10
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with brain CTs and 0.97 (95%CI 0.66- 1.42) with head CTs. In addition, when the cumulative dose

to the brain from all diagnostic radiation procedures was considered, the crude and adjusted OR were

not significant for either all brains or gliomas. When the analysis was limited to patients with

pathologically confirmed gliomas (n=47), the number of brain CTs and total number of head CTs

(Lag 2) were lower than the exposure for all brain tumours reported in Table 3. Crude.and adjusted

OR of the number of brain CTs, number of head CTs, and cumulative radiation:dose were not

significant in the glioma group. Within the case group, one patient had undergone 11 brain CT

examinations more than two years before the diagnosis,which,were conducted to monitor the

4

progress of hydrocephalus since infancy. However, the crude.or adjusted OR for all brain tumours

and glioma did not change after omittingsthis patient from analyses.

Table 4 Risk of all brain and glioma by exposure (lagged by 2 years)

all brain tumours CrudeOR  95%CI (n=480) Adjusted OR*  95%CI (n=433)
1) Number of brain CT \0.93 0.55-1.58 0.77 0.44-1.33
2) Number of head CT 0.97 0.66- 1.42 0.88 0.59- 1.32
3) Cumulative brain doses(mGy). 100 0.99-1.01 1.00 0.99-1.01
Glioma Crude OR  95%CI (n=188) Adjusted OR*  95%CI (n=170)
1) Number of brain CT 0.83 0.38-1.82 0.79 0.36 -1.72
2) Number of head CT. 0.77 0.39- 1.55 0.73 0.37-1.47
3) Cumulative brain dose (mGy) 0.99 0.97-1.01 0.99 0.97-1.01

* Adjusted for parental education and history of neurological disease and ADD/ADHD

3-4 Sensitivity analysis

As shown in Table 5, dose to the brain estimated with the NCICT ranged from 18 mGy (18 years

and older, with application of 100 mAs) to 100 mGy (new-born, with application of 400 mAs). In

11
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Table 6, simulation analysis of exposure from brain CT (Lag 2) according to the NCICT, exposures
to brain were relatively higher as compared to the control group. When we estimated them using'3
different shooting conditions, all crude ORs were not significant for the brain tumour group./When
we applied “Mix 17, brain CT exposure in the case (73 £8.5 mGy) and control (54 £6.9.mGy)
groups showed no significant differences. Further, the exposure doses using “Mix 2’ senario'which
was low doses were applied approximately 5 year before publishing the Japanese'CT guideline for
children were lower than those in Mix 1. Even Decreasing of ORs was not detected, even the most

- - - - \
optimistic scenario.

Table 5 Brain dose from head CT estimates with NICICT using different age of phantoms

Age of phantom Toshiba XVISION GX (~1999) Toshiba:Aquillion16 (2000~)
400mAs (mGy) 100mAs (mGy) 400mAs (mGy)

0 80 26 IS 100

1 70 22 89

5 63 20 82

10 62 19 80

15 57 19 74

adults 55 18 70

Table 6 Brain dose from brain CT estimated with NCICT for sensitivity analysis

S
Tube current Case (n=18) (mGy) (Controls (n=60) (mGy) Crude OR  95%CI
100mAs 3010 25+2.5 0.99 0.95-1.02
200mAs 60+20 50+5.0 0.99 0.98-1.01
400mAs 120+40 100+£9.9 1.00 0.99- 1.01
Mix1* 73+8.5 54+6.9 1.00 0.98-1.02
Mix2** 51+25 31+3.0 1.00 0.96-1.03

*Mix1 represented the scenario that was applied 400mAs before 2004 and 100mAs after 2005
if the patient was under 10 years old at the exam for the CT shooting condition.
** Mix2 represented the scenario that was applied 400mAs before 1999 and 100mAs after 2000 if the

patient was under 10 years old at the exam for the CT shooting condition.

5. Discussion
12
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This is the first case-control study of brain tumours in children and adolescents following medical
radiation exposure in Japanese children. Similar to the sub-analysis of German INTERPHONE study
[20], our results indicated that the radiation exposure from CT and X-ray procedures did not/increase
the risk of developing brain tumours or its common sub-type, gliomas. To evaluate exposure as
accurately as possible, we confirmed the reasons for the CT and conventional X-ray examinations
through interviews and eliminated examinations conducted two years before thediagnosis.date.
However, since this study analysed information that was primarily collected for the case-control
study on the association between mobile phones and brain tumours, recall bias for?nedical radiation
exposure in the brain tumour group is not considerably influent.

A large UK cohort [21] regarding paediatric CT scans and the risk.of brain tumours using
radiology information systems databases, the excess relative risk permGy was reported 0.023 to
0.016, where incidence rate ratio was 1.24 (95% CI 1,20 to 1.29) |2 Australia [22]. Recently in
EPICT study of the Netherlands participants aged below/18 years conducted which included 84
patients with brain tumour [23], the mean cumulative,brain dose was approximately the same as
observed in our exposed group (39 mGy)=The excess relative risk per 100 mGy dose was
significantly higher, at 0.86 (95% CI: 0.20-2.22), in the cohort study using 5-year lag. Moreover, a
study of 120,000 Koreans aged 19 years or younger reported an elevated risk of leukaemia, with an
incidence rate ratio (IRR) of 2.14.[95% ClI:1.86-2.46], and all cancers due to low-dose CT scan
conducted more than two years b;ore the diagnosis date. Both these studies have no information
on medical reasons‘for conducting.the CT scans, and thus, inverse causation cannot be ruled out,
given the absence©f data on factors such as subjective symptoms of patients [8].

In our study; the exposure from head CT and X-ray distributed extremely right skewed, such that
more than/80% of the participants were not exposed. Further, average dose values in our study
were lower than,those reported in previous studies [8, 25-27], shown in Table 3 that cumulative
brain dose was low as approximately equivalent to 1 to 2 brain CT scans. In spite of some unknown

CT imaging conditions, strength of this study was focused on detailed interviews on mobile phone

13
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history and participants were less concerned about medical radiation exposure what reduced the
effects of recall bias.

One of the limitations of our study was an imbalance of cases and controls with regard to
parental education, with more case families having lower educational level. This may have
influenced the accuracy of recall of the numbers and types of radiological examinations among
cases, if one assumes more accurate reporting among those with higher education. However,
previous studies have shown that the risk of brain tumours from CT examinations was not affected
by parental education, used as a proxy for SES [24,25]. Unfortunately, information\on living
conditions and economic inequality which are among the leading factors of.SES'was not collected in
the study [26]. Insufficient adjustment for SES could be therefore another limitation of the study
because children living in a less affluent household were reported to be'more likely to be susceptible
to illness and injuries [27]. We are conscious that recallbias could Ifad to differential
misclassification in the case-control study, despite that'the radiological history was asked during
well-structured interview [28]. Our risk estimates\have.not changed after adjusting for past history of
neurological disease and ADD/ADHD [29].In our study, past history of allergies was similar
between two groups, although most studies have demonstrated inverse associations with glioma risk
[30].

The small sample size is a major limitation of our study, resulting in low statistical power to
detect an association between C'I%cans and brain tumours. The power was insufficient as we
indicated in the methed section;.since our case sample size was 120 which was approximately 60%
of the required number. Another limitation was that the present study did not consider “retakes,”
despite the fact that, before 2000, it was a common practice to conduct multiple scans repeatedly to
obtain clear images forinfants during examinations [4, 31]. Because multiphase CT scans (with
contrast material.and without) are still performed occasionally and we had no possibility to check
this, itmay be also that brain CT dose could have been underestimated in the study.

A set©of paediatric CT guidelines was published in Japan in 2004, but awareness of the potential

healthrrisks from CT scanning varies across medical professions and medical institutions. In the
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sensitivity analysis conducted in the present study, the application of both scenarios that weighted
exposure differently before and after the adoption of the low-dose CT guidelines did not have
impact on brain tumour risk. Therefore, compliance to the guidelines needs to be examined in
Japan. Further, epidemiological studies using a cohort study design, not subjected to recall bias,
and individual dose and uncertainty estimates based on the information collected from radiology
departments allow to evaluate more precisely the association between the dosedfrom CT scans and

risk of brain tumours [32, 33].

6. Conclusion

In this matched case-control study conducted in Japan, we found that brain CT scans were not
associated with brain tumours. Diagnostic X-rays are an indispensable medical procedure.
Nevertheless, the risk—benefit of such diagnostic technigues should.be considered in all medical
settings. Given that the exposure per image is 30 mGy or more, it is essential to make every effort to

keep exposure to the minimum necessary dose, especially for CT scans in children.

Acknowledgments: We would like to thank albparticipants and their relatives for their time and
collaboration in the Mobi-Kids study. We would like to thank specially Dr Lee Choonsik, Dr Elisa
Pasqual, Dr Gemma Castafio- Vinyals, and Dr Tsabelle Thierry-Chef for their invaluable support. We
would also like to thank Dr. Matsus\hita M and Dr Ikuyo M for their contribution to data

management. We would like to thank Editage (www.editage.com) for English language editing.

Funding: This work was supported by the MOBI-Kids study and the work in this study was
obtained from the'Eurepean Community’s Seventh Framework Program under Grant Agreements
Number226873=the MOBI-Kids Project—and 603794—the GERoNiMO project. Japanese
participation in MOBI-Kids was supported by the Ministry of Internal Affairs and Communications.
The research has received funding from KAKENNHI (18K10112), a Grant-in-Aid for Scientific

Research C from the Japan Society for the Promotion of Science.

15



oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - JRP-101936.R3 Page 16 of 19

Conflicts of interest: The authors declare no potential conflicts of interest.

Author contributions: NK was responsible for the organisation and coordination of collected'data

in Japan. NK and GB were responsible for the analysis. EC was the chief investigator of the

international Mobi-Kids study. YT, KO, and MK supervised issues regarding radiological exposure

in Japan. AK and JS revised critically for important intellectual content the analysis and manuscript

~

writing. All authors read and approved the final manuscript.

16



Page 17 of 19

oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - JRP-101936.R3

References

1 United Nations Scientific Committee on the Effects of Atomic Radiation 2018 Sources, effects,/and
risks of ionizing radiation. United Nations Scientific Committee on the Effects of Atomic Radiation,
UNSCEAR 2017 Report. United Nations, New York

2 OECD (2020), Computed tomography (CT) exams (indicator). doi: 10.1787/3¢994537%en (Accessed on
06 June 2020)

% Berrington de Gonzalez A, Darby S 2004 Risk of cancer from diagnostic X-rays: estimates'for the UK
and 14 other countries. The Lancet 363(9406):345-351.

~
4 Pearce MS, et al. 2012 Radiation exposure from CT scans in childhood and subsequent risk of

leukaemia and brain tumours: a retrospective cohort study. The Lancet 380(9840):499-505. doi:
10.1016/S0140-6736(12)60815-0

® Bernier MO, et al. 2019 Cohort Profile: the EPI-CT study: a European pooledepidemiological study to
quantify the risk of radiation-induced cancer from paediatric CT. Int J Epidemiol 48(2):379-381g. doi:
10.1093/ije/dyy231.

¢ Donnelly LF, Frush DP 2003 Pediatric multidetector body CT. Radiologic Clinic of North America
41(3):637-665. doi:10.1016/S0033-8389(03)00036-8

7 Ishiguchi T, et al. 2005 Management of patient dose in pediatric computed tomography (Guideline).
Japan Radiological Society, Japanese Society of Radiological Technology, Japanese Society of Pediatric
Radiology (Ed.) Jpn JI of Radiol Technol 61(4)2493-495. doi:10.6009/jjrt.kj00003326752

¢ Hong JY, Han K, Jung JH, Kim JS 2019 Association of exposure to diagnostic low-dose ionizing
radiation with risk of cancer among youths in South Korea. JAMA Netw Open 2(9):¢1910584. doi:
10.1001/jamanetworkopen.2019.10584.

® Sadetzki S, et al. 2014 The MOBI=Kids study protocol: Challenges in assessing childhood and
adolescent exposure to electromagnetic fields from wireless telecommunication technologies and possible
association with brain tumor tiské Frontiers in Public Health 2:124.
https://doi.org/10.3389/fpubh.2014:00124

10 Emerson JC, Malone KE; Daling JR, Starzyk P 1991 Childhood brain tumor risk in relation to birth
characteristics. J Clin Epidemiol 44:1159-1166. https://doi.org/10.1016/0895-4356(91)90148-3

11" Zumel-Marne, A, etal. 2020 Clinical presentation of young people (10-24 years old) with brain

tumors: results,from the international MOBI-Kids study. J Neurooncol. https://doi.org/10.1007/s11060-
020-03437-4

12 Pasqual E, et al. 2020 Exposure to medical radiation during fetal life, childhood and adolescence and
risk of brain tumor in young age: results from the MOBI-kids case-control study. Neuroepidemiology
https://doi.org/10.1159/000506131

17



oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - JRP-101936.R3

13 Gallini RE, Belletti S, Berna V, Giugni U 1992 Adult and child doses in standardised X ray
examinations. Radiat Prot Dosimetry 43(1—4):41-47. https://doi.org/10.1093/rpd/43.1-4.41

14 Kiljunen T, Tietdviinen A, Parviainen T, Viitala A, Kortesniemi M. 2009 Organ doses and effective
doses in pediatric radiography: patient dose survey in Finland. Acta Radiol. Jan 50(1): 114-24.

5 Fontana RC, Pasqual E, Miller DL, Simon SL, Cardis E, Thierry-Chef I 2020 Trends in estimated
thyroid, salivary glands, brain and eye lens doses from intraoral dental radiography overseven decades
(1940 to 2009). Health Phys 118(2):136-148. doi: 10.1097/HP.0000000000001138.

16 Lee C, Kim KP, Bolch WE, Moroz BE, Folio L 2015 NCICT: a computational'solution to/estimate
organ doses for pediatric and adult patients undergoing CT scans. J Radiol Prot 35(4):891-909.
doi:10.1088/0952-4746/35/4/891.

17 Japan Medical Imaging and Radiological Systems (JIRA) 2007 Change list acéording to the X-rays CT
model 1978-2003 http://www.jira-net.or.jp/vim/pdf/xrayct pdf04.pdf (in Japanese) (Accessed 3 May
2020)

8 Lee C, Lodwick D, Hurtado J, Pafundi D, Williams JL, Bolch WE. 2010 The UF family of reference
hybrid phantoms for computational radiation dosimetry. Phys Med Biol’55(2):339—363. doi:10.1088/0031-
9155/55/2/002

19 Dupont DD and Pummer WD. Power and sample size calculation version 3.1.6 [Internet]

http://biostat.mc.vanderbilt.edu/wiki/Main/PowerSampleSize (Accessed 3 May 2020)

20 Blettner M, Schlehofer B, Samkange-Zeeb E;Berg G, Schlaefer K, Schiiz J. 2007 Medical

exposure to ionising radiation and the risk of brain‘tumours: Interphone study group, Germany. Eur J
Cancer. 43(13):1990-1998. doi:10.1016/j.ejca..06.020

21 Berrington de Gonzalez A, et al.{016 Relationship between paediatric CT scans and subsequent
risk of leukaemia and brain tumours: assessment of the impact of underlying conditions. Br J Cancer
114(4): 388-94.

22 Mathews JD, et al. 2013 €ancer risk in 680,000 people exposed to computed tomography scans in
childhood or adolescence: data linkage study of 11 million Australians. BMJ.; 346:£2360.

23 Meulepas JM, et al 2019Radiation exposure from pediatric CT scans and subsequent cancer risk in the
Netherlands. J Natl Cancer Inst 111(3):256-263. doi:10.1093/jnci/djy104.

24 Meulepas JM, Ronckers CM, Merks J, Weijerman ME, Lubin JH, Hauptmann M. 2016

Confounding of the association between radiation exposure from CT scans and risk of leukemia and
brain tumors.-by cancer susceptibility syndromes. J Radiol Prot.36(4): 953—74.

25 Besch/de Basea M, Espinosa A, Gil M, Figuerola J, Pardina M, Vilar J, Cardis E 2018 CT scan

exposure in Spanish children and young adults by socioeconomic status: cross-sectional analysis of
cohort data. PLoS One 13(5):¢0196449.
18

Page 18 of 19


http://www.jira-net.or.jp/vm/pdf/xrayct_pdf04.pdf
http://biostat.mc.vanderbilt.edu/wiki/Main/PowerSampleSize

Page 19 of 19 AUTHOR SUBMITTED MANUSCRIPT - JRP-101936.R3

oNOYTULT D WN =

9 26 Adler, N. E., Boyce, T., Chesney, M. A., Cohen, S., Folkman, S., Kahn, R. L., & Syme, S. L.

10 (1994). Socioeconomic status and health: The challenge of the gradient. American Psychologist. 49
11 (1): 15-24. https://doi.org/10.1037/0003-066X.49.1.15

14 27 Bradley, Robert 2002 "Socioeconomic Status and Child Development". Annual Review of:
15 Psychology 53: 371-399. doi:10.1146/annurev.psych.53.100901.135233. PMID 11752490.

28 Hassan E. 2006 Recall Bias can be a Threat to Retrospective and Prospective:Research Designs.
19 Internet J of Epidemiol 3(2); 4. https://doi.org/10.55 80/2732. ~

29 Kabhalley, L. S., Conklin, H. M., Tyc, V. L., Wilson, S. J., Hinds, P. S.; Wu, SyXiong, X., &

23 Hudson, M. M. 2011 ADHD and secondary ADHD criteria fail toddentify many at-risk survivors of
24 pediatric ALL and brain tumor. Pediatric blood & cancer, 57(1), 110=118.
25 https://doi.org/10.1002/pbc.22998

30 Ostrom, Q. T., Adel Fahmideh, M., Cote, D. J., Muskeéns, L. S.;)Schraw, J. M., Scheurer, M. E., &

29 Bondy, M. L. 2019. Risk factors for childhood and adult priary brdin tumors. Neuro-oncology,
30 21(11), 1357-1375. https://doi.org/10.1093/neuonc/noz123

32 31 Lee C, Journy N, Moroz BE, Little M, Harbron R, McHugh K, Pearce M, Berrington de Gonzalez A

2019 Organ dose estimation accounting foruncertainty for pediatric and young adult CT scans in the
United Kingdom. Radiat Prot Dosimetry 184(1):44-53:.doi:10.1093/rpd/ncy184.

37 82 Walsh L, Nekolla EA 2015 EPI-CT: design, challenges, and epidemiological methods of an
38 international study on cancer risk after-paediatric and young adult CT. J Radiol Prot 35:611-628.
39 doi:10.1088/0952-4746/35/3/E9

41 8 Bernier MO, et al. 2019 Cohort Profiles the EPI-CT study: a European pooled epidemiological study to
42 quantify the risk of radiation-induced cancer from paediatric CT. Int J Epidemiol 48(2):379-381.
43 https://doi.org/10.1093/ije/dyy231

19


https://semanticscholar.org/paper/33e3c7fb42fd6ef6bbbdcb6f6901577206ef0e89
https://en.wikipedia.org/wiki/Doi_(identifier)
https://doi.org/10.1146%2Fannurev.psych.53.100901.135233
https://en.wikipedia.org/wiki/PMID_(identifier)
https://pubmed.ncbi.nlm.nih.gov/11752490

