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Previous studies on survivors of the Hiroshima and Nagasaki

atomic bombs, as well as cancer patients who developed secondary

cancer within the radiation field, have shown that exposure to

high-dose radiation increases the risk of leukaemia and various

solid tumours (Preston et al, 2007; Bednarz et al, 2010; Newhauser

and Durante, 2011). Radiation exposure in paediatric populations

is of particular concern because of their increased sensitivity to

radiation and higher number of years in which carcinogenesis

might occur.

According to the National Council on Radiation Protection and

Measurements (NCRP) report no. 160, medical radiation exposure

to the US citizen has increased three-fold within the past two

decades, providing 48% of the total ionising radiation source.

Computed tomography (CT) scanning provided the most

substantial contribution to this value (National Council on

Radiation Protection and Measurements, 2009). Over the past

three decades, the rate of CT use has shown marked increases

(B20-fold) (Brenner and Hall, 2007; Mettler et al, 2009), and this

trend is likely to continue as its clinical application further

increases rapidly (Fazel et al, 2009). Investigators have observed the

largest increases in CT use within the categories of paediatric

diagnosis (National Council on Radiation Protection and Measurements, Scientific Commitee 6-2 on Radiation Exposure of

the US. Population, 2009). Despite the clinical value of CT,

concerns exist about the potential cancer risk resulting from the

ionising radiation associated with its use, particularly in the

paediatric population.

In Taiwan, the Taiwan National Health Insurance Research

Database (NHIRD), one of the largest administrative health-care

databases worldwide, contains de-identified medical claims from

99% of Taiwan’s 23.74 million people. The National Health

Research Institute (NHRI) compiled the NHIRD using medical

claims in the National Health Insurance (NHI) program, a singlepayer

universal health insurance program initiated in 1995, with

more than 99% of the island’s population enrolled in the scheme.

The NHIRD is available for research purposes in Taiwan, and

epidemiologic studies have extensively used its data (Chen et al,

2011; Huang et al, 2012; Liang et al, 2012; Kao et al, 2013). Cheng

et al (2011) validated the accuracy of the diagnoses of diseases and

drug prescriptions in the NHIRD. These data enabled our

evaluation of the possible increased subsequent risk of malignancy

and benign brain tumour resulting from head CT scan in a paediatric

population using a nation-wide population-based cohort study.

MATERIALS AND METHODS

Data source. We obtained data from the database that included

50% insured children who were randomly selected from all insured

children in Taiwan. Children claims data from the NHIRD from

January 1996 to December 2008, including all medical diagnoses

(included inpatient and outpatient), procedures, and patient

details, were used in this study. The catastrophic illness certificate

database (CICD) was also used to identify cancer patients (all

cancer patients were histologically or cytologically confirmed

before catastrophic illness certification). The details of the claims

files are described in the NHIRD website. Diagnoses in the

database were coded using the International Classification of

Diseases, Ninth Revision, Clinical Modification (ICD-9-CM) code.

Study cohorts. Children (under 18 years of age) who underwent

head CT examination from 1998 to 2006 were selected using the

ICD-9-CM procedure code 87.03 (n?28 185) as the exposed

cohort, and children with disorders who may have an increased

cancer risk (neurofibromatosis (ICD-9-CM 237.7), hamartomas

(ICD-9-CM 759.6), multiple endocrine neoplasia (ICD-9-CM

258.01-258.03), and disorders of adrenal gland (ICD-9-CM255)),

any cancer history, or cancer development within the first 2 years

follow-up were excluded for minimising the selection bias and the

screening effect (n?3767). The date for head CT examination was

defined as the index date and the start of follow-up set at 2 years

after the index date (lag period of 2 years). For each case identified,

identical exclusion criteria were used to randomly select an

unexposed cohort in a 1 : 4 ratio. The unexposed cohort was

matched with the exposed patients for sex, age, year of index, and

month of index. Those who received head CT before the end point

were excluded. Figure 1 displays the flowchart for the selection of

participants. All enrolled study subjects were followed up until the

diagnosis of malignant disease (ICD-9-CM 140-208), benign brain

tumour (ICD-9-CM 225, 227.3, 227.4), death, withdrawal from the

NHI system, or at the end of 2008.

Statistical analysis. Baseline characteristics of the exposed and

unexposed cohorts were compared using the w2-test. The incidence

densities of the two cohorts were calculated according to age and

sex. Multivariate Cox’s proportion hazard regression was used to

examine the effects of CT examination on the risk of cancer

compared with the unexposed cohort, as shown using hazard ratios

(HR) with 95% confidence intervals (CI). A two-tailed P-value

of o0.05 was considered statistically significant. All statistical

analyses were performed using the SAS statistical software (version

9.2 for Windows; SAS Institute, Inc., Cary, NC, USA).

RESULTS

In the exposed and unexposed cohort, the peak age was 0–6 years

(40.0%), followed by 13–18 years (38.8%) and 7–12 years (21.2%).

Boys received head CT examination more frequently than girls

(60.9% vs 39.1%). In the exposed cohort, most children underwent

head CT examination once during the study period (93.4%),

followed by twice and more than twice (5.42% and 1.20%,

respectively).

In the cohorts, 5.04% of the participants were lost to follow-up

at the end of 2008. The most common reason of attrition from the

cohorts was to change the participant’s title or change their

insurance branches (4.00%). The second most common reason was

to drop out of the insurance owing to death, being missing, or

foreigners who lose their qualification for insurance (0.56%). Other

causes included emigration, custody, and unknown cause (0.48%).

The overall risk of malignancy and benign brain tumour was not

significantly different in the two cohorts (incidence rate?36.72

per 100 000 person-years in the CT cohort, 28.48 per 100 000

person-years in the non-CT cohort, HR?1.29, 95% CI?0.90–

1.85; Table 1). The risks of all brain tumours were significantly

higher in the exposed cohort than in the unexposed cohort

(HR?2.56, 95% CI?1.44–4.54), especially in the participants

aged 0–6 years at exposure (HR?3.16, 95% CI?1.18–8.49;

Table 2). Children who underwent CT examination also had a

higher risk for benign brain tumour (HR?2.97, 95% CI?1.49–

5.93; Table 1) than unexposed children, and only those aged 7–12

years old at exposure had a higher risk (HR?6.20, 95% CI?1.01–

36.0; Table 2). If stratified according to sex, the cohort comprising

girls who were exposed had a 2.48- and 3.15-fold higher relative

risk of developing all brain tumours and benign brain tumours

than the cohort comprising girls who were unexposed (95%

CI?1.03–5.99 and 1.17–8.45; Table 2). Similarly, the cohort

comprising boys who were exposed had a 2.62- and 2.82-fold

higher relative risk of developing all brain tumours and benign

brain tumours than the cohort comprising boys who were

unexposed (95% CI?1.23–5.59 and 1.08–7.42).

As shown in Table 3, the overall malignancy and all brain

tumour risks were higher within 4–5 years since the first exposure

compared with the unexposed cohort (HR?1.77 and 3.62, 95% CI?1.07–2.92 and 1.47–8.91, respectively). The risk of benign

brain tumour was the highest within the third year since the first

exposure (HR?5.34, 95% CI?1.20–23.9), followed by 4–5 years

(HR?3.45, 95% CI?1.16–10.3) and 45 years (HR?1.81, 95%

CI?0.56–5.87) in the exposure cohort compared with the

unexposed cohort. The risk of all brain tumours increased with

more frequent CT examination (increase in HR from 2.32 to 10.4

with the increase in frequency from 1 to X3, trend test P?0.0001)

compared with the unexposed cohort (Table 4).

DISCUSSION

To the best of our knowledge, this is the first cohort study to

investigate the association between paediatric head CT and

subsequent risk of malignancy and benign brain tumour outside

of the UK and Australia. Using our nation-wide database, we

identified that paediatric head CT scanning is associated

significantly with the subsequent risk of benign brain tumour,

observing a 2.97-fold higher risk in the exposed cohort compared

with the unexposed cohort.

In this study, the risk of benign brain tumour varied with age at

exposure. Participants aged 7–12 years were more susceptible to

benign brain tumour. For the overall brain tumours, those aged

0–6 years had the highest risk. In a previous report on the survivors

of atomic-bomb exposure and the Chernobyl accident, the younger

population had a greater radiation cancer risk (United Nations

Scientific Committee on the Effects of Atomic Radiation, 2010;

Ivanov et al, 2012). In contrast, an epidemiological study on cancer

risk following CT examination observed a higher risk of brain

tumour with increasing age at exposure during childhood and

adolescence (Pearce et al, 2012). However, the authors did not

observe a similar trend for the risk of leukaemia. Therefore,

heterogeneity in the association between the risk of radiationinduced

neoplasm and age at exposure exists across studies, and it

is not possible to draw firm conclusions on how these risks vary

according to age at exposure.

Our study results showed that the frequency of CT scan

correlated significantly with the subsequent risk of benign brain

tumour. This observation further supports our finding that

childhood exposure to CT scans increases the future risk of benign

brain tumour in Taiwan. With exclusion interval of 2 years, the

relative risk of benign brain tumour was significantly higher in the

exposed cohort than in the controls. This might imply that our

results were less likely from the bias caused by a screening effect.

If we did not set the exclusion period, a small fraction of participants

in the exposed cohort might be diagnosed to have cancer or brain

tumours soon after the first CT scan. Obviously, they were not

radiation-related events owing to the short latent period. This

would bias our result to survey the effect of CT-related risk.

Previous studies estimated the risk of radiation-induced cancer

resulting from paediatric CT using data from Japanese atomicbomb

survivors (Brenner et al, 2001; Preston et al, 2007). However,

radiation effect from CT scans may be different from that of

atomic-bomb exposure. In 2012, Pearce et al (2012) published the

first epidemiological study to estimate the risk of brain tumour and

leukaemia resulting from paediatric CT examinations. It was a

large retrospective cohort study conducted in the United Kingdom.

The authors collected data from B280 000 CT scans from patients

aged younger than 22 years between 1985 and 2002 from the

radiology information system database of the National Health

Service (NHS) system. They linked to the NHS Central Registry to

obtain information on subsequent cancer diagnoses, and identified

a small, but significant, increased risk of leukaemia (excess relative

risk per mGy, 0.036) and brain tumour (excess relative risk per

mGy, 0.023). They estimated that in children aged 10 years and

younger, within 10 years of the first CT scan, one excess case of

brain tumour and one excess case of leukaemia per 10 000 head CT

scans occur. Their study was the first to use an epidemiological

survey to evaluate the risk of cancer resulting from CT scans in

childhood and adolescence. In their study, they reported the result

of combined malignant and benign brain tumour. In 2013,

Mathews et al published their data linkage study of cancer risk

in 680 000 people aged 0–19 years exposed to CT scans from

Australian Medicare records (Mathews et al, 2013). On the basis of

a 1-year lag period, incidence of all types of cancers combined was

24% greater for exposed than for unexposed people. Among them,

malignant brain cancer had the highest relative risk (incidence rate

ratio (IRR)?2.13, 95% CI?1.88–2.41). This may imply that brain

tissue is the one associated with high radiosensitivity. They

included all CT scans, not just brain CT scans. Unlike our study,

they do not survey the risk of benign brain tumour. We reported

the results of malignant brain tumour, benign brain tumour, and

combined malignant and benign brain tumour.

The study by Pearce et al (2012) assessed the risk of leukaemia

and brain tumour associated with a uniform estimated absorbed

dose of radiation in the red bone marrow and brain tissue from all

CT scans. In our study, however, we did not use a uniform

estimated specific organ-absorbed dose to evaluate the dose–
response relationship because the actual absorbed doses from CT

scans can differ considerably according to age, sex, equipment type, shape and size of the head, the use of contrast, protocols of

scanning, purpose of examinations, and so on. These can result in

large variations in effective radiation doses. Smith-Bindman et al

(2009) estimated the effective radiation doses for the 11 most

frequent CT study types in 1 119 consecutive adult patients at four

institutions in San Francisco Bay in 2008 and identified marked

variations. In any routine head CT scan, the effective dose varied

significantly within and across institutions, with a range of

0.3–6 mSv. The median effective dose ranged from 2mSv for a

routine head CT (interquartile range, 2–3mSv) to 14mSv

(interquartile range, 9–20mSv) for a suspected stroke CT. The

variations displayed no discernable pattern and occurred within

and across institutions. Therefore, using a uniform estimated dose

for all CT scans to calculate the actual radiation exposure is

unlikely to provide accurate values.

The exclusion interval from exposure to cancer diagnosis was

set at 2 years in the present study. So far, there is uncertainty

regarding how long the latent phase between the radiation

exposure and development of associated cancers is. The data of

radiation-induced cancer mainly arose from survivors of the

atomic bomb and patients who received radiation therapy. They

were found to have a greater risk of subsequent leukaemia and

solid tumours. Subsequent tumours may occur several years after

radiation exposure. Nevertheless, previous studies have reported a

greater risk of secondary solid tumours and leukaemia even with a

short follow-up. The excess risk started to appear during 1–3 years

after the exposure and reached the peak at 6–7 years or at the age

at which the cancer was normally prone to develop. For example,

Swerdlow et al (1992) conducted a cohort study of 2846 patients

who were treated for their Hodgkin’s disease during 1970–1987.

They found a 2.4-fold increased risk of lung cancer during 0–4

years of follow-up. Life span study (LSS) is a cohort study to

evaluate the effects of radiation exposure in the Japanese

atomic-bomb survivors, which consisted of 93 000 atomic-bomb

survivors and 27 000 controls. It showed that the excess absolute

rates in solid cancers appeared to increase throughout the study

period, providing further evidence that radiation-associated

increases in cancer rates persist throughout life regardless of

age at exposure (Preston et al, 2007). Other studies also showed

that the excess leukaemia cases could occur as early as 1–3 years

after exposure (Boice et al, 1987; Curtis et al, 1992; Inskip et al,

1993; Curtis et al, 1994; Weiss et al, 1994, 1995). The median

interval between radiation exposure and occurrence of secondary

cancers may be several decades, but the excess risk started to

appear as early as 1–3 years. Therefore, we set the exclusion

interval at 2 years.

An unexpected observation in this study should be interpreted

with caution. We found that there is a trend of decreased risk of

benign brain tumour with longer interval from exposure (Table 3,

5.34 for 3 years after exposure, 3.45 for the period of 4–5 years, and

1.81 for the period of 45 years). The cancer risk during these

intervals should be increased with the duration of follow-up rather

than decreased. We could not fully understand the true cause for

this issue. This phenomenon was also observed in the previous

studies, which showed that the occurrence of radiation-associated

neoplasms consisted of an early pulse of increased risk followed by

a steady decline. In the data linkage study in Australia, the

proportional increases of cancer risk after CT exposure were

smaller based on the longer lag period compared with the 1-year lag

period (5-year lag period: IRR?1.21, 95% CI?1.16–1.26; 10-year

lag period: IRR?1.18, 95% CI?1.11–1.24). Shilnikova et al (2003)

reported that the risk of leukaemia 3–5 years after radiation

exposure was higher than that for later periods in an analysis

of data among workers at the Mayak nuclear complex in Russia. For this issue, the BEIR VII committee supposed that the excess

risk in the period 2–5 years after radiation exposure is similar to

that observed 5 years later (National Research Council, 2006). So

far, there is uncertainty in the magnitude of the risk during the

follow-up period after radiation exposure. One possible explanation

of the trend of decreased risk with longer follow-up is that the early

increased risk led to a compensatory decrease in the following year.

However, the true causes are unknown and could be a source of

ongoing research.

The relatively large sample size, obtained from nation-wide

population-based data sets, may increase the statistical power of

our examinations of the associations between paediatric CT of the

head and subsequent risk of malignancies and benign brain

tumour. Widespread coverage of the nation-wide database allows

the tracing of nearly all of the participants’ medical service-use

histories. Furthermore, it is very uncommon for children to leave

Taiwan for cancer care.

A limitation of this study was the difficulty in defining the

actual radiation exposure from each CT scan because of

variations in equipment types, shape and size of the head, the

use of contrast, protocols of scanning, and purpose of examinations,

which were not available in the NHRI data sets. Thus, we

could not show dosimetry data and estimate dose–response

relationships. We did not include radiation doses from other

common medical exposures, such as plain radiographs, CT of the

chest, and CT of the abdomen, in our analyses. Their exclusion is

unlikely to have introduced major bias, because the radiation

exposure to the head from such scans is typically considerably

smaller than those for CT scans of the head. However, the effect

of radiation on non-head cancer risk is underestimated in the

present study. Thus, our result of no elevated risk of leukaemia

and non-brain solid cancers should be interpreted with caution.

It is only true after paediatric head CT scans. It remains unclear

whether other types of medical radiation exposure increase the

risk of leukaemia and non-brain solid cancers or not. Another

limitation was that the exposure frequency might also have been

underestimated because contracted Taiwan National Health

Insurance (TNHI) practitioners collected the data from the head

CT database, excluding non-TNHI data (including self-paying

patients). In addition, data on head CT received before 1996 were

unavailable in the NHRI data sets. This study also lacks

information regarding the purpose of the CT scans. The NHIRD

database does not provide this information, and we could not

include the analysis to examine their association with subsequent

cancer risk. Thus, it is possible to have screening effect and

selection bias. To rule out those who underwent CT examination

for precancerous conditions, we excluded children with disorders

that might increase cancer risk and any cancer history.

Furthermore, the lag period of 2 years might minimise the

screening effect and the selection bias. Similarly, we could not

provide more details regarding the histology subtypes of the

malignant and benign brain tumours, although the patients who

were included in the CICD were histologically or cytologically

confirmed. We identified events using ICD-9 coding system in

the CICD. For example, ICD-9-191 represented malignant

neoplasm of the brain, but we could not further identify histology

subtypes in this coding system.

In conclusion, the risk of developing benign brain tumours in

Taiwan is 2.97 times higher among patients who underwent head

CT scanning procedures during childhood than in those who did

not receive CT scans during childhood. In particular, patients who

underwent more frequent head CT scans are at a higher

subsequent risk of overall cancer, leukaemia, and benign brain

tumour. A large-scale study with longer follow-up is necessary to

confirm this result.
