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Abstract
Purpose: To estimate occurrence rate of high cumulative radiation exposure from paediatric computed tomography 
(CT), and to determine influential factors on high-dose inclination.

Material and methods: Patients below 18 years old receiving at least 50 mSv of a cumulative dose during a 5-year period 
in a tertiary care centre were retrospectively enrolled. Individual patient characteristics, diagnoses, frequency of exa-
minations, scanner sites, designated scans, and effective doses were recorded. Collective doses were compared among 
groups of the diagnoses and scanner sites, and regression analyses were applied.

Results: Of 2771 patients, 3.2% received individual cumulative doses between 50 and 303 mSv (median, 74 mSv). 
Frequency of examinations ranged from 1 to 13 times (median, 4 times) per patient. About 70% of the patients had 
oncological illness. Radiation was predominantly high in a CT simulator that could contribute the percentage of col-
lective dose to twice that of examinations owing to higher scanning parts and CT dose index. Some scanner sites used 
higher acquisition phases. Regression analysis showed that the number of scanning parts and phases significantly 
influenced the cumulative dose inclination (p < 0.05) while frequent examinations did not.

Conclusions: There was a low occurrence of paediatrics with high dose accumulation. Significant factors affecting 
potentially high exposure were customized CT protocols in the specific scanners.
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Introduction
Radiation awareness of potential oncogenic effects from 
medical imaging, particularly computed tomography 
(CT), is highly focused on children and young adults, who 
tend to be sensitive to the stochastic effects of the ion-
izing radiation because of sustainable active cell division 
and relative longevity [1]. If, however, the total dose is 
accumulated below 100 mSv and is received over a longer 
period of time, the radiation effects owing to exposure are 
likely to be less severe, and the lifetime risk of fatal cancers 
is also estimated to be a factor of 2 to 4 less than that with 

exposure to higher doses and dose rates, according to the 
National Research Council (NRC) 1990 [2]. Several large 
epidemiological cohort studies published afterwards have 
shown a correlation between paediatric absorbed dose 
accumulation with a minimum of 50-60 mGy and esti-
mated risks of leukaemia and brain tumours on the basis 
of the Life Span Study of atomic bomb survivors [1,3-5]. 
Recently, some authors [6] have set patients’ dose alerts at 
the cumulative effective dose estimate of 50 mSv for ages 
under 40 years in their clinical practice. 

The availability and continual improvement of CT scan-
ning over the past 2 decades have led to increased use of 
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such imaging, and consequently have provoked a cumu-
lative radiation burden [1,7-12]. Despite the likelihood 
of high cumulative CT dose in paediatric patients whose 
underlying illnesses are life-threatening or long-standing 
[7-12], the optimization remains one of the important fac-
tors contributing to applicable use of the ionizing radiation.

The purposes of this study were to estimate occur-
rence rate of pediatric patients who received a potentially 
vulnerable cumulative dose from CT examination(s), and 
to determine the influence of patient and scanning factors 
on the high-dose inclination. 

Material and methods
This was an retrospective single-centre study performed at 
a tertiary healthcare university hospital [King Chulalong-
korn Memorial Hospital, Bangkok, Thailand], which was 
approved by the institutional review board with a waiver 
of informed consent. All patients below 18 years of age 
who received a minimum cumulative effective dose of 
50 mSv from CT examination(s) during a 5-year period 
between 1 January 2015, and 31 December 2019 were en-
rolled by a query of a searchable database via Radimetrics® 
version 2.9 (Bayer Healthcare, Whippany, NJ) commercial 
dose-reporting software, Picture Archiving and Commu-
nication System (PACS), and electronic medical records 
(EMR). Our chosen cut-off value of 50 mSv, at the least, 
was relevant to consider the high cumulative radiation ex-
posure in the paediatric patients for close monitoring and 
persuading further radiation reduction. One hundred and 
seven patients met the inclusion criteria. Of these, 17 were 
excluded: 7 were adults but having typographic errors of 
age, 6 had unavailable images, 3 had incomplete data, and 
1 had duplication of the hospital number. 

Data collection

Basic patients’ demographic data (gender and age at time 
of CT scanning), frequency of CT examinations, number 
of CT scanning parts and acquisition phases, sites of CT 
scanners, weighted CTDIvol and estimated effective dose 
per examination, and cumulative effective dose were re-
trieved by Radimetrics®. Individual principle diagnosis 
collected from PACS and EMR was classified into 3 cate-
gories including oncological condition, non-oncological 
illness, and trauma. 

The sites of the CT scanners were grouped according 
to divisions into diagnosis, neurosurgery, radiotherapy, 
nuclear medicine, and the outsides as follows:
1. Diagnosis had 5 general CT machines in the diagnos-

tic sector [including a Canon Aquilion ONE (Canon 
Medical Systems Corporation, Japan), a Siemens  
SOMATOM Force (Siemens AG, Erlangen, Germany), 
a GE Discovery CT750 HD (GE Healthcare, Milwaukee, 
USA), a Siemens SOMATOM Sensation 16 (Siemens 
AG, Erlangen, Germany) and a Philips Ingenuity (Philips 

Medical Systems, Cleveland, USA)], 2 CT machines in 
the emergency sector [including a Philips Brilliance 64 
(Philips Medical Systems, Cleveland, USA), and a GE 
Revolution (GE Healthcare, Milwaukee, USA)], and  
1 CT-guided machine in the interventional sector [in-
cluding a Canon Aquilion LB (Canon Medical Systems 
Corporation, Japan)]. 

2. Neurosurgery had 1 portable neuro-CT machine – 
a CereTom (NeuroLogica, Danvers, USA). 

3. Radiotherapy had 2 CT simulators, including a 16-slice 
Philips Brilliance Big Bore (Philips Medical Systems, 
Cleveland, USA) and a 64-slice Siemens SOMATOM 
Definition AS Open (Siemens AG, Erlangen, Germany). 

4. Nuclear medicine had 1 hybrid PET/CT machine and 
2 hybrid SPECT/CT machines, comprising a Siemens 
Biograph 16 PET/CT (Siemens AG, Erlangen, Germa-
ny), a Siemens Symbia TruePoint SPECT/CT (Siemens 
AG, Erlangen, Germany), and a GE Discovery NM/CT 
670 (GE Healthcare, Milwaukee, USA). 

5. Outsides comprised many unnamed CT machines that 
were used to perform examinations in other institu-
tions, then the images were imported in our PACS.
The frequency of CT examinations, number of scan-

ning body parts, and number of acquisition phases were 
counted. The researchers considered each head, neck, 
chest, upper abdomen, or pelvis as one scanning part, and 
each non-contrast, arterial-phase, venous-phase, delayed-
phase, or repeated scan as one acquisition phase. 

CT dose parameters per examination were character-
ized through weighted volume CT dose index by differ-
ent scan lengths of each phase (weighted CTDIvol) and 
estimated effective dose. The Radimetrics® uses the library 
of Cristy phantoms and matches patients to a particular 
phantom based on age and diameter by using Monte Car-
lo simulation and International Commission on Radio-
logical Protection (ICRP) Publication 103 tissue weighting 
factors to calculate the effective dose [13]. 

Adapted from U.S. NRC and ICRP Publication 103, 
in this study, the cumulative dose was defined as an indi-
vidual’s total effective dose resulting from repeated expo-
sures of ionizing radiation from the CT scan to the head 
or body part, over a period of time; the collective dose was 
defined as the sum of all individual doses in a specified 
group of people in the same period of time. 

Statistical analysis

Microsoft Office Excel 2016 (Microsoft Corporation, 
CA) was used for database management, calculation, and 
graphs. For further statistical analysis, the data were ex-
ported from Excel into IBM SPSS Statistics for Windows, 
Version 22.0 (IBM Corp., Armonk, N.Y., USA).

Demographic data were summarized as frequency 
and percentage for categorical variables, and median with 
range for continuous variables owing to non-normality 
of the data distribution. The percentage of patients who 
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were exposed to a high cumulative effective dose during 
a 5-year period was computed as the occurrence rate. 

The collective dose was calculated by summation of 
effective doses derived from a specified group of the pro-
spectively influential variables, then calculated as a per-
centage. Such influential variables were settled regarding 
the diagnosis and sites of CT scanners. The total collec-
tive dose was the sum of effective doses in all individu-
als. Nonparametric statistical analysis in the form of the 
Kruskall-Walis H test was used to determine the CT dose 
parameters differences among the diagnostic groups. 

The recorded variables comprised gender, frequency 
of CT examinations, number of scanning parts, and ac-
quisition phases and principle diagnoses were analysed 
through simple and multiple linear regressions with boot-
strap resampling method to determine factors affecting 
high-dose inclination. 

A p-value of < 0.05 was indicated to be statistically 
significant.

Results
During a 5-year period, there were 2771 individuals 
who had been exposed to CT scans. Of these, 90 pa-
tients (3.2%) had cumulative effective dose estimates over  
50 mSv, 17 (0.6%) had over 100 mSv, 4 (0.14%) had over 
200 mSv, and 1 (0.04%) had over 300 mSv. Individual CT 
dose accumulations ranged from 50 to 303 mSv (a median 
of 74 mSv). The total collective dose was 7985 mSv.

Age distribution was bimodal with peaks at 5-6 years 
and 10-16 years (Figure 1). The median age was 11 years 
(range: 2 days to 17 years) at the time of CT scanning.  Fif-
ty-one per cent were female. In 90 patients, a total of 412 
CT examinations [median: 4, range: 1-13 examinations 
per patient], 824 scanning parts [median: 2, range: 1-5 
parts per examination], and 720 acquisition phases [me-
dian: 2, range: 1-5 phases per examination] were obtained. 

Oncological condition was the most common diagno-
sis in paediatric patients exposed to high CT cumulative 
doses, comprising 63 of 90 patients (70%), who primarily 
gathered 320 of 412 examinations (78%), with a median of  
5 examinations (range: 1-13) per patient, and had a collec-
tive dose that was 74% (5947 mSv) of the total. Not surpris-

ingly, the median cumulative effective dose was the highest 
in the oncology (77 mSv), followed by trauma (70 mSv), 
and illness (61 mSv); however, there was no statistically 
significant difference between these 3 diagnostic groups.  
The data are summarized in Table 1.

With respect to sites of CT scanners (Table 2), the di-
agnosis division comprised 57% of the examinations, to 
contribute only 32% of the collective dose, while CT simu-
lator in radiotherapy comprised 17% of the examinations, 
to contribute 39% of the collective dose. Accordingly, the 
greatest median effective dose also occurred in the radio-
therapy division (41 mSv per examination), being approxi-
mately 4.5-fold higher than the grand median dose (9 mSv). 

As a result of differential exposures to radiation among 
sites of CT scanners, CT parameters per examination were 
further explored, as shown in Table 3. The total of 412 CT 
examinations were from 98 (24%) head scans and 314 (76%) 
body scans. Body CT scanning offered a much higher effec-
tive dose than did head CT. The grand median effective doses 
of the head and body CT scans were 5 mSv (range: 1-65 mSv) 
and 13 mSv (range: 1-128 mSv), respectively. The percentages 
of the collective dose distribution from the head and body 
scans were 10% and 90%, respectively. 

For head scanning (Table 3), the portable CT of neu-
rosurgery division, mostly used 71 mGy of the weight-
ed CTDIvol with single-phase acquisition to provide as 
many median effective doses as the diagnosis division 
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Figure 1. Bar chart shows percentage of computed tomography examina-
tions according to patients’ ages

Table 1. Distribution of number of patients, frequency of computed tomography (CT) examinations, and cumulative and collective doses according to the 
3 diagnostic groups

Diagnosis Number of patients 
(%)

Frequency of CT examinations Radiation dose

Individual, 
median (range)

Collective frequency 
(%)

Cumulative dose†, 
median (range), mSv

Collective dose,  
mSv (%)

Oncology 63 (70) 5 (1-13) 320 (78) 77 (50-303) 5947 (74)

Non-oncology 21 (23) 3 (1-10) 76 (18) 61 (51-138) 1591 (20)

Trauma 6 (7) 3 (1-3) 16 (4) 70 (57-104)  447 (6)

All 90 (100) 4 (1-13) 412 (100) 74 (50-303) 7985 (100)
†Nonparametric statistical analysis (Kruskal-Wallis H test) for comparison of cumulative dose between groups of diagnoses showing p-value of 0.207
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and outsides obtained with median 2-phase acquisition. 
Meanwhile, CT simulator of radiotherapy used 55 mGy of  
the median weighted CTDIvol to notably contribute to ef-
fective dose about 3.5-fold greater than the others did. 

Regarding body scanning (Table 3), the radiotherapy 
division also generated the greatest median effective dose  

(46 mSv), being approximately 3.5-fold higher than the 
grand median dose (13 mSv) because it was considerably 
higher both in numbers of CT scanning parts and weighted 
CTDIvol. Despite having higher numbers of CT scanning 
parts, the nuclear medicine utilized lower weighted CTDIvol 
and subsequently contributed much less exposure (median 

Table 2. Distribution of frequency of computed tomography (CT) examinations and radiation exposure according to sites of CT scanners

Sites of CT scanners Number of CT examinations (%) Radiation exposure

Effective dose/examination,  
median (range), mSv

Collective dose, mSv (%)

Diagnosis 235 (57) 6 (1-72) 2523 (32)

Neurosurgery 15  (4) 4 (3-20) 108 (1)

Radiotherapy 68 (17) 41 (1-128) 3097 (39)

Nuclear medicine 14  (3) 6 (2-24) 125 (1)

Outsides 80 (19) 22 (2-84) 2132 (27)

All 412 (100) 9 (1-128) 7985 (100)

Table 3. Variable computed tomography (CT) parameters and effective dose estimates in head and body CTs according to sites of CT scanners

CT Parts Sites of CT 
scanners

Number of 
examinations 

(%)

Median age 
(range); years

CT parameters per examination; median (range)

No. of scanning 
part(s)

No. of acquisition 
phase(s)

Weighted 
CTDIvol; mGy

Effective dose; 
mSv

Head† Diagnosis 60 (61) 11 (0.4-17) 1 (1-2) 2 (1-4) 37 (16-100) 4 (2-48)

Neurosurgery 15 (16) 6 (0.4-11) 1 (1-1) 1 (1-1) 71 (41-71) 4 (3-20)

Radiotherapy 12 (12) 9 (0.2-14) 1 (1-2) 1 (1-2) 55 (6-135) 17 (1-66)

Outsides 11 (11) 6 (1-14) 1 (1-2) 2 (1-2) 36 (27-51) 5 (2-9)

All groups 98 (100) 11 (0.2-17) 1 (1-2) 1 (1-4) 42 (6-135) 5 (1-66)

Body# Diagnosis 175 (56) 5 (2-12) 2 (1-4) 1 (1-5) 6 (1-33) 7 (1-72)

Radiotherapy 56 (18) 5 (1-12) 3.5 (1-5) 2 (1-3) 19 (3-48) 46 (5-128)

Nuclear medicine 14 (4) 11 (4-12) 4 (1-5) 1 (1-2) 3 (1-23) 6 (2-24)

Outsides 69 (22) 5 (1-9) 2 (1-3) 3 (1-5) 10 (2-38) 26 (2-84)

All groups 314 (100) 5 (1-12) 2 (1-5) 2 (1-5) 8 (1-48) 13 (1-128)
†Head scanning parts included 87 brain CTs, 1 brain CT perfusion, and 10 brain/neck CTs using 16-cm phantom diameter. #Body scanning parts included 7 brain/neck/chest CTs, 29 brain/neck/
chest/abdomen CTs, 36 neck CTs, 1 neck/chest CT, 12 neck/chest/abdomen CTs, 45 chest CTs, 75 chest/abdomen CTs, 20 one-part abdomen CTs, and 89 two-part abdomen CTs using 32-cm 
phantom diameter.

Table 4. Distribution of computed tomography (CT) acquisition phases per examination according to the sites of CT scanners

Sites of CT scanners Number of 
examinations 

CT acquisition-phase scan(s), n (%) 

1-phase 2-phase 3-phase > 3-phases

Diagnosis† 175 112 (64) 40 (23) 18 (10) 5 (3)

 General 143 104 (73) 32 (22) 5 (4) 2 (1)

Emergency 29 7 (24) 8 (28) 11 (38) 3 (10)

Intervention 3 1 (33) 0 (0) 2 (67) 0 (0)

Radiotherapy 56 22 (39) 32 (57) 2 (4) 0 (0)

Nuclear medicine 14 11 (79)  3 (21) 0 (0) 0 (0)

Outsides 69  1 (1) 29 (42) 26 (38) 13 (19)

Total 314 146 (46) 104 (33) 46 (15) 18 (6)
†CT sectors in the diagnosis division of KCMH included general CTs, emergency CT, and CT-guided interventional radiology.
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of 6 mSv) than the others did. In addition, the outside CTs 
were obviously high in number of acquisition phases (me-
dian of 3 phases) and estimated effective dose (median of 
26 mSv). 

There were various acquisition phases in body CT ex-
aminations among sites of CT scanners (Table 4). About two-
thirds of CT scanning in the emergency sector and three-
quarters of CT scanning from the outsides were performed 
with dual or triple acquisition phases. Moreover, 19% of ex-
aminations from the outsides were encountered with more 
than 3 phases. 

To determine the factor-driven high-dose accumulation 
during a 5-year period, a multiple linear regression was con-
ducted. Through a simple linear regression analysis between 
all independent variables and the cumulative exposure, tar-
get variables identified as frequency of CT examination, and 
number of scanning parts and acquisition phases, which 
were significant at p < 0.05, were subsequently selected in the 
multiple linear regression model. The patients with higher 
numbers of scanning parts or phases would have inclination 
of the cumulative dose (p < 0.05), while the frequency of CT 
examinations was insignificant, as shown in Table 5.

Discussion
Several studies [1,3-5] have shown that high dose accu-
mulation (~50-60 mGy) in children has a considerable 
influence on estimated risks of tumours; thus, a survey of 
occurrence rates and an assessment of contributing fac-
tors to such high radiation exposure, particularly from 
CT scans, are crucial to proper manipulation of radiation 
reduction. From the literature reviews, the repeated diag-
nostic examination from disease chronicity, such as com-
plex medical problems and oncological illness, was the 
mainstay of high cumulative exposure in several articles 
[1,8,10,14,15]. However, a few recent articles [11,12] have 
demonstrated that critically injured patients comprise an-
other group that also received high CT cumulative doses, 
particularly from trauma stat protocols. 

Our study revealed the occurrence rate of paediatric 
patients receiving at least 50 mSv from CT scans during 
a 5-year period to be 3.2%. The diagnoses of oncological 
and trauma conditions were 70% and 6%, respectively. We 
suggest that the influential factors on high-dose inclina-
tion were more likely from customized CT protocols in 
the particular scanners by applying multipart scans, mul-
tiphase acquisitions, and high-dose parameter settings 
rather than from higher frequency of examinations.

Because our institution is a large-scale referral centre 
equipped with many CT machines in several specialty sec-
tors, paediatric patients may have been exposed to many CT 
examinations from different divisions in the hospital and also 
from outside sources before the referral. The different sites 
of CT scanners might have different limitations, be super-
vised by their own policies, and subsequently perform CTs 
in a diversity of scanning protocols. As a result, a wide range 
of radiation doses could contribute a significant component 
of high cumulative dose in an individual. In this study, radia-
tion dose from each CT examination was relatively low in the 
diagnostic division, because of having optimized CT protocol 
by paediatric radiologists and modern CT scanners (multi-
detector CT with automatic tube current modulation and 
iterative reconstruction). Nonetheless, a high percentage of 
multiphase scanning was revealed from CT in the emergency 
sector, where two-thirds of the examinations were performed 
with dual- or triple-phase acquisitions. Our suggestion is that 
paediatric emergency protocols should be further reviewed 
with the team (physicians and radiologists) regarding number 
of acquisition phases for different specific indications.

The body examinations performed by the CT simula-
tor of the radiotherapy division were obviously higher in 
numbers of scanning parts and weighted CTDIvol, and half 
of them were also scanned with dual-phase acquisitions; 
therefore, the high-dose exposure is notably with a me-
dian of 41 mSv per exam. Each head examination also 
produced a high effective dose with a median of 17 mSv 
despite almost single-phase scanning. The previous publi-
cations [16,17] have ascribed that because the CT simula-
tor is performed with immobilization devices for effective 
patient positioning while scanning, the CT machine should 
be constructed with a larger aperture, which compromises 
the distance between the X-ray source and the detectors, 
subsequently reducing the signal-to-noise ratio and detri-
mentally affecting the image quality. All these combinations 
can increase the radiation dose, particularly when requiring 
more favourable image quality than from standard scan-
ners. Despite discerning high-dose occurrence in the CT 
simulator, there is a lack of previous literature about paedi-
atric radiation doses and machine-specific radiation opti-
mization. Thus, a national survey ascertaining dose refer-
ence levels from CT simulators in both children and adults 
would be highly beneficial.

Kritsaneepaiboon et al. [18] reported that a satisfac-
tory head CT scan usually produces 2-3 mSv of effective 
dose in single-phase scanning; thus, multiple head CT ex-
aminations even in dual phases barely reached a cumula-

Table 5. Factors affecting high cumulative dose inclination during a 5-year period by multiple linear regression analysis

Outcomes Factors Mean ±SD β SE p-value

High cumulative radiation dose 
(n = 90; mean ± SD = 88.67 ± 43.09 mSv)
[Adjusted R2 = 31.6%]

Frequent examination; times 4.25 ± 2.72 –0.215 2.688 0.209

Scanning parts; parts 8.98 ± 5.6 0.404 1.034 0.006*

Acquisition phases; phases 8.06 ± 5.22 0.422 1.163 0.004*
SD – standard deviation, β – standardized regression coefficient, SE – standard error, R2 – coefficient of determination, *p-value of < 0.05 was considered to be statistically significant.
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tive dose of 50 mSv within 5 years. However, using adult 
head CT parameters in paediatrics, particular in those of 
younger age, provides an unnecessary radiation burden. 
Our results showed that most paediatric head scans from 
the portable neuro-CT of the neurosurgery division were 
operated with 71 mGy of CTDIvol, the same as applied in 
adult brain scans. In consequence, paediatric protocol set-
tings and regular monitoring are required.  

It stands to reason that multiple factors can take part 
in changeable radiation exposure; therefore, more vulner-
able factors are presumably more driven dose inclination. 
The aim of our research was to assemble and analyse all 
possibly vulnerable factors including patient characteris-
tics, various sites of CT scanners, and operator-dependent 
technical parameters for a thorough understanding and 
determination of such factors and the cumulative expo-
sure relationship. These results would be valuable for im-
plementation of plans regarding dose management and/
or further research.

There are some limitations to this study. Firstly, the oc-
currence rate of high cumulative dose might be underes-
timated because data of radiation doses from the outside 
sources might not be available in some enrolled patients. 

Secondly, size of the patients (patients’ weight or diameter) 
and each individual scanned parameter (e.g. kV or mA) 
were not included when comparing weighted CTDIvol 
among sites of CT scanners. Thirdly, in individual cases 
with high frequency of CT examinations and/or multi-part 
scanning, the justification was not determined. Finally, this 
study is a retrospective design with small sample sizes due 
to a low occurrence rate; therefore, insignificant results 
could be obscured by restricted numbers of each variable. 

Conclusions
There was a low occurrence rate of paediatric patients 
with high CT dose accumulation. Of these, about 70% 
were diagnosed as having oncological illness. The factors 
of potentially high cumulative esposure to ionizing radia-
tion were customized CT protocols with high CTDIvol, 
multiphase acquisitions, or multipart scanning, but not 
high frequency of CT examinations. 

Conflict of interest
The authors report no conflict of interest.

References

1. Nagayama Y, Oda S, Nakaura T, et al. Radiation dose reduction at pediatric 
CT: use of low tube voltage and iterative reconstruction. Radiographics 
2018; 38: 1421-1440.

2. Report Review Committee. Principles of Radiation Protection. Johnson 
JC, Thaul S (eds.). An evaluation of radiation exposure guidance for mil-
itary operations: interim report. 2nd ed. Washington: National Academy 
Press; 1999. pp. 13-24.

3. Pearce M, Salotti J, Little M, et al. Radiation exposure from CT scans in 
childhood and subsequent risk of leukemia and brain tumours: a retro-
spective cohort study. Lancet 2012; 380: 499-505. 

4. Mathews JD, Forsythe AV, Brady Z, et al. Cancer risk in 680,000 people 
exposed to computed tomography scans in childhood or adolescence: data 
linkage study of 11 million Australians. BMJ 2013; 346: f2360. 

5. Huang WY, Muo CH, Lin CY, et al. Paediatric head CT scan and subse-
quent risk of malignancy and benign brain tumour: a nation-wide popu-
lation-based cohort study. Br J Cancer 2014; 110: 2354-2360. 

6. Parakh A, Kortesniemi M, Schindera S. CT radiation dose management:  
a comprehensive optimization process for improving patient safety. Radio-
logy 2016; 280: 663-673.

7. Miglioretti D, Johnson E, Williams A, et al. The use of computed tomo-
graphy in pediatrics and the associated radiation exposure and estimated 
cancer risk. JAMA Pediatr 2013; 167: 700-707.

8. Zondervan R, Hahn P, Sadow C, et al. Body CT scanning in young adults: 
examination indications, patient outcomes, and risk of radiation-induced 
cancer. Radiology 2013; 267: 460-469.

9. Fabrius G, Brix G, Neckolla E, et al. Cumulative radiation exposure from 
imaging procedures and associated lifetime cancer risk for patient with 
lymphoma. Sci Rep 2016; 6: 35181.

10. Ahmed B, Connolly B, Shroff P, et al. Cumulative effective doses from 
radiologic procedures for pediatric oncology patient. Pediatrics 2010; 126: 
e851-e858. 

11. Moloney F, Fama D, Twomey M, et al. Cumulative radiation exposure 
from diagnostic imaging in intensive care unit patients. World J Radiol 
2016; 8: 419-427.

12. Schears R, Farzal Z, Farzal Z, et al. The radiation footprint on the pediatric 
trauma patient. Int J Emerg Med 2018; 11: 1-8.

13. Bindman R, Wang Y, Chu P, et al. Internation variation in radiation dose 
for computed tomography examinations: prospective cohort study. BMJ 
2019; 364: k4931.

14. Brambilla M, Mauri A, Lizio D, et al. Cumulative radiation dose estimates 
from medical imaging in paediatric patients with non-oncologic chronic 
illnesses: a systematic review. Physica Medica 2014; 30: 403-412.

15. Johnson J, Hornik C, Li Jennifer, et al. Cumulative radiation exposure and 
cancer risk estimation in children with heart disease. Circulation 2014; 
130: 161-167.

16. Aird E, Conway J. CT simulation for radiotherapy treatment planning. 
BJR 2002; 75: 937-949.

17. Needham A. Simulation Equipment. In: Cherry P, Duxbury A (eds.). 
Practical radiotherapy: physics and equipment. 2nd ed. West Sussex: 
Wiley-Blackwell; 2009. pp. 83-112.

18. Kritsaneepaiboon S, Trinavarat P, Visrutaratna P. Survey of pedi-
atric MDCT radiation dose from university hospitals in Thailand: 
a preliminary for national dose survey. Acta Radiologica 2012; 53: 
820-826.


