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Abstract
The use of pediatric computed tomography (CT), a valuable imaging tool, has been increasing rapidly. The present study 
examined radiation exposure in non-irradiated fields of CT scans in pediatric patients using a 7-year-old child phantom. 
Radio-photoluminescence glass dosimeters were placed in the insertion ports of the phantom corresponding to the organs. 
For the helical and the non-helical scans, the doses to the head in the irradiation field were 54.6 mGy and 53.4 mGy, respec-
tively. The dose measured for the helical scan was 2.3% higher than that for the non-helical scan. The largest dose was in the 
thyroid gland, and the doses for helical and non-helical scans were 5.37 mGy and 3.58 mGy, respectively. The difference in 
the dose between helical and non-helical scans was 1.79 mGy. The dose measured for the helical scan was 50% higher than 
that for the non-helical scan. The dose to which the thyroid gland was exposed outside the irradiation field in the head CT 
scan was 5.37 mGy using the helical scan method. The excess relative risk per gray increased by 3–5.5% if the excess relative 
risk per gray was 5–10. Decreasing the dose to the thyroid gland, which has a high risk of cancer after radiation exposure, is 
desirable. The dose to the thyroid gland was higher in the helical scan than in the non-helical scan. This is probably because 
overscanning, which is unique to helical scanning, increases the exposure dose outside the irradiation field.
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1 Introduction

The use of pediatric computed tomography (CT), a valuable 
imaging tool, has rapidly increased [1]. According to the 
Organization for Economic Co-operation and Development 
Health Statistics 2020 [2], Japan has 101.3 CT scanners per 
million population, which is the highest globally. The ion-
izing radiation doses delivered by a CT scan are 100–500 
times higher than those delivered by the conventional radi-
ography [3]. Pediatric CT scans are a public health concern 
due to the following reasons:

1. Children are known to be more sensitive to radiation 
than adults.

2. Children have a longer life expectancy than adults, 
resulting in a larger window of opportunity for express-
ing radiation damage.

3. Children may receive a higher radiation dose than nec-
essary if CT settings are not adjusted for their smaller 
body size [4–9].

Several studies have found an increased risk of cancer 
associated with CT scans among children. A recent study 
in the United Kingdom reported that the risk of leukemia in 
children who underwent CT and received a red bone mar-
row dose of ≥ 30 mGy was 3.2 times greater and the risk 
of brain cancer in those who underwent CT and received a 
brain dose of ≥ 50 mGy was 2.8 times greater than in those 
who received a dose of < 5 mGy [10]. An Australian study 
conducted by John Mathews and his team from the Uni-
versity of Melbourne examined the Medicare and cancer 
records of almost 11 million subjects aged up to 19 years. In 
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this study, children who had undergone CT had a 24% higher 
chance of developing cancer than those who had not [11].

As discussed above, several epidemiological studies have 
shown that pediatric CT may increase the risk of cancer in 
organs irradiated during CT examinations. However, infor-
mation on non-irradiated organs is limited. The CT-scan 
radiation dose was administered to a 7-year-old child phan-
tom rather than a patient. According to a previous study, 
various types of medical examinations were performed in 
infants and children (0–15 years) in well-developed coun-
tries; the percentages of head, chest, abdominal, and spine 
CT examinations performed in children were 8%, 5%, 4%, 
and 3%, respectively [4]. The most frequent CT examina-
tions are for the head, accounting for 40% of all pediatric CT 
scans. In this study, the dose of radiation exposure to irradia-
tion and non-irradiation fields from CT scans was examined.

2  Materials and methods

2.1  Imaging device

The CT-scan device used in this study was a 16-slice multi-
detector CT scanner (Brivo CT 385, General Electric 
Healthcare, Chicago, IL, USA). Scanning was conducted 
three times for the helical and non-helical data acquisition 
methods. These two scanning methods were used, because 
their radiation doses in non-irradiated fields may differ [12]. 
The scan range was from the foramen magnum to the pari-
etalis capitis region, thus, covering the entire brain. Auto 
exposure control (AEC) was not used to prevent variations 
in the imaging conditions due to the AEC and perform the 
CT scan under similar conditions using the same phantom.

Brivo CT 385 does not have a gantry tilt function. There-
fore, the gantry was not tilted in any imaging procedure. 
After performing a head CT scan, Brivo CT 385 reconverts 
the image data into an image using the orbitomeatal line 
(OM line) as the reference plane. This is a smart position 
function (digital tilt) that automatically constructs an image. 
The Brivo CT 385 uses a digital tilt to acquire tilted images 
without tilting the gantry. This is achieved by reconstructing 
the 0° image using the background algorithm.

2.2  Imaging conditions

This study measured radiation exposure of irradiation (head) 
and non-irradiation fields of CT scans using a 7-year-old 
child phantom (THRA2, Kyoto Kagaku Co., Ltd.) mainly 
consisting of epoxy resin. This human torso phantom is made 
of soft tissue (WE-211), lung tissue (LP-430), and bone tis-
sue (BE-303) equivalent materials and cut at 25–30 mm 
[13–17]. Diagnostic reference levels (DRLs) were incorpo-
rated into the international guidelines of the International 

Commission on Radiological Protection (ICRP) and the 
International Atomic Energy Agency (IAEA). DRLs are the 
standard for medical radiological protection in the diagnos-
tic field. Therefore, in this study, we referred to the DRLs. 
Scanning conditions were set up, such that CT dose index 
volumes (CTDIvols) and dose length products (DLPs) were 
similar to those indicated by the DRLs of the Japan Net-
work for Research and Information on Medical Exposures 
(J-RIME) for pediatric patients aged 6–10 years [18]. The 
scanning conditions used in this study are listed in Table 1. 
We irradiated 60 mGy, which is the 75% value described 
in Japan DRLs 2015. The 75% value listed in Japan DRLs 
2020 has changed to 55 mGy, with a median of 39 mGy. 
Therefore, in this study, the irradiation was 1.5 times more 
than the median.

The quality of CT images can be quantified by the stand-
ard deviation (SD) of 2.3–2.6 in ROI. The ideal SD value 
differs from organ to organ. In general, this value must 
be between and 3–5 [19]. In this study, three ROIs were 
selected, and their average values were calculated. The 
obtained SD values were in the range of 2.3–2.6, indicat-
ing the good quality of the obtained images (Table 1). The 
coefficients of variation (CV) were in the range of 0.1%-
0.79%. The average and 95% confidence intervals (95% CIs) 
of CVs were 0.217% and 0.193–0.241, respectively. The 
doses for the non-helical and helical scanning ranges were 
similar in both age groups. For the helical and non-helical 

Table 1  Scanning conditions for helical and non-helical scans

CTDIvol computed tomography dose index volumes
*CTDIvol displayed on the operator console in a computed tomogra-
phy system
DLP dose length product
**DLP displayed on the operator console in a computed tomography 
system
SD standard deviation
ROI region of interest

Scanning methods Scanning conditions for those 
aged 6–10 years

Helical Non-helical

X-ray tube voltage 120 kV 120 kV
X-ray tube current 140 mA 150 mA
Rotating time 2.0 s 2.0 s
Slice thickness 5 mm 5 mm
Beam width 5 mm 5 mm
Image number taken 26 26
Helical pitch 0.938: 1 –
Overlapped area 0.31 mm –
CTDIvol* 60.6 mGy 60.9 mGy
DLP** 1020.8 mGy 791.3 mGy
SD of the CT level in ROI 2.6 2.3
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scan methods, the scan area was 16.8 cm and 13.0 cm, 
respectively.

2.3  Measurements of radiation doses

The thyroid gland, thymus, breast, and ovary/testis were 
selected as measurement organs based on the ICRP report 
[1]. Radio-photoluminescence glass dosimeters (RPLDs) of 
AGC Techno Glass Company were placed in the insertion 
ports and the surface of the phantom, corresponding to thy-
roid gland, thymus, breast, and ovary/testis.

The glass element used was GD-302 M as it was suitable 
for the size of the dosimeter inserted into the hole inside 
the pediatric human phantom used in this study. However, 

because the relative response differs according to the type 
of glass element, corrections were performed using a cali-
bration constant. The calibration constant was calculated as 
follows: the GD-302 M and GD-352 M were installed in a 
pediatric phantom, and CT imaging was performed in and 
out of the irradiation field under the same scanning condi-
tions. The correction factor was calculated from the ratio 
of the absorbed doses of GD-302 M and GD-352 M. CT 
imaging was performed three times using 20 glass dosim-
eters. The glass dosimeters repeated the reading ten times to 
confirm that the readings did not fluctuate. Before reading 
the value, the irradiated glass element was subjected to a 
predetermined heat treatment in a preheated incubator to 
stabilize the fluorescent component of the glass element. 
The positions of the RPLDs are shown in Fig. 1. Because 
the external ear canal is the reference point for CT imaging, 
we set it to zero. Glass dosimeters were placed as follows: 
17 in the brain, 5 in the thyroid gland, 1 in the thymus, 4 
in the breast, 8 in the ovary, and 4 in the testis. Doses were 
measured thrice, and the mean doses were calculated. The 
dose measured by the RPLD was considered as the absorbed 
dose (mGy).

3  Results

3.1  Doses measured with RPLDs

As expected, organ doses measured using RPLD and a 
7-year-old child phantom decreased with increasing distance 
from the irradiation zone (Table 2). The relationship between 
the distance from the external ear canal and the dose of each 
organ is shown for helical and non-helical scans (Fig. 2). 
The average dose for each organ was estimated based on the 
measured dose. For the helical and the non-helical scans, the 
dose to the head in the irradiation field was 54.6 mGy and 
53.4 mGy, respectively. The difference between them was 
1.25 mGy. The dose measured for the helical scan was 2.3% 
higher than that for the non-helical scan.

Fig. 1  RPLD positions. As measurement organs, the thyroid, thymus, 
breast, and ovary/testis were selected on the basis of the report of 
International Commission on Radiological Protection (ICRP). Radio 
photoluminescene glass dosimeters (RPLDs) of AGC Techno Glass 
Company were placed in the insertion ports of the phantom, corre-
sponding to these organs

Table 2  Organ doses measured 
using RPLD and a 7-year-old 
child phantom

Organ Distance (cm) 
from external 
ear canal
to each organ

Measured doses (mGy)

Scanning methods Difference
: a–b

Percentage of 
difference (%)
:(a–b)/b*100Helical (a) Non-helical (b)

Brain 0.0 54.6 53.4 1.25 2.34
Thyroid 6.0 5.37 3.58 1.79 50.0
Thymus 9.0 2.95 1.89 1.06 56.1
Breast 15.0 1.64 1.12 0.52 46.4
Ovary 33.0 0.13 0.11 0.02 18.2
Testis 42.0 0.09 0.08 0.01 12.5
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The largest dose was in the thyroid gland, and the doses 
using helical and non-helical scans were 5.37 mGy and 
3.58 mGy, respectively. The difference in the dose between 
helical and non-helical scans was 1.79 mGy. The dose meas-
ured for the helical scan was 50.0% higher than that for the 
non-helical scan.

For helical and non-helical scans, doses in the thymus 
were 2.95 mGy and 1.89 mGy, respectively. The differences 
were 1.06 mGy. The dose measured for the helical scan was 
56.1% higher than that for the non-helical scan.

For helical and non-helical scans, doses in the breast were 
1.64 mGy and 1.12 mGy, respectively; the difference was 
0.52 mGy. The dose measured for the helical scan was 46.4% 
higher than that for the non-helical scan.

For helical and non-helical scans, doses in the ovary were 
0.13 mGy and 0.11 mGy, respectively; the difference was 
0.02 mGy. The dose measured for the helical scan was 18.2% 
higher than that for the non-helical scan.

For helical and the non-helical scans, doses in the testis 
were 0.09 mGy and 0.08 mGy, respectively; the difference 
was 0.01 mGy. The dose measured for the helical scan was 
12.5% larger than that for the non-helical scan.

4  Discussion

4.1  Differences between helical and non‑helical 
scans

An important difference between helical and non-helical 
scans is overscanning, in which the scan range is wider than 
planned. Overscanning is caused by the presence of pitch 
during helical scanning.

In this study, the pitch was 0.938:1. Because the pitch 
was shorter than one, at a scan, its bed-moving distance 
was shorter than the beam width. As a result, the same part 
(0.31 mm) was irradiated twice, affecting the dose measured 
with the RPLDs. It occurs not only at the beginning of scan-
ning but also its end [20].

In the case of non-helical scanning, the bed-moving dis-
tance was the same as the scan range. Although not shown 
in the results, the difference between helical and non-helical 
scanning ranges was 3.84 cm.

In head CT, the crystalline lens may be exposed. In par-
ticular, the helical scan method has the risk of increasing 
the exposure dose owing to the influence of overscanning.

Fig. 2  The relationship between the organ close and the distance. The relationship between the distance from the external ear canal and the dose 
of each organ was shown for helical and non-helical scans
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4.2  Differences between measured dose and dose 
value displayed on the operator console

The radiation dose used in a CT scan is generally displayed 
on a CT device. However, there is a possibility that the 
actual radiation dose received differs from that displayed on 
the CT device. Therefore, it was compared with the radiation 
dose measured by the RPLDs.

The reported dose calculation assumes the use of an 
acrylic head phantom, which is a cylinder with a diameter 
of 16 cm. Its differences from our THRA2 phantom of Kyoto 
Kagaku in materials and structures were important contribu-
tors to the observed differences.

For the helical and the non-helical scans, differences 
between measured and reported doses were 6.00 and 7.47 mGy, 
respectively (Table 3). The doses measured with RPLDs were 
11–14% smaller than those reported by the device.

The tendency for the estimated value to be high can 
increase the awareness of the radiation exposure of the imag-
ing technologist. However, there is a probability of overesti-
mation of the risk of CT scans.

4.3  Cancer risk

For the helical scan, the thyroid gland absorbed doses in 
non-irradiated fields were approximately one-tenth of the 
irradiation head absorbed doses. The measured doses esti-
mated the average dose to the thyroid gland as 5.37 mGy.

In a pooled analysis of children aged < 15 years, Ron et al. 
reported that the excess relative risk (ERR) per Gy was 5–10 
[21, 22]. The risks when irradiating with 60 mGy, which is 
the 75% value described in Japan DRLs 2015, are as follows. 
On CT examinations of the head, the largest dose was in the 
thyroid gland, and the dose was 5.37 mGy. CT examination 
of the head in children may increase the risk of thyroid can-
cer in children by 3–5.4%.

The calculation formula is shown as follows:

In addition, the risk when irradiating with a median value 
of 39 mGy described in Japan DRLs 2020 are 2%–3.4%.

5 ERR∕Gy × 5.37 × 10−3Gy × 100% = 3%

10 ERR∕Gy × 5.37 × 10−3Gy × 100% = 5.4%

The calculation formula is shown as follows:

However, this should not be overlooked. Although many 
medical personnel are aware of the exposure dose in the 
irradiation field, the level of awareness of doses outside the 
irradiation field and the magnitude of its risk is low. Doses 
outside the irradiation field to the thyroid gland from pedi-
atric head CT scans may increase the risk of thyroid cancer 
and cannot be overlooked.

The exposure dose outside in the irradiation field was 
higher in helical scanning than in non-helical scanning. This 
is probably because overscanning, unique to helical scan-
ning, increases the exposure dose outside the irradiation 
field. Usually, in a helical scan accompanied by movement 
of the bed, there is an X-ray irradiated area at the start and 
end of the scan that does not contribute to the image recon-
struction. Radiation that is unnecessary for image diagnosis 
can be reduced by cutting this area with a collimator. How-
ever, it can only reduce the dose delivered up to 20% [23, 
24].

5  Conclusion

Decreasing the dose to the thyroid gland, which has a high 
risk of cancer after radiation exposure, is desirable. The dose 
to the thyroid gland was higher in the helical scan than in 
the non-helical scan. This is due to the overscanning that is 
unique to helical scan technology.
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5 ERR∕Gy × 5.37 × 10−3Gy × 100% × (39 mGy∕60 mGy) = 2%

10 ERR∕Gy × 5.37 × 10−3Gy × 100%

× (39 mGy∕60 mGy) = 3.4%

Table 3  Difference between 
doses measured with RPLD and 
reported doses

*Displayed dose: dose value displayed on the operator console in a computed tomography system

Scanning method Measured doses
(a)

Displayed doses *
(b)

Difference (mGy)
: a–b

Percentage of 
difference (%)
:(a–b)/a*100

Helical 54.6 60.6  – 6.0  – 11
Non-helical 53.4 60.9  – 7.5  – 14
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