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ABSTRACT

Computed tomography (CT) has recently been utilized in various medical settings, and technological advances
have resulted in its widespread use. However, medical radiation exposure associated with CT scans accounts for
the largest share of examinations using radiation; thus, it is important to understand the organ dose and effective
dose in detail. The CT dose index and dose-length product are used to evaluate the organ dose. However, eva-
luations using these indicators fail to consider the age and body type of patients. In this study, we evaluated the
effective dose based on the CT examination data of 753 patients examined at our hospital using the size-specific
dose estimate (SSDE) method, which can calculate the exposure dose with consideration of the physique of a
patient. The results showed a large correlation between the SSDE conversion factor and physique, with a larger
exposure dose in patients with a small physique when a single scan is considered. Especially for children, the
SSDE conversion factor was found to be 2 or more. In addition, the patient exposed to the largest dose in this
study was a 10-year-old, who received 40.4 mSv (five series/examination). In the future, for estimating exposure
using the SSDE method and in cohort studies, the diagnostic reference level of SSDE should be determined and
a low-exposure imaging protocol should be developed to predict the risk of CT exposure and to maintain the
quality of diagnosis with better radiation protection of patients.
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INTRODUCTION

The use of multidetector row computed tomography (CT) is increas-
ing annually with technological advances, and more CT examinations
are performed per unit population in Japan than anywhere else in the
world [1]. With this rise in the use of CT, the International
Commission on Radiological Protection has highlighted the import-
ance of technical education and proper dose control, as we cannot
ignore the problem of exposure dose during CT examinations [2].

This issue has prompted interest in understanding the exposure
dose and developing technology to reduce exposure. For example, de
Gonzélez et al. proposed that 3.2% of all cancers in Japan develop due
to exposure to diagnostic radiation [3]. The risk of CT exposure in
their study was based on the linear no-threshold hypothesis. This

finding is still controversial, but it is known that radiation exposure via
medical imaging has a large impact on patients. Although more and
more reports are evaluating organ dose from CT examinations [4-6],
assessing the organ dose in patients with consideration of their body
type remains very difficult. Recently, the volumetric CT dose index
(CTDI,,) and dose-length product (DLP) have been used to evalu-
ate the exposure dose. However, evaluations using these indicators fail
to consider the age and body type of the patients [7, 8]. In general,
the CTDI,, is calculated based on the presence of polymethyl meth-
acrylate phantoms, which are available in two diameters: 16 cm and
32 cm [9-11]. Therefore, these indicators are not estimations of the
dose per se, including the physique and age of each patient. Since it is
necessary to resolve the problem to consider organ dose and/or
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effective dose estimation, and although there are several reports verify-
ing the relationship between CTDI and body type by phantom study
and simulation [12, 13], it is impossible to reproduce and examine
similar experiments.

To resolve these issues, the American Association of Physicists in
Medicine (AAPM) devised the size-specific dose estimate (SSDE)
method, a new index that takes into account the size of the patient for
CTDI,, determination [14]. SSDE is defined by multiplication of the
object correction factor (SSDE conversion factor) normalized with a
phantom diameter of the same diameter as 16/32 cm CTDI,. It is
therefore possible to use SSDE to calculate the organ dose with an
accurate reflection of the physique of the patient. In Japan, the latest
diagnostic reference levels (DRLs) were published in 2015 [15] and do
not yet reflect values obtained using SSDE. As such, a number of stud-
ies have explored the evaluation of SSDE [7, 8, 16]. In addition, many
companies and public organizations have developed software programs
for evaluating the organ dose and effective dose from CT examinations
since the announcement of SSDE. For example, the National Institute
of Radiological Sciences has announced the organ dose and effective
dose evaluation software program ‘WAZA-ARI’ [17, 18], and CT
imaging companies have developed software programs such as TmpactDose’
[19]. These programs are designed to evaluate the effective dose of the
patient based on the CT examination parameters (e.g. tube voltage and
tube current) and the body type of the patient, and ImpactDose in par-
ticular can calculate the organ dose using SSDE.

In this study, we collected the data on more than 700 patients
(newborns to elderly) who underwent CT in a single year at our hos-
pital (the study period was over 2 years: April 2013-March 2015).
Therefore, by conducting simulation based on data from CT examina-
tions carried out at our hospital, the usefulness of the SSDE conver-
sion factor value indicated in the AAPM report was examined.

MATERIALS AND METHODS
Patient selection and CT instrument
We obtained data and performed our study on 753 patients (children:
163, adults: 590) who underwent CT imaging of the trunk region at
Hirosaki University Hospital from April 2013 to March 2015
(Table 1). Among the 163 children, multiple scans were performed
in 41 patients and single scans in 122. For adults, we extracted only
the data for those who underwent single scans. All scans were per-
formed using a Discovery CT750 HD (GE Healthcare UK Ltd, Little
Chalfont, England) and a SOMATOM Definition AS (Siemens, Munich,

Table 1. Number of patients

Age (years) Male Female Total
0-1 21 16 37
2-§ 16 10 26
6-10 16 10 26
11-1S§ 36 38 74
>16 312 278 590
Total 401 352 753
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Germany) at Hirosaki University Hospital. In addition, data collection
was carried out after obtaining approval from the ethics committee
of Hirosaki University Graduate School of Medicine (no appoint-
ment, no approval number).

Data collection

Information on the age, sex, body size, imaging parameters (tube
voltage, CTDI,,;, DAS, pitch, slice) and imaging range were col-
lected for patients who underwent imaging of the trunk region. The
physique was measured that seemed to have the thinnest diameter
within the inspection range on the display (Fig. 1). We obtained
information on the CT examination findings only and the patient
characteristics mentioned above, not the patient name or ID. Our
collected information concerned only the data necessary for calcula-
tion of the exposure dose.

Exposure dose analyses and calculation of SSDE
Using the collected data, the exposure dose and SSDE were calcu-
lated with the ImpactDose (Patient Dose Determination at CT
Scanners) software program, version 2.2.2 (cT imaging, Erlangen,
Germany) [19]. This program calculates the exposure dose from a
CT scan using a Monte Carlo simulation with SSDE. Of note, the
SSDE conversion factor was in compliance with the report of the
AAPM [14]. This software program assesses six types of phantom:
newborn; ages 1, 5, 10, and 1S years; and adult (>16 years of age).
When calculating the exposure dose, we selected the appropriate
phantom (the one most similar to the patient), input the anterior—
posterior (AP) diameter and lateral (LAT) diameter, and performed
SSDE. In this study, we calculated the SSDE and the exposure dose
using this software for all cases.

Although it was introduced in the introduction, SSDE is defined by
multiplication of the object correction factor (SSDE conversion factor)
normalized with a phantom diameter of the same diameter as 16/32 cm
CTD],,, again. The SSDE conversion factor also includes the conversion
coefficient from air-absorbed dose to tissue-absorbed dose. The CTDI,
cannot reflect the patient’s body size in the exposure dose evaluation,
and SSDE is an index that considers the patient’s body size [15].

Actual measurement of CTDI,;

In this study, to calculate the SSDE and exposure dose based on the
CT examination data, we needed to consider whether or not the dis-
played CTDI,,; should be used in the simulation. The CTDI,,,; in the
scan protocol of each region was measured using a 9015 dosimeter and
10 X 5-3CT chamber (Radcal Corporation, Monrovia, CA, USA).

With CT imaging, X-rays are emitted with the X-ray tube in
rotation. The point of the highest dose in the body axis direction
(z-axis direction) is the center of the beam width (isocenter), and
the dose decreases with distance from the isocenter. The line inte-
gral dose of this profile is expressed as follows (1):

+00 mm
Integral dose = / D(z) (1)

where D (z) denotes the integrated value of the dose profile in the
z-axis direction. Next, the CTDI,q, was calculated using the line
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integral dose and the dosimeter described above. CTDI;qq is
expressed as follows (2):

CTDII()O = B D(Z) dz (2)

1 +50 mm
_W [wSO mm
In addition, the CTDI,, was subjected to weighting with the
CTDI,go. The CTDI, g of the center of the phantom is defined as
CTDIeptery and the CTDI, g of four points (up, down, left and right)
of the phantom is defined as CTDLeiphery- Their weighted average is
the CTDI, and is expressed as follows (3):

1 2
CTDI, = ECTDICeme, + ECTDIPmPheW (3)

The CTDI,, was then corrected using the pitch factor of a hel-
ical scan as follows (4):
CTDL,

CTDly = ——— €))
pitch factor

The average CTDI,,; was determined using five actual measure-
ments. By comparing the measured values and the console value,
we determined whether or not to use the console value in the
simulation.

Preparation of figures and statistical analysis
Figures were prepared and statistical analysis was performed using the
Origin software package (OriginLab Pro version 8.0, Northampton,
MA, USA) and SPSS version 17.0 (IBM, Chicago, IL, USA) for
‘Windows.

RESULTS
Comparison of the measured and displayed CTDI,,
values
The CTDI,, is an indicator used for the functional evaluation of the
CT device. In addition, it is an important indicator for calculating the
SSDE and organ dose. Evaluating the accuracy of the CTDI,,, value in
the dose report was expected to help determine the accuracy of the
simulation in the present study. Therefore, we measured the CTDI,

Fig. 1. Diameter calculation. We
measured the diameter based on CT
images of the console after imaging.
The measured points are part of the
abdomen, and the LAT is minimized.

and compared the result with the displayed value. The results of this
measurement are shown in Table 2. Relative errors between the dis-
played value and measured value were 0.4-2.7%. The guidance level
recommends an error range of 20% in Japan, and these results were
within this general range of relative errors. Therefore, we confirmed
the accuracy of the CTDI, value on the console used for exposure
dose simulation in this study.

Exposure dose simulation value for children using SSDE
The effective doses in each examination using SSDE are shown in
Fig. 2. These results are the results for each examination, and it is
necessary to be aware that there are differences in the number of
scans. Given the possibility of undergoing dynamic CT multiple
times in a single year, receiving 40 mSv in a single examination

results in a very high exposure to radiation for the patient.

Comparison of CTDI,, and SSDE
SSDE considers the patient’s body type based on a calculated factor
obtained by measuring the AP and LAT diameter of the patient; the
CTDI,, listed in the dose report is then multiplied by this factor to
obtain the SSDE. We therefore investigated the difference between
the SSDE and CTDI,, (Fig. 3). In Fig. 3, the x-axis represents the
CTDI,, values from the dose report, and the y-axis represents the
SSDE. The dotted line represents the direct proportion (y = x);
patients with small body types have higher SSDE. In our hospital, it
is plotted above the dotted line in most patients. In other words,
this means that most patients are of the standard type or thin type,
suggesting that exposure dose estimation using CTDI,, will be
underestimated. This means that the exposure dose to risk organs is
expected to be higher than the value calculated using only the
CTDI,,. The effects of the age and body size on the calculated
organ dose and effective dose are shown in Fig. 4. The y-axis

Table 2. Parameters of measured CTDI,;

Parameter Discovery SOMATOM
CT 750HD  Definition

Peak kilovoltage (kVp) 120 120

Tube current (mA) 150 330

Slice (mm) S 4.8
DAS 4 6
Beam collimation (mm) 20 28.8
Rotation speed (rot/ms) 2 1

Scan FOV (mm) 16 16
Phantom diameter (cm) 16 16
CTDI,, (measured value) (mGy) 13.4 39.7
CTDIvol (displayed value) (mGy) 13.3 40.8
Error rate (%) 0.4 2.7
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Fig. 2. Exposure dose data using the SSDE in children.
Effective dose calculated by simulation is indicated by
box plot. The plots above and below the box show the
maximum and minimum values. A 10-year-old female,
who was exposed to 40.4 mSv (five scans/examination).
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Fig. 3. The relationship of CTDI,,; and SSDE in each
inspection and each patient. The SSDE was larger than
the CTDI,,, in all patients at our hospital. The dotted
line represents y = x.

represents the SSDE conversion factor (SSDE/CTDIL,) in both
graphs, and the x-axis represents the age (0-15 years old) in Fig. 4A
and body type (LAT + AP) in Fig. 4B. The lower limit of the y-axis
is 1.0 (SSDE > CTDL,,;) in both graphs, and we had no extremely
obese patients at our hospital. In children 0-7 years of age, the
SSDE/CTDI,,; was >2.0, suggesting exposure to particularly high
doses. Furthermore, Fig. 4B showed a strong correlation between
the body type and the exposure dose, suggesting that the exposure
dose may be underestimated by evaluations using CTDI,, in
patients with a thin body type.
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Fig. 4. Exposure dose versus age and physique. The y-axis
of both graphs shows the SSDE/CTDI, ;. (A) The SSDE/
CTDI,,, is higher for younger ages. In particular, at >7
years of age, the actual exposure dose may be >2-fold the
dose calculated using the CTDI,,;. (B) The body size and
exposure dose are strongly correlated. Furthermore, the
exposure dose decreased as the body size increased.

R® = 0.961.

DISCUSSION
In this study, we investigated the effective dose for CT examinations
with consideration of patients’ body type using SSDE in a large popu-
lation and considered what kinds of features were associated with the
effective dose in each age group and body type. We confirmed that
the error between the measured CTDI and the CTDI, of the dose
report was very small in the CT system used in our hospital
(Table 2). The simulation software program ImpactDose used in this
study calculates the organ absorbed dose using the Monte Carlo meth-
od. Since it is experimentally difficult to measure the dose actually
absorbed by the human body, it is difficult to determine the accuracy
of this calculated absorbed dose. However, as shown in Table 2, the
accuracy of the input parameters necessary for the simulation, such as
CTDI,,, is guaranteed. Using ImpactDose, our group confirmed that
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effective dose in pediatric patients exceeded 40 mSv at maximum in
our hospital (Fig. 2). In addition, the number of obese patients at
our hospital is very small, and the effective dose calculated using
SSDE was higher than that determined via the conventional method
using CTDI,, alone in all cases (DLP). Given these results, when
estimating the organ dose and effective dose for pediatric patients
and the standard and thin body type patients, the SSDE-corrected
value is less likely to underestimate the exposure dose than the con-
ventional method using CTDI,, and DLP, making SSDE a very
effective method [20, 21].

The effective dose of chest/abdomen CT in adults is said to be
~15mSv per examination [4], but the results of the present study
suggest that the actual volume may be 1.5 to 2.0 times higher than
the values in previous studies (Fig. 4). However, in the AAPM
report, it is stated that there is a wide range of changes in physique,
especially in children, even at the same age. In our study, although
the SSDE conversion factor exceeds 2.0 under the age of 7 years, it
is necessary to extensively analyze SSDE (SSDE conversion factor)
of pediatric patient data at each hospital and investigate consistency.
Additionally, the cumulative dose per patient was not calculated in
this study, as some patients may have undergone several examina-
tions in a short period of time or multiple scans in a single examin-
ation (such as with dynamic CT), so we must carefully consider the
biological effects of effective dose with CT examinations.

For CT, which does use ionizing radiation, it is essential to
establish criteria carefully, especially in Japan where a large number
of CT examinations are conducted. Various strategies have been
considered in an effort to reduce CT exposure, such as developing
an imaging protocol that takes into consideration the patient’s age
and body type, performing ultrasonic examinations with a reduced
number of CT scans, and considering the omission of either sim-
ple/contrast-enhanced CT. SSDE is likely to not only improve risk
prediction of CT exposure but also to encourage the establishment
of DRLs based on SSDE and development of imaging protocols
with lower exposure, while maintaining the quality of the diagnosis.
Techniques for reducing the exposure on CT include image recon-
struction using CT automatic exposure control [22-24], lower tube
voltage CT [25-28], and a successive approximation method [29].
By incorporating SSDE into these techniques, low-exposure diag-
nostic methods tailored to individual patients may become possible.

CONFLICT OF INTEREST

The authors have no relevant conflicts of interest to disclose.

FUNDING
This study was supported by Hirosaki University Grant for Exploratory
Research by Young Scientists and Newly-appointed Scientists.

REFERENCES
1. ICRP. The 1990 Recommendations of the International
Commission on Radiological Protection. ICRP Publication 60.
Ann ICRP 1991;21 (1-3).
2. United Nations Scientific Committee on the Effects of Atomic
Radiation. Sources and effects of ionizing radiation. UNSCEAR
2008 Report, 2010.

3. Berrington de Gonzilez A, Darby S. Risk of cancer from diag-
nostic X-rays: estimates for the UK and 14 other countries.
Lancet 2004;363:345-51.

4. Mettler FA Jr, Huda W, Yoshizumi TT et al. Effective doses in
radiology and diagnostic nuclear medicine: a catalog. Radiology
2008;248:254-63.

5. OKane D, D’Arcy FT, Papa N et al. Radiation dosing in the inves-
tigation and follow-up of urolithiasis: comparison between historical
and contemporary practices. Investig Clin Urol 2016;57:113-8.

6. Slovis BH, Shah KH, Yeh DD et al. Significant but reasonable
radiation exposure from computed tomography-related medical
imaging in the ICU. Emerg Radiol 2016;23:141-6.

7. Imai R, Miyazaki O, Horiuchi T et al. Local diagnostic reference
level based on size-specific dose estimates: assessment of pediat-
ric abdominal/pelvic computed tomography at a Japanese
national children’s hospital. Pediatr Radiol 2015;45:345-53.

8. Granata C, Origgi D, Palorini F et al. Radiation dose from mul-
tidetector CT studies in children: results from the first Italian
nationwide survey. Pediatr Radiol 2015;45:695-705.

9. Huda W, Sterzik A, Tipnis S et al. Organ doses to adult patients
for chest CT. Med Phys 2010;37:842-7.

10. Turner AC, Zhang D, Kim HJ et al. A method to generate
equivalent energy spectra and filtration models based on meas-
urement for multidetector CT Monte Carlo dosimetry simula-
tions. Med Phys 2009;36:2154-64.

11. McNitt-Gray MF. AAPM/RSNA Physics Tutorial for Residents:
Topics in CT. Radiation dose in CT. Radiographics 2002;22:1541-53.

12. Hirata T, Inoue K, Shigemori S et al. Estimation of exposure
dose on MDCT examination—the measurement of organ dose
and effective dose by anthropomorphic phantom. Jpn ] Radiol
Technol 2010;66:901-10.

13. Oono T, Araki F, Tsuduki S et al. Monte Carlo calculation of
patient organ doses from computed tomography. Rediol Phys
Technol 2011;7:176-82.

14. American Association of Physicists in Medicine Task Group 204.
Size-specific dose estimates (SSDE) in pediatric and adult body
CT examinations. Report of AAPM Task Group 204. College Park,
MD: American Association of Physicists in Medicine; 2011.

15. Japan Association on Radiological Protection in Medicine.
Diagnostic reference levels based on latest surveys in Japan:
Japan DRLs 2015. http://www.radher.jp/J-RIME/report/DRL
houkokusyoEng.pdf (14 June 2017, date last accessed).

16. Kumamaru KK, Kogure Y, Suzuki M et al. A strategy to opti-
mize radiation exposure for non-contrast head CT: comparison
with the Japanese diagnostic reference levels. Jpn J Radiol 2016;
34:451-7.

17. Ban N, Takahashi F, Ono K et al. WAZA-ARI: computational
dosimetry system for X-ray CT examinations II: development of
web-based system. Radiat Prot Dosim 2011;146:244-7.

18. Ban N, Takahashi F, Sato K et al. Development of a web-based CT
dose calculator: WAZA-ARL. Radiat Prot Dosim 2011;147:333-7.

19. AB-CT—Advanced Breast-CT. ImpactDose—CT dose estimation
made easy. http://www.ab-ct.com/en/ct-software-e/impactdose-e.
html (23 November, date last accessed).

20. Kidoh M, Utsunomiya D, Oda S et al. Validity of the size-
specific dose estimate in adults undergoing coronary CT


http://www.radher.jp/J-RIME/report/DRLhoukokusyoEng.pdf
http://www.radher.jp/J-RIME/report/DRLhoukokusyoEng.pdf
http://www.ab-ct.com/en/ct-software-e/impactdose-e.html
http://www.ab-ct.com/en/ct-software-e/impactdose-e.html

21.

22.

23.

24.

2S.

angiography: comparison with the volume CT dose index. Int |
Cardiovasc Imaging 2015;31:205-11.

Huda W, Tipnis SV. Doses metrics and patient age in CT.
Radiat Prot Dosim 2016;168:374-80.

American College of Radiology. ACR Appropriateness Criteria.
https:/ /www.acr.org/Quality-Safety/ Appropriateness-Criteria (14 June
2017, date last accessed).

Royal College of Radiologists. iRefer: Making the Best Use of
Clinical Radiology. 7th edn. London: The Royal College of
Radiologists, 2012.

Monzen S, Takahashi K, Toki T et al. Exposure to a MRI-type
high-strength static magnetic field stimulates megakaryocytic/
erythroid hematopoiesis in CD34+ cells from human placental
and umbilical cord blood. Bioelectromagnetics 2009;30:280-5.
Muramatsu Y, Ikeda S, Osawa K et al. Performance evalu-
ation for CT —AEC (CT Automatic Exposure Control)

26.

27.

28.

29.

Consideration of SSDE in pediatric CT « 43§
systems. Nihon Hoshasen Gijutsu Gakkai Zasshi 2007;63:534-45,
in Japanese.

Hamaguchi N, Kodera S. CT-auto exposure control on cerebral
3D-CT angiography: dose reduction and optimized image SD
for inspection purposes. Nihon Hoshasen Gijutsu Gakkai Zasshi
2010;66:313-21, in Japanese.

Kalra MK, Maher MM, Toth TL et al. Techniques and applica-
tions of automatic tube current modulation for CT. Radiology
2004;233:649-57.

Hara AK, Paden RG, Silva AC et al. Iterative reconstruction
technique for reducing body radiation dose at CT: feasibility
study. AJR Am ] Roentgenol 2009;193:764-71.

Takata M, Matsubara K, Koshida K et al. Investigation of radi-
ation dose for lower tube voltage CT using automatic exposure
control. Nihon Hoshasen Gijutsu Gakkai Zasshi 2015;71:332-7,
in Japanese.


https://www.acr.org/Quality-Safety/Appropriateness-Criteria

	Consideration of the usefulness of a size-specific dose estimate in pediatric CT examination
	INTRODUCTION
	MATERIALS AND METHODS
	Patient selection and CT instrument
	Data collection
	Exposure dose analyses and calculation of SSDE
	Actual measurement of CTDIvol
	Preparation of figures and statistical analysis

	RESULTS
	Comparison of the measured and displayed CTDIvol values
	Exposure dose simulation value for children using SSDE
	Comparison of CTDIvol and SSDE

	DISCUSSION
	CONFLICT OF INTEREST
	FUNDING
	REFERENCES


