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Abstract The goal of this study is to develop a more

appropriate shielding calculation method for computed

tomography (CT) in comparison with the Japanese con-

ventional (JC) method and the National Council on Radi-

ation Protection and Measurements (NCRP)-dose length

product (DLP) method. Scattered dose distributions were

measured in a CT room with 18 scanners (16 scanners in

the case of the JC method) for one week during routine

clinical use. The radiation doses were calculated for the

same period using the JC and NCRP-DLP methods. The

mean (NCRP-DLP-calculated dose)/(measured dose) ratios

in each direction ranged from 1.7 ± 0.6 to 55 ± 24

(mean ± standard deviation). The NCRP-DLP method

underestimated the dose at 3.4% in fewer shielding direc-

tions without the gantry and a subject, and the minimum

(NCRP-DLP-calculated dose)/(measured dose) ratio was

0.6. The reduction factors were 0.036 ± 0.014 and

0.24 ± 0.061 for the gantry and couch directions,
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respectively. The (JC-calculated dose)/(measured dose)

ratios ranged from 11 ± 8.7 to 404 ± 340. The air kerma

scatter factor j is expected to be twice as high as that

calculated with the NCRP-DLP method and the reduction

factors are expected to be 0.1 and 0.4 for the gantry and

couch directions, respectively. We, therefore, propose a

more appropriate method, the Japanese-DLP method,

which resolves the issues of possible underestimation of the

scattered radiation and overestimation of the reduction

factors in the gantry and couch directions.

Keywords Computed tomography � Shielding calculation

method � Air kerma scatter factor � Dose length product �
Workload

1 Introduction

Prior to the installation of new X-ray equipment in medical

institutions, a pre-evaluation of radiation safety must be

performed to ensure that the radiation doses delivered to

workers and the public are below the dose constraints

imposed by international radiation safety requirements. It is

important to ensure that structural radiation shielding is

properly designed and installed during the original con-

struction process, because corrections or modifications

performed after the construction of the facilities are

expensive [1]. It is, therefore, essential to confirm before-

hand whether a given computed tomography (CT) scanner

will meet the dose constraints, especially considering that

recent rapid advancements in CT technologies have led to

high-performance scanners with multi-row detectors,

which provide increased patient throughput [2, 3].

The National Council on Radiation Protection and

Measurements (NCRP) in the United States recommends

the shielding calculation method described in Report No.

49 [4], published in 1976, which was revised in Report No.

147 in 2004.

For X-ray equipment other than CT scanners, Reports

No. 49 and 147 both recommend a method that uses the

assumed maximum workload as a parameter of the radia-

tion source conditions. In contrast, for CT scanners, Report

No. 147 recommends three CT shielding calculation

methods: the NCRP-dose length product (DLP) method,

the computed tomography dose index (CTDI) method, and

the isodose map method. These techniques do not utilize

the maximum workload.

In 2000, the British Institute of Radiology (BIR) and the

Institute of Physics and Engineering in Medicine (IPEM)

proposed shielding calculation methods for diagnostic

X-ray techniques using general X-ray radiography and

X-ray fluoroscopy, including CT, in a collaborative

guideline [5]. The Japanese Ministry of Health, Labour,

and Welfare recommends a method, hereafter referred to as

the Japanese conventional (JC) method that is based on

NCRP Report No. 49, for X-ray equipment including CT

scanners [6, 7]. However, NCRP did not recommend the

use of the workload, as in the JC method, in its shielding

calculation method for CT.

According to Cole et al. [8] and Wallance et al. [9], the

NCRP-DLP method may be the most realistic approach

because the DLP is easy to acquire and is considered an

appropriate indicator for calculating the radiation dose.

Moreover, the NCRP states that the NCRP-DLP method is

more convenient than other methods. However, the air

kerma scatter factor j for this method has not been suffi-

ciently validated and this technique might underestimate

doses [8–11]. For the shielding calculation, every evaluated

point must exhibit a dose below the dose constraints. It has

been confirmed that one of the issues of the NCRP-DLP

method is the potential underestimation of the scattered

radiation in certain situations. Furthermore, the fan angle of

the beam and the beam width, which possibly affect the

scattered radiation dose during scanning, have changed

with technological developments; this might also lead to

errors in the estimated doses, as stated in NCRP Report No.

147 as a cautionary note regarding the rapidly changing

developments in CT imaging.

The goal of this study is to develop a more appropriate

shielding calculation method for CT by comparatively

evaluating the JC and NCRP-DLP methods based on cur-

rent clinical settings.

2 Materials and methods

2.1 CT scanners

Considering the current market share in Japan [12], 18 CT

scanners (seven from Toshiba Medical Systems Corpora-

tion, three from Hitachi Ltd., four from General Electric

Healthcare, and four from Siemens Japan K.K.) were

examined in this study and the models from each manu-

facturer were Aquilion CX, Aquilion 64, Prime 80, and

One 320 (Toshiba Medical Systems Corporation, Tochigi,

Japan); Scenaria and Eclos (Hitachi Ltd., Tokyo, Japan);

VCT and Lightspeed VCT (General Electric Healthcare,

Tokyo, Japan); and Definition Flash, Definition AS ? ,

Somatom Definition Edge, and Somatom Definition Flash

(Siemens Japan K.K., Tokyo, Japan); respectively.

2.2 Measurements

For one week in December 2013, 288 optically stimulated

luminescence dosimeters (OSLDs) [13] (Nagase Landauer

Co., Ltd., Ibaraki, Japan) were attached to the walls of
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clinical CT application rooms at a height of 1 m to measure

the scattered doses.

These dosimeters, often used for occupational exposure

measurements and ambient dose measurements, comprise

three filters such as plastic, aluminum, and copper and also

have an open window. They can evaluate ambient doses

using the absorption ratios of four elements and exhibit

good accuracy for measurements of the energy dependency

and linearity in a diagnostic field, with errors below 10%.

No fading compensation was required, because no fading

was observed at room temperature during the one-week

period.

We used the Quixel badge service, an ambient dose

equivalent measurement service using the OSLD, provided

by Nagase Landauer Co., Ltd. [14]. Quixel badges were

placed on a wall and the data from the read-out of the

OSLDs were converted to the ambient dose equivalent for

free-air exposure conditions, H*(10), according to the

original standard defined by the Japanese Industrial Stan-

dards. Although the OSLDs were placed on each wall of

the CT room, the doses were measured and interpreted as

the ambient dose equivalent, H*(10), with a backscatter

dose.

A schematic view of the dosimeter arrangement in the

CT room is shown in Fig. 1. A pair of OSLDs was placed

in each of the investigated directions: direction ‘‘a’’ is the

head rest direction (0�), direction ‘‘e’’ is the couch direction

(180� as defined in this article), directions ‘‘c’’ and ‘‘g’’ are

gantry directions (90�, 270�), directions ‘‘b’’ and ‘‘h’’ are

head rest-gantry directions (45�, 315�), and directions ‘‘d’’

and ‘‘f’’ are couch-gantry directions (135�, 225�). An

additional dosimeter (OSLD) that was less susceptible to

the leakage dose was placed outside the CT room to

measure the background. It should be noted that for clinical

reasons, the isocenter was not located at the exact center of

the gantry to the couch direction (defined as 180� direction

in this study, Fig. 2). When measuring scattered radiation,

the effect of the gantry must be considered. Because the

dosimeters at 45� and 315� were susceptible to the

shielding effect of the gantry, these dosimeters were shifted

slightly toward the 0� direction.

2.3 Calculation

The scattered dose was evaluated with the NCRP-DLP and

JC methods for the same period as the actual

measurements.

2.3.1 NCRP-DLP method

The NCRP-DLP method utilizes Eqs. (1) and (2), which

express the effective dose for head (Ksec(head)) and body

(Ksec(body)) examinations, respectively, and then summed.

The air kerma scatter factors, khead (9 9 10-5 cm) and kbody

(3 9 10-4 cm), and a constant of 1.2 were used, as recom-

mended by the NCRP. khead and kbody show the percentage of

the amount of scattered radiation at a distance 1 m from the

scattering body; the proportion as given in per unit DLP in

the NCRP-DLP method utilizes Eqs. (1) and (2), respec-

tively. There is a need to insert a distance factor of the

equation to calculate the scattering radiation dose at any

distance. Therefore, the distance d (cm) was added and

defined in Eqs. (1) and (2). In addition, the unit of the air

kerma scatter factor was changed from (cm-1) to (cm).

In the United States and the United Kingdom, the dose

criteria are defined using the air kerma (Gy) and not by the

dosimeters 
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Fig. 2 Schematic diagram of the JC method for CT shielding

calculation

A new shielding calculation method for X-ray computed tomography regarding scattered radiation 215



effective dose. However, in Japan, they are defined using

the effective dose (Sv), since the assessed dose should be

compared with dose constrains indicated as effective doses.

Consequently, the air kerma was converted to the effective

dose for comparison with the dose criteria; this was also

applied to the JC method using a conversion factor (E/Ka)

of 1.433 as the maximum value considering the range of

radiation energy in an X-ray room (Health Policy Bureau,

MHLW Notification No. 188). The NCRP recommends

multiplying the DLP by 1.4 if the ratio of the number of

contrast examinations to that of non-contrast examinations

is unknown. However, this was not the case in the present

study because the exact number of contrast and non-con-

trast examinations was determined from the exposure

reports provided by the hospitals.

In the NCRP-DLP method, the DLP (mGy�cm) dis-

played on the scanner screen was used. We required the

uncertainties of CTDIvol to be below 20%, according to the

Japanese Industrial Standards, which are based on the

International Electrotechnical Commission (IEC) 60601-2-

44 ed3.0 [15], and the uncertainties of the displayed

CTDIvol should be below 20%. The calculated DLPs were

based on actual CTDIs, considering automatic exposure

control (AEC). It was thought that DLP is the most reliable

indicator for the radiation dose exposed from a CT scanner,

since it takes into account tube voltage, workload, and the

effect of the beam width for each examination. Ksec(head)

and Ksec(body) were calculated separately and then

summed.

Ksec headð Þ ¼ khead � DLP � E=Ka � 1=dð Þ2 ð1Þ

Ksec bodyð Þ ¼ 1:2 � kbody � DLP � E=Ka � 1=dð Þ2

ð2Þ

2.3.2 JC method

The JC method uses Eq. (3) to calculate the primary beam,

Eq. (4) for the scattered radiation, and Eq. (5) for the

leakage dose from the X-ray tube. The Japanese Ministry

of Health, Labour, and Welfare recommends a shielding

calculation method for X-ray equipment (general X-ray

radiography, X-ray fluoroscopy, etc.), including CT scan-

ners, that does not consider the specific characteristics of

the CT scanner (NCRP Report No. 49). A schematic dia-

gram of the shielding calculation by the JC method is

shown in Fig. 2. The requirements for the shielding of each

wall, ceiling, and floor must be evaluated at four X-ray tube

positions (up: 0�, right: 90�, down: 180�, left: 270� in

Fig. 2), typically without considering the beam time at

each position. The primary beam, scattered radiation, and

leakage dose from the X-ray tube are calculated at each

X-ray tube position and each evaluation direction. Finally,

the results are summed. In the present study, OSLDs were

placed on each wall of the CT room. The shielding effects

of the walls, ceiling, and floor were not evaluated. The

thickness of the gantry of the CT scanner depended on the

scanner; typically, it was considered equivalent to 2.5-mm-

thick lead. The use factor in each direction was assumed to

be 1.0. Furthermore, a conversion factor (E/Ka) of 1.433

was employed to obtain the effective dose, as in the DLP

method.

The effective dose includes the primary beam (Ep, mSv),

secondary radiation (Es, mSv), and leakage from the tube

housing (EL, mSv). The individual parameters are shown in

Table 1.

EP ¼ X � Dt �W � ðE=KaÞ � U � T

d2
1

ð3Þ

ES ¼ X � Dt �W � ðE=KaÞ � U � T

d2
2 � d2

3

� a� F

400
ð4Þ

EL ¼ XL � tw � ðE=KaÞ � U � T

d2
4

� 1

2

� �ð t
t1=2

Þ
: ð5Þ

Table 1 Parameters and description of the JC methoda

Parameter Description (unit)

Ep Effective dose due to the primary beam (mSv)

Es Effective dose due to secondary radiations (mSv)

EL Effective dose due to leakage from the tube housing

(mSv)

X Air Kerma of rate per 1 mA standardized at 1 m from the

focus of X-ray tube (mGym2/mAs)

Dt Air kerma transmission factor on barrier of thickness

t (cm) except for filtered X-ray by primary barrier

W Workload (mAs, in case of Ep mAs)

E/Ka Converting factor to effective dose from air kerma (Sv/

Gy)

U Use factor

T Occupancy factor

d1 Distance from the focus of X-ray tube to the point of

interest for evaluation of Ep (m)

d2 Distance from the patient to the point of interest for

evaluation of Es (m)

d3 Distance from the focus of X-ray tube to the patient (m)

d4 Distance from the focus of X-ray tube to the point of

interest for evaluation of EL (m)

a Scaled scatter fraction (scattered radiation ratio to X,

assuming that d3 is 1 m and F is 400 cm2)

F Exposure field (cm2)

XL Leakage radiation dose rate (air kerma) from a tube

housing standardized at 1 m from the housing (equal to

1 mGy/h according to the Ordinance for Enforcement

of the Medical Care Act (mGym2/h)

tw Number of hours of beam on-time (h)

a JC method: Japanese conventional method
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2.3.3 DLP and workload

The IEC requires that the DLP is displayed on the console

screen of a CT scanner (60601-2-44 ed3.0) [15]. However,

the definition of the displayed workload (mAs) varied for

the 18 CT scanners employed in this study. Two CT

scanners (CT-1 and CT-2) provided the maximum work-

load by assuming a constant tube current at the maximum

tube current during the scan, whereas others provided the

actual workload, which was calculated from the archive log

of the actual tube current reflecting the AEC. In the case of

two CT scanners for which the actual workload could not

be obtained, we used the following method to calculate the

actual workload. This method was applicable for two CT

scanners that provided information of the tube current for

each image during a scan. For example, in the case of

5-mm slices for a 30-cm scan range, 150 images would be

obtained. In this case, we recorded each tube current for

each image (n = 150) and calculated the arithmetic mean

tube current for this examination. Then, the actual work-

load for this examination was calculated by multiplying the

mean tube current by the exposure time for this examina-

tion. However, this method was not pragmatic since it

required calculating each mean workload for all examina-

tions (approximately 1000 examinations for two CT scan-

ners) during our study period. Therefore, we excluded the

results of the two CT scanners that displayed the maximum

workload.

2.4 Statistical analysis

The statistical analysis was performed using the application

Ekuseru-Toukei 2012 (Social Survey Research Information

Co., Ltd., Tokyo, Japan), an add-in of Microsoft Office

Excel 2013 and R version 2.14.1 [16]. The statistical dif-

ference was examined by a two-sample Student’s t test and

the pairwise association was examined by Pearson’s cor-

relation coefficient test (r). Differences with p\ 0.05 were

considered significant.

3 Results

3.1 Dose measurements

The basic information on the scanners and the DLPs and

workloads that were used for the calculation is shown in

Table 2. The converted dose at 1 m from the isocenter and

the distance from the isocenter to the dosimeters are shown

in Table 3. The measured dose (net dose considering the

background level) ranged from below 0.01 (not detected,
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ND) to 25.15 mSv. Two doses were ND (2/144, 1.4%). The

dose at 1 m from the isocenter ranged from ND to

170.67 mSv and the distance from the isocenter to the

measurement direction was 158–494 cm. For scanner CT-4

(each scanner is described in detail in Table 2), the con-

verted value at 1 m was not calculated at 45� and 225�
because the doses at these directions were ND.

3.2 Comparison of measured and calculated doses

The calculated dose was obtained using the NCRP-DLP

and JC methods. The ratios of the calculated doses to the

measured (M) dose (NCRP-DLP/M ratio and JC/M ratio)

are shown in Table 4. All the data are expressed as

mean ± standard deviation (SD) and N is the number of

CT scanners used in each group. The NCRP-DLP method

delivered mean ratios for each direction ranging from

1.7 ± 0.6 (135�) to 55 ± 24 (90�) and none of the mean

values was below 1. However, three of the 142 examined

directions had an NCRP-DLP/M ratio below 1; that is,

3.4% (3/88) of examined directions in the directions from

the subject and the gantry (i.e., 0�, 45�, 135�, 225�, and

315�) that had less shielding and 2.1% (3/142) of examined

directions in all directions were underestimated. The min-

imum NCRP-DLP/M ratio, i.e., the most significant

underestimation, was 0.6. On the other hand, the JC

method resulted in ratios ranging from 11 ± 8.7 (135�) to

404 ± 340 (90�) and none of these mean values was below

1. All individual JC/M ratios exceeded 1 and ranged from

3.5 to 1409. The dose obtained using the JC method was

5.5–7.4 (mean 6.4) times higher than that determined using

the NCRP-DLP method in all directions. In terms of

directional dependency, the NCRP-DLP/M ratio ranged

from 1.7 to 4.6 in the 0�, 45�, 135�, 225�, and 315�

directions, probably owing to the lower shielding effect

from the gantry or subjects, while the JC/M ratio ranged

from 11 to 26. The doses obtained with the NCRP-DLP

method were closer to the measured values and smaller

than those obtained with the JC method.

Each measured dose was converted to the dose at 1 m

from the isocenter by considering only the distance

(Table 3). For the evaluation of the shielding effect from

the gantry or subjects as a function of direction, each

reduction factor due to these shielding effects was defined

as the dose measured in a direction divided by the highest

measured dose among all directions (Table 5). Because this

ratio was also affected by the scattered radiation in the CT

room, we treated it as the reduction factor of the gantry.

Furthermore, we evaluated the scattering angle dependency

of the scatter fraction considering the self-shielding of the

subject’s body parts in the couch directions. In the gantry

(90�, 270�) and couch (180�) directions, the reduction

factors were smaller than in the other directions; the mean

reduction factors were 0.031 ± 0.009, 0.041 ± 0.017

(mean reduction factor for gantry: 0.036 ± 0.014), and

0.240 ± 0.061, respectively, which means that the shield-

ing effect was the highest in the gantry directions. The

maximum reduction factors among all scanners were 0.082

and 0.355 for the gantry and couch directions, respectively.

4 Discussion

4.1 Dose distribution in CT room and reduction

factors for gantry and couch directions

The scattered dose per DLP at a distance of 1 m from the

isocenter was significantly lower in the 180� direction than

Table 4 Ratio of the calculated dose to the measured dose

Point (�) NCRP-DLP methoda/measured dose J C methodb/measured dose J C methodb/NCRP-DLP methoda

Mean SD Mean SD

0 3.2 0.8 21 16 6.5

45 4.3 4.1 25 15 5.8

90 55 24 404 340 7.4

135 1.7 0.6 11 8.7 6.9

180 6.5 2.0 43 37 6.6

225 1.9 0.6 12 8.3 6.4

270 42 23 270 195 6.4

315 4.6 4.3 26 16 5.5

All 15 21 102 150 6.4

SD standard deviation
a NCRP-DLP: National Council on Radiation Protection and Measurements, USA method utilizing Dose Length Product
b JC: Japanese conventional method
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in the 0� direction (p\ 0.001). This was because of the

shielding effect of the subject’s body, which is not present

during cylindrical acrylic phantom measurements.

The effect of the shielding in the shielding calculation

method must be properly evaluated. The results shown in

Table 5 indicate a reduction factor in the gantry and couch

directions. In the gantry direction, the minimum reduction

factor was 0.082. Differences in the internal structure of

scanners built by different manufacturers might cause

changes in the shielding ratio; however, in the present

study, which involved 18 scanners from four manufactur-

ers, we can expect a reduction factor of at least 0.1 in the

gantry direction. Furthermore, in the couch direction, a

minimum shielding effect of 0.355 was observed. Although

the ratio associated with self-shielding in the couch direc-

tion also depends on the subjects and the examined part of

the body, in the present study, a dose reduction factor of at

least 0.4 can be expected in the couch direction at the bed

level. Thus, by introducing the reduction factor to the

NCRP-DLP method, the estimated radiation dose will be

closer to the true value in the gantry and couch directions.

It is particularly difficult to adequately estimate the

reduction factor in the couch direction without performing

a multicenter study with clinical settings.

4.2 Issues with the NCRP-DLP method

The doses assessed with the NCRP-DLP method were

more consistent with the measured doses than those

obtained with the JC method. However, 3.4% (3/88) of the

measured doses were underestimated in the directions from

the gantry and subject that had less shielding. The under-

estimated NCRP-DLP/M ratios were 0.6 and 0.8 (scanner

CT-4, 135� and 0�) and 0.9 (scanner CT-6, 45�). CT

scanners CT-4 and CT-6 were mostly used for head

examinations (the ratio of head examinations was 82% for

scanner CT-4 and 38% for scanner CT-6, with a DLP

basis), while for other CT scanners, the usage ratio of head

Fig. 3 Relationship between head ratio and NCRP-DLP/M ratio in

the case of the 0� directionT
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examinations was 28 ± 17% with a DLP basis, as indi-

cated in Table 2. Furthermore, although only in the case of

the 0� direction, a statistically significant correlation was

not observed between the head examinations ratio and

measured dose (r = 0.298, p = 0.43), but a statistically

significant correlation was observed between head exami-

nations ratio and NCRP-DLP/M (r = 0.844, p\ 0.01).

Moreover, the NCRP-DLP/M ratio was significantly

reduced along with the head ratio (Fig. 3). In the NCRP-

DLP method, the air kerma scatter factor j was calculated

from the air kerma scatter factors of the head and body,

which were subsequently summed, as stated in Sect. 2.3.1

of the report that describes the NCRP-DLP method [1]. In

other words, in the NCRP-DLP method, the air kerma

scatter factor j for the head is considered relatively low

compared to that for the body.

In addition, the results of this study were consistent with

the value of 0.7 as the NCRP-DLP/M ratio reported by

Cole et al. (clinical research; one scanner per manufacturer,

three scanners) [8]. Cole et al. suggested that calculation

methods such as NCRP-DLP perform better with head

examinations than with body examinations. Similarly to the

results of that study, which reported a smallest NCRP-

DLP/M ratio of 0.7 for mostly head examinations, the

smallest calculation ratio in our study was observed for the

CT scanner that was used mostly for the head examinations

(as DLP basis: 82%), while for other CT scanners, the

usage ratio was 28 ± 17% as DLP basis as indicated in

Table 2.

Based on these results including the present results and

those of [8], particular attention is recommended for cal-

culations performed for head examinations.

As mentioned in the introduction, several papers have

indicated that the NCRP-DLP method can underestimate

the air kerma scatter factor j and the associated calculation

of the air kerma scatter factor j has not been sufficiently

validated.

These results are consistent with those of these previous

studies [8–11]. In shielding calculations, it is very impor-

tant to ensure that the dose at each evaluated point is not

underestimated.

Considering these issues, the possibility of underesti-

mation by the NCRP-DLP method was not excluded and

the authors believe that the air kerma scatter factor j
should, conservatively, be set on the side of safety to avoid

underestimation.

It must be noted that, in this study, the air kerma scatter

factor j was not studied independently for the head and

body, because the corresponding scattered doses were not

measured separately. Regarding the probability of these

underestimations, the measured doses of the three under-

estimated directions (0.6, 0.8, and 0.9) were 0.88, 1.51, and

10.56 mSv, respectively, and the detection limit of mea-

surements with an OSLD dosimeter is 0.01 mSv. There-

fore, the measured doses were sufficiently high to be

detected.

4.3 Issues with the JC method

In the JC method, the mean ratio in each direction was

5.5–7.4 (mean 6.4) times higher than that obtained with the

NCRP-DLP method. The scattered dose was higher for a

beam width of 16 cm than for a beam width of 4 cm in all

directions except 225� (p\ 0.01). These results indicate

that the JC method involves issues with the beam width

factor, as described in Eq. (4). In addition, the JC method

overestimated the dose by 11–404 times in all directions.

Overestimations lead to a waste of shielding resources.

Therefore, realistic dose calculations must be established

when considering the beam width factor.

Table 6 Ratio of the doses calculated with the Japanese-DLP method and the NCRP-DLP method to the measured dose

Point (�) Japanese-DLP methoda/measured dose NCRP-DLPb/measured dose NCRP-DLP methodb/Japanese-DLP methoda

Mean SD Mean SD

0 6.4 1.6 3.2 0.8 0.5

45 8.5 8.2 4.3 4.1 0.5

90 11.0 4.8 55 24 5.0

135 3.3 1.1 1.7 0.6 0.5

180 5.2 1.6 6.5 2.0 1.3

225 3.8 1.2 1.9 0.6 0.5

270 8.4 4.5 42 23 5.0

315 9.3 8.6 4.6 4.3 0.5

All 7.0 2.8 15 21 2.1

SD standard deviation
a Japanese-DLP: Japanese-Dose Length Product method
b NCRP-DLP: National Council on Radiation Protection and Measurements, USA method utilizing Dose Length Product
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4.4 Issues concerning the workload, CTDI, and DLP

Depending on the part of the body being examined, the

AEC is often used to modulate the tube current during the

scan to optimize the dose; therefore, the actual workload is

difficult to assess [17]. In addition, the ratio of the mean

tube current to the maximum tube current varies depending

on the body size of the subjects, scanners, manufacturers,

and irradiation conditions, as described in ‘‘Materials and

methods’’.

Scanners currently in use worldwide employ either of

two methods for assessing the CTDI, which are described

as follows. The IEC has recommended the maximum value

of CTDIvol in IEC60601-2-44 ed2.1 [18]. In 2010, the IEC

recommended the mean value for the tube current in

IEC60613 [19]. Therefore, whether the maximum or

average CTDIvol is indicated on the console screen of a

scanner’s display depends on when the scanner was man-

ufactured. On the other hand, the IEC requires that the

scanner console screens display the DLP on the basis of the

average CTDIvol during a scan (60601-2-44 ed3.0) [15].

Before this recommendation, such as IEC60601-2-44

ed2.1, the IEC did not recommend to display and record the

DLP for a CT scan. Therefore, in shielding calculations,

the use of the DLP that is displayed on the scanner console

screen is more reliable than that calculated from CTDIvol.

4.5 Proposal of new Japanese-DLP method

Because the air kerma scatter factors can be underestimated

by the NCRP-DLP method, we propose a head and body air

kerma scatter factor that is twice as high as that used in the

NCRP-DLP method; additionally, the dose reduction fac-

tors should be 0.1 and 0.4 for the gantry and couch

directions, respectively, considering numerical rounding

for safety reasons.

The ratio of the doses calculated with the Japanese-DLP

method to the measured dose is shown in Table 6. This

modified method that is based on the NCRP-DLP method

is hereafter referred to as the Japanese-DLP method. The

mean Japanese-DLP dose/measured dose (Japanese-DLP/

M) ratio in each direction ranged from 3.3 (135�) to 11

(90�) (mean 7.0). Moreover, we confirmed that the mini-

mum value was 1.2 and the values at all directions were

above 1.

4.6 Comparison of shielding calculation methods

Compared to the JC method, the NCRP-DLP method has

the following advantages: (1) the calculated values are

more consistent with the measured values, (2) the main

parameter (DLP) used can be more clearly defined, (3) it is

less susceptible to fluctuations due to AEC, and (4) it is less

sensitive to the number of detector rows (beam width), as

mentioned in the NCRP Report No. 147 (‘‘Attempting to

utilize a workload expressed in mA min week-1 is not

recommended’’.). The results of the present study indicate

that the NCRP-DLP method has fewer problems than the

JC method and is, therefore, more reliable.

A comparison of derived required thickness for shield-

ing between each shielding calculation method and mea-

surements is shown in Table 7.

The results indicate that the JC method mostly overes-

timated the shielding thickness among these calculation

methods. The JC method calculated two times thicker

shielding than the NCRP-DLP and Japanese-DLP methods.

On the other hand, though the mean shielding thickness

required is the same in the NCRP-DLP and Japanese-DLP

Table 8 Comparison of shielding calculation methods

Methods NCRP-DLPa

[8]

NCRP-DLPa

[9]

Japanese-DLPb (present

study)

Japanese conventionalc

(present study)

Number of manufacturers 3 4 4 4

Number of facilities 3 Do not show 12 11

Number of scanners 3 4 18 16

Research type Clinical Rando

phantom

Clinical Clinical

Minimum calculated/measured ratio 0.7 Do not show 0.6 3.5

Percentage of underestimation except gantry and

couch directions

22.2 Do not show 3.4 0.0

Reduction ratios of gantry No Yes Yes No

Reduction ratios of self-shield (couch direction) No No Yes No

Major parameter DLP DLP DLP mAs

a NCRP-DLP: National Council on Radiation Protection and Measurements, USA method utilizing Dose Length Product
b Japanese-DLP: Japanese-Dose Length Product method
c Japanese conventional: Japanese conventional method
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methods, the Japanese-DLP method has the advantage of

not underestimating at any points, as mentioned in the

previous section.

In the average of the ‘‘ratio of calculated dose to mea-

sured dose’’ of all directions in Table 6, the Japanese-DLP

method is approximately half of the NCRP-DLP method.

On the other hand, NCRP-DLP method overestimates in

the 90� and 270� directions, compared to the Japanese-DLP

method.

Among 142 evaluation points, the ratios of the measured

to calculated doses were underestimated at three points in

the case of the NCRP-DLP method in our study. How

should this risk be evaluated? We think that it would be

dependent on the individual countries and regions, since

the basic concept of the shielding calculation method

would be related to local cultures. Moreover, we believe

that every evaluated point must exhibit a dose that is below

the dose constraints for the shielding calculation in Japan.

Furthermore, in Japan, because strict defense of the dose

constraints is required by the public, we had proposed to

double the air kerma scatter factor. Similarly, the JC

method overestimated leaked radiation. In other words, the

conceptual bases of the Japanese-DLP and NCRP-DLP

methods might be different.

In addition, we had proposed the reduction factor by

conservatively rounding the observed minimum reduction

factors of the gantry and subjects. Moreover, it may be

possible to set the reduction factors as the mean ? 2SD of

measured results, depending on the situation of the coun-

tries and regions.

Table 8 shows the results of the comparison between the

shielding calculation methods. Considering the widespread

use of AEC during CT scans, studies are currently per-

formed on shielding calculation methods using cylindrical

acrylic phantoms and the Rando phantom. In particular, CT

dose optimization techniques are under development and

the evaluation of the scattered radiation doses is currently

insufficient. In the present multicenter study, we increased

the sample size to sufficiently evaluate the NCRP-DLP

method and the reduction factors in the gantry and self-

shielding directions. Therefore, shielding calculation stud-

ies should be conducted in a multicenter study framework

and performed conservatively to ensure radiation safety.

We should note that previously performed conventional

shielding calculation studies might have potential limita-

tions owing to the limited number of assessed scanners and

facilities.

4.7 Limitations

This study provides new findings on the scattered radiation

at multi-slice scanners with AEC; however, the associated

shielding calculations involve several variables, such as the

wall transmission factor, which are not discussed in this

paper.

The IEC defines the acceptable variation range for the

DLP as ±20% [15]. Therefore, this variance would

increase the uncertainty of the NCRP-DLP evaluation. In

this study, we evaluated the NCRP-DLP method conser-

vatively to ensure radiation safety by comparing measured

doses, because the measured doses were assessed without

adjusting the backscattering from the wall and they over-

estimated the required thickness. Further studies on the

backscatter factor and the variation in DLP will improve

the accuracy of radiation measurements and reduce the

uncertainty in radiation safety assessments.

5 Conclusion

We propose a new shielding calculation method for CT,

named the Japanese-DLP method, which resolves the

issues of possible underestimation of the scattered radiation

and overestimation of the reduction factors in the gantry

and couch directions. Additionally, the proposed technique

avoids the usage of workloads estimated by the CT oper-

ator that could be less reliable for automatic current

modulation exposures.

The Japanese-DLP method is more appropriate than the

NCRP-DLP and JC methods, especially for contemporary

CT scanners.
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