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Abstract The use of digital radiographic systems has

decreased the frequency of image retakes due to over/un-

derexposure in general radiography. However, image

retakes owing to patient positioning errors are likely to

increase because of the convenience of a real-time image

check on a console table. The purpose of the present study

is to propose a novel radiographic examination procedure

with an ultra-low-dose pre-test exposure that may be uti-

lized to check patient positioning prior to taking an actual

image, thereby reducing unnecessary patient exposure

owing to image retakes. In this study, examination data

from 714 knee joint radiographs, both submitted and

retaken images, were included. Twelve radiological tech-

nologists (RTs) took all images. The actual total exposure

dose for each patient was compared with simulated total

doses utilized in the proposed procedure. The simulation

assumed that each examination was completed following

pre-test exposure. Therefore, this method did not involve

retaking images although at least one pre-test exposure had

been applied to all patients. Pre-test exposures at four dose

levels corresponding to 25, 10, 5, and 2% of the actual

exposure dose were evaluated to determine whether each

dose level could be used to check patient positioning. The

results indicated that when the pre-test exposure dose rate

was 10% or lower, the total exposure dose reduction

equaled or exceeded 8% for all patients. The use of the

proposed procedure reduced the total exposure dose for all

patients when compared to the exposure dose calculated

from records.

Keywords Flat-panel detector � Positioning error � Patient

dose � Repeat rate

1 Introduction

The use of digital radiographic systems allows for a

reduction in patient dose (corresponding to 33–50% in

chest radiography) [1, 2] by decreasing the number of

image retakes owing to over/under exposure in general

radiography. However, digitalization is likely to increase

the number of radiographic examinations [3], and image

retakes caused by patient positioning errors, because of the

convenience of a real-time image check on the console

table.

Optimization of the patient dose is important for radi-

ologic technologists (RTs). General radiography adopts as

minimum an exposure dose as is necessary for diagnosis.

However, when image retakes occur, the total exposure

dose corresponds to more than double the minimum

exposure dose required for diagnosis. Although it is nec-

essary to minimize the image retake rate, there are few

unavoidable clinical situations with high image retake

rates, including rare examinations that use a special

radiography technique, nonstandard patients, and exami-

nations performed by an inexperienced RT. Therefore, to

decrease the number of image retakes, devices to assist

with patient positioning were developed, and special

training programs and workshops for inexperienced RTs

were implemented.
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The image retake rate decreases on changing the

imaging system from analog (screen-film system) to digital

[4–6]. Digital radiography reduces the number of errors

related to over/underexposure. Nevertheless, in digital

radiography, patient positioning errors lead to a number of

image retakes [5].

In digital amorphous silicon flat-panel detector (FPD)

radiography, an image is displayed immediately after

exposure. Therefore, RTs can check patient positioning

without moving the patient and promptly adjust it, if

unacceptable. The present study involves development of a

novel radiographic examination procedure using an ultra-

low-dose pre-test exposure for checking patient positioning

prior to taking the actual image, thereby reducing the total

patient radiation dose. To clarify the validity of the pro-

posed novel radiographic examination procedure, a total

patient dose with and without the proposed procedure is

simulated using the clinical examination data for knee joint

radiography.

2 Materials and methods

2.1 Database of knee joint radiographic

examinations

Clinical examination records of 714 patients with 1046

knee joint radiographs (ages 6–92 years, mean 63.6 years;

M:F = 4:6) were used as the research database to compare

the total patient dose in the proposed procedure with that in

the conventional procedure. All cases included in the

database involved examination of knee joint radiographs in

the three views (anteroposterior, lateral, and skyline);

moreover, some patients had both submitted as well as

retaken images. Twelve RTs, from October 2012 to

October 2013, were engaged in radiographic examinations.

Beneo (Fujifilm Medical, Tokyo, Japan) equipped with a

digital amorphous selenium FPD was the digital radiogra-

phy system used in this database.

2.2 Novel radiographic examination procedure

with ultra-low-dose pre-test exposure

The proposed novel radiographic examination procedure

uses an ultra-low-dose pre-test exposure to confirm patient

positioning prior to taking an actual image. It is necessary

to control the pre-test exposure dose such that it is signif-

icantly lower than the dose used for taking the actual

image. After taking a pre-test image, an RT checks the

patient positioning displayed on the screen of the integrated

digital radiography operator’s console while the patient

maintains his/her posture. If the patient positioning is

acceptable, the RT immediately takes the actual image.

Alternatively, the RT immediately adjusts the positioning

and takes the next pre-test image. The positioning and the

pre-test exposure are repeatedly adjusted until there is no

problem in positioning.

2.3 Relationship between image retake rate

and pre-test exposure dose

The acceptable patient radiation dose for pre-test exposure

is estimated by taking into consideration the image retake

rate for specific radiographic examinations (i.e., knee joint

radiography, scapula radiography, and temporomandibular

joint radiography). It is essential for pre-test exposure dose

to be lower than the exposure dose in conventional pro-

cedures, taking into account the specific image retake rate.

It is assumed that a single exposure dose in the con-

ventional procedure corresponds to D100. Thus, a single

exposure dose for an image retake is also assumed to be

D100. If pre-test exposure is assumed to be reduced to a%

of D100, then a single pre-test exposure dose defined as

Da = (a/100) 9 D100. The numbers of actual exposures

and image retakes correspond to X and R, respectively; the

total exposure doses using the conventional procedure and

pre-test exposure are estimated based on the following

equations:

Total exposure dose in a conventional procedure Dctotalð Þ
¼ ðX þ RÞ � D100;

ð1Þ

Total exposure dose with pre - test exposure Dptotalð Þ
¼ X � D100 þ ðX þ RÞ � Da:

ð2Þ

To ensure that Dptotal does not exceed Dctotal, the

maximum percentage of the pre-test exposure a is esti-

mated from Eqs. (1) and (2) as follows:

Dctotal[Dptotal and, therefore, this leads to the fol-

lowing expression:

ðX þ RÞ � D100 [ X � D100 þ ðX þ RÞ � Da;

As; ðX þ RÞ � Da ¼ ðX þ RÞ � ða=100Þ � D100;

Hence; X � D100 þ R� D100 [ X � D100 þ ðX þ RÞ
� ða=100Þ � D100:

ð3Þ

From Eq. (3), the following expression is obtained:

R[ ðX þ RÞ � ða=100Þ;
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R=ðX þ RÞ [ a=100: ð4Þ

The image retake rate b is defined as R/X; hence, R/

(R ? X), as shown in Eq. (4), can be expressed as b/

(b ? 1). Therefore, the pre-test exposure dose rate a% is

permissible when its value is lower than that of b/(b ? 1).

In the present study, the maximum pre-test exposure dose

rate amax is estimated taking into account the actual image

retake rate as a criterion for evaluating reduction in dose

rates.

2.4 Simulation of total exposure dose

The total exposure doses of the conventional method and

the pre-test exposure method were simulated using exam-

ination records of three-directional knee joint radiographies

of 1046 knees in 714 patients obtained by 12 RTs. In the

simulated model, each examination (1046 9 3 = 3138

submitted images in total) was completed following a pre-

test exposure with ultra-low doses to check patient posi-

tioning. The examination was completed without image

retakes albeit with the addition of pre-test exposure. To

simplify the estimation, exposure conditions including

X-ray voltage, current, exposure time, and source-surface

distance of all examinations were assumed to be the same.

When knee joint radiography was performed in the three

planes and the pre-test exposure dose corresponded to 10%

of the actual exposure dose, the total exposure doses of the

conventional and pre-test methods corresponded to

3 9 D100 = 3D100 and (3 9 D100) ? (3 9 0.1D100) =

3.3D100, respectively. If it was necessary to retake the

image in one of the three planes, the total exposure doses of

the conventional method corresponded to (3 9 D100) ?

(1 9 D100) = 4D100, whereas that of the pre-test exposure

method corresponded to (3 9 D100) ? (4 9 0.1D100) =

3.4D100.

To verify the proposed method, the total exposure dose

in the conventional method, Dc, and the pre-test exposure

method, Dp, was calculated by changing the level of pre-

test exposure doses to 25, 10, 5, and 2% of the actual

exposure dose.

2.5 Determination of pre-test exposure dose

to check patient positioning

According to the proposed procedure, a pre-test image is

taken with an ultra-low dose to confirm patient positioning.

Therefore, it is necessary to determine the minimum pre-

test exposure dose required to check patient positioning. In

lateral views of the knee joint, overlap between the inside

and outside of the distal ends of the femur indicate the

necessity for an image retake in case of positioning errors.

In the present study, a number of phantom images of the

lateral aspect of the femur were taken with certain posi-

tioning errors to determine the minimum exposure dose for

a pre-test image. In the sample images with positioning

errors, observers were asked to measure error distances

DX and DY from a complete overlap between inside and

outside of the dry bone specimen, as shown in Fig. 1a, b,

respectively. Three RTs participated in the observer study

to measure error distances DX and DY on the images taken

at different levels of pre-test exposure (10, 5, and 2% of the

actual exposure dose). Figure 2 shows the alignment of an

X-ray tube, objects, and a detector (FPD). We used two

water equivalent phantoms as scatterers. The total thick-

nesses of the water phantoms (10 cm) were empirically

determined from the standard thickness of knee joints. To

represent various types of positioning errors, sample ima-

ges were taken in the following three positions: 1: lateral

rotation and a slight adduction; 2: medial rotation and clear

abduction; and 3: a slight medial rotation, as shown in

Fig. 3.

3 Results

3.1 Image retake rate estimated from the database

in the hospital

Table 1 shows the projection numbers, with and without

image retakes, for knee joint radiography. Twelve RTs

examined all cases. Overall, 1046 knees were exposed in

all the three planes and the total number of images, with the

exception of the number of retaken images, was 3138

(1046 9 3). Of the 3138 images, 2568 images were

obtained without retakes (81.8%); a total of 713 images

were retaken. Therefore, the image retake rate for three-

directional knee joint radiography in the hospital was

22.7% (713/3138). Among the twelve RTs, the maximum

and minimum number of knees examined by a single RT

corresponded to 428 and 23, respectively. Individual data

for the number of retakes and examinations have not been

included because we believe that those data were not

important for the purpose of this study.

Among the three planes of knee joint radiography, the

axial view (Skyline view) exhibited the highest image

retake rate (38.3%); this implies that image retakes occur

approximately once every three times in this view. The

image retake rates of the lateral and anterior views were

18.3 and 11.6%, respectively. It should be noted that the

sum of the total number of images that did not involve

retakes (2568) and the number of image retakes (713)

exceeds the total number of images (3138) because an

image retake in one plane occasionally occurred more than

once.
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3.2 Estimated total exposure dose in the proposed

procedure

Table 2 presents the estimated total exposure dose ratio

Dp/Dc that was simulated based on the statistical data,

given in Table 1, by changing the pre-test exposure dose

rate a. In the estimated total exposure dose ratio, Dp cor-

responds to the total exposure dose with the pre-test

exposure method, and Dc corresponds to the total exposure

dose with the conventional method.

The estimated maximum pre-test exposure dose rate

amax was 18.5% [0.227/(1.0 ? 0.227) 9 100 = 18.5];

thus, when the pre-test exposure dose rate was equal to or

lower than 10%, the total exposure dose reduction equaled

or exceeded 8% for all patients.

3.3 Determination of the pre-test exposure dose rate

for checking patient positioning

The column (a) in Fig. 4 shows the radiographic image of

dry bone specimen of a femur exposed to standard expo-

sure dose in the hospital. The columns (b), (c), and (d) in

Fig. 4 show the images obtained at 10, 5, and 2% of the

standard exposure dose, respectively. The rows 1, 2, and 3

in Fig. 4 show the images taken in the position of lateral

rotation and a slight adduction, medial rotation and clear

abduction, and a slight medial rotation, respectively. The

resultant gap distances DX and DY obtained by the three

RTs are presented in Table 3, respectively.

As observed in Table 3, all differences in the errors of

the maximum gap distances (DXmax and DYmax) between

the standard exposure dose and 10% of the standard

exposure dose are equal to or less than 1 mm. Additionally,

differences in the errors between the standard exposure

dose and 5% of the standard exposure dose were equal to or

less than 1 mm with the exception of the image involving a

slight medial rotation. Moreover, majority of RTs were

unable to recognize a gap distance DY when the pre-test

exposure dose was less than 5% of the standard exposure

dose.

4 Discussion

Based on the simulation results for 1046 knee joints from

clinical examination records and Eq. (4), the pre-test

exposure rate a was estimated for a novel radiographic

examination procedure with an ultra-low-dose pre-test

exposure. When the pre-test exposure dose was set at 10%

of the actual exposure dose, the total patient dose for three-

Fig. 1 Measurement of error

distances DX (a) and

DY (b) based on the complete

overlap between the inside and

outside of the dry bone

specimen

Fig. 2 The alignment of the X-ray tube, objects, and detector
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directional knee joint radiography was reduced when

compared to that in the conventional method. However, a

few considerations exist with respect to the application of

the proposed pre-test exposure method.

First, although the proposed method is used to reduce

patient dose in a broad manner, it can increase the patient

dose in cases where an image retake is not necessary. For

example, if a pre-test exposure dose is 10% of the actual

exposure dose, then the actual patient exposure dose would

be 1.1 times the standard exposure dose. In our study

sample of 1046 knee joints, the patient exposure dose

increased by 10% for 563 knee joints (53.8%), without any

image retakes, on application of the pre-test exposure

method when compared to the conventional method.

Therefore, to effectively utilize the proposed method and

avoid unnecessary radiation exposure, it is necessary to

apply this method in clinical conditions only for nonstan-

dard patients and/or some examinations with inexperienced

RTs, who may display a high image retake rate.

Second, in the study, the pre-test exposure dose was

evaluated using a lateral view of the dry bone specimen of

a femur. Although image retaking rate of the axial view

(Skyline view) was higher than that of a lateral view, we

used distance errors in a lateral view for the evaluation

rather than that of an axial view, because error distances in

the lateral positioning could be easily and accurately

measured and evaluated. However, under clinical condi-

tions, the appropriate pre-test exposure dose could change

for each patient based on the thickness of the knee joint.

For example, a patient subjected to image retakes tends to

have a larger knee joint when compared to a patient with a

normal-sized knee joint.

Fig. 3 Sample images of the dry bone specimen obtained in three different positions by changing error distances of overlap between the inside

and outside of the knee joint. 1 Lateral rotation and a slight adduction, 2 medical rotation and clear abduction, and 3 a slight medial rotation

Table 1 Number of patients undergoing three-directional knee joint radiographic examination and numbers of image retakes in each view

No. of patients No. of knees No. of projections No. of projections without retaking [%] No. of retakes (retaking rate)

A–P Lateral Skyline Total

Total 714 1046 3138 2568

(81.8%)

121

(11.6%)

191

(18.3%)

401

(38.3%)

713

(22.7%)

Table 2 Estimated total dose ratio of simulation relative to actual examination data

No. of patients No. of knees No. of projections Estimated total dose ratio (Dp/Dc)

a = 25.0% a = 10.0% a = 5.0% a = 2.0%

Total 714 1046 3138 1.065 0.915 0.865 0.835
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From a different viewpoint, this method is applied based

on a situation wherein a patient does not move until an

actual exposure is completely obtained, and thus, it is

extremely important to consider the manner in which

patient position is maintained while checking a pre-test

image. Therefore, this procedure requires additional

Fig. 4 Examples of knee joint radiology with exposure dose ratios corresponding to 100% (a), 10% (b), 5% (c), and 2% (d) with the positions of

lateral rotation and a slight adduction (1st row), medical rotation and clear abduction (2nd row), and a slight medial rotation (3rd row)

Table 3 Gap distances (DX, DY) in a knee joint measured by three radiologic technologists

Exposure dose (%) Lateral rotation and a slight adduction Medial rotation and clear abduction A slight medial rotation

100.0 10.0 5.0 2.0 100.0 10.0 5.0 2.0 100.0 10.0 5.0 2.0

DX

Reader1 (mm) 14.0 14.0 14.0 N.D. 18.5 18.0 18.0 19.0 4.5 5.0 5.0 5.0

Reader2 (mm) 14.0 14.0 15.0 N.D. 18.0 19.0 18.0 19.5 5.0 5.0 6.0 6.0

Reader3 (mm) 14.0 13.3 13.3 N.D. 18.0 18.0 19.0 21.0 5.0 5.0 5.0 5.0

Mean 14.0 13.8 14.1 N.D. 18.2 18.3 18.3 19.8 4.8 5.0 5.3 5.3

DXmax 14.0 14.0 15.0 N.D. 18.5 19.0 19.0 21.0 5.0 5.0 6.0 6.0

DY

Reader1 (mm) 6.0 7.0 6.5 N.D. 14.0 15.0 15.0 15.0 2.0 2.0 ND. N.D.

Reader2 (mm) 6.0 7.0 7.0 N.D. 15.5 15.0 15.0 16.0 2.5 2.0 N.D. N.D.

Reader3 (mm) 6.9 7.0 7.0 7.2 14.3 14.3 14.3 15.0 3.0 3.0 3.5 N.D.

Mean 6.3 7.0 6.8 7.2 14.6 14.8 14.8 15.3 2.5 2.3 3.5 N.D.

DYmax 6.9 7.0 7.0 7.2 15.5 15.0 15.0 16.0 3.0 3.0 3.5 N.D.
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equipment, such as an angle meter and supporting items for

patient positioning, to maintain patient position. Further-

more, to improve the diagnostic performance of the pro-

posed pre-test exposure method, it is necessary to develop a

novel computerized scheme to analyze positioning errors

and indicate correct methods for positioning while retaking

images.

With respect to the exposure dose with the pre-test

exposure method, the absorbed dose in the three-directional

knee joint radiography that was estimated by the EPD

(Estimation of Patient Dose in diagnostic radiographic

examination) software approximately corresponded to

0.32 mGy 9 3 = 0.96 mGy. When the pre-test exposure

was 10% of the actual exposure dose, the total absorbed

dose increased by 0.096 mGy when compared to the total

absorbed dose in the conventional method.

With respect to a survey CT scan (e.g., scout view,

topogram, and pilot scan) that is typically used in the CT

examination prior to performing a CT scan, the absorbed

dose corresponds to 0.03–0.65 mGy (3.2–74.7 mR), as

reported by Jennifer et al. [7]. Thus, the absorbed dose in

the pre-test exposure method for three-directional knee

joint radiography was equal to or within the range of the

absorbed dose of the survey CT scan.

The above discussions indicate that it is unfair to con-

sider that the pre-test exposure method is applicable in all

cases. However, the proposed method includes advantages

such as improving patient positioning, relieving a patient’s

distrust toward radiography because of image retakes, and

reducing examination time.

5 Conclusion

In conclusion, the study demonstrated that the proposed

method, utilizing a pre-test image, has the potential to

reduce total exposure dose for all patients by approxi-

mately 8% when the image retake rate for the extant

specific radiological procedure is relatively high, corre-

sponding to 22.7% or more.
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