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Abstract
In cone-beam computed tomography (CBCT) for image-guided radiation therapy (IGRT) of the head, we evaluated the 
exposure dose reduction effect to the crystalline lens and position-matching accuracy by narrowing one side (X2) of the 
X-ray aperture (blade) in the X-direction. We defined the ocular surface dose of the head phantom as the crystalline lens 
exposure dose and measured using a radiophotoluminescence dosimeter (RPLD, GD-352 M) in the preset field (13.6 cm) 
and in each of the fields when blade X2 aperture was reduced in 0.5 cm increments from 10.0 to 5.0 cm. Auto-bone matching 
was performed on CBCT images acquired five times with blade X2 aperture set to 13.6 cm and 5.0 cm at each position when 
the head phantom was moved from − 5.0 to + 5.0 mm in 1.0 mm increment. The maximum reduction rate in the crystalline 
lens exposure dose was − 38.7% for the right lens and − 13.2% for the left lens when blade X2 aperture was 5.0 cm. The 
maximum difference in the amount of position correction between blade X2 aperture of 13.6 cm and 5.0 cm was 1 mm, and 
the accuracy of auto-bone matching was similar. In CBCT of the head, reduced blade X2 aperture is a useful technique for 
reducing the crystalline lens exposure dose while ensuring the accuracy of position matching.

Keywords  Crystalline lens exposure dose · Image-guided radiation therapy (IGRT) · Cone-beam computed tomography 
(CBCT) · Blade · Position matching

1  Introduction

Exposure to the crystalline lens has been discussed, and to 
date, the threshold doses for developing cataracts are 1.5 Gy 
for acute exposure [1] and 8 Gy for chronic exposure [1]; 

however, ICRP Publ. 118 recommended a threshold dose 
of 0.5 Gy [2]. In contrast, Nakajima et al. [3] conducted an 
epidemiological study involving 730 atomic bomb survivors 
and reported that the threshold dose point estimates for corti-
cal cataracts and posterior subcapsular opacity were 0.6 Sv 
and 0.7 Sv, respectively. However, because the lower 90% 
confidence limit was 0 Sv, the thresholds for cortical cata-
racts and posterior subcapsular opacities could not exceed 
0 Sv. Further, Neriishi et al. [4] conducted an epidemio-
logical study involving 3761 atomic bomb survivors (479 
of whom underwent cataract surgery) who underwent bien-
nial health examinations, and reported that the best dose 
threshold estimate was 0.1 Gy (95% confidence interval 
[CI] < 0–0.8 Gy) after adjusting for age, sex, diabetes melli-
tus, and other potential confounders. Based on these reports, 
trusting the cataract threshold dose of 0.5 Gy is dangerous, 
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and the exposure dose of the crystalline lens should be 
reduced as much as possible.

In modern radiotherapy, the widespread use of high-pre-
cision radiotherapy, such as intensity modulated radiation 
therapy (IMRT) and stereotactic radiotherapy (SRT), can 
reduce the organ at risk (OAR) dose and create optimized 
dose distribution for the target [5−7]. In particular, treat-
ment planning for radiotherapy of the head and the head and 
neck is planned to reduce the dose for the crystalline lens 
[8–10]. On the other hand, image-guided radiation therapy 
(IGRT) is important for the safe and accurate delivery of 
high-precision radiotherapy, but increased exposure dose has 
become a problem [11–13]. The American Association of 
Physicists in Medicine (AAPM) has a Task Group (TG) 180 
report [14] that provides guidelines for the management of 
organ doses (absorbed doses) in each IGRT technique (two-
dimensional and cone-beam computed tomography (CBCT) 
imaging with kV or MV X-rays). It also shows how to reduce 
the exposure dose in IGRT and recommends optimizing the 
imaging dose while ensuring the accuracy of position match-
ing. Therefore, reducing the exposure dose for the crystalline 
lens during IGRT is important.

The gantry-mounted kV X-ray imaging system (On-Board 
Imager, OBI) in a Varian Medical Systems linear accelerator 
is equipped with an X-ray moving aperture (blade), which 
enables the acquisition of images with a reduced imaging 
field. Zhang et al. [15] recommended reducing the blade 
in the Y-direction for thoracic CBCT in children because 
non-thoracic organs are also exposed. Ding et  al. [16] 
reported that reducing the blade in the Y-direction could 
reduce the exposure dose in pelvic CBCT. The blades are 
placed in pairs, X1 and X2 in the X-direction and Y1 and 
Y2 in the Y-direction, and each can be set asymmetrically. 
In head CBCT, the X-ray tube rotation angle is 292 − 88° 
counterclockwise (CCW), which can reduce the exposure 
dose reaching the crystalline lens compared to a trajectory 
passing in front of the head (e.g., 92 − 248° CCW) (Fig. 1). 
However, at this angle, the X-ray is directly incident on the 
crystalline lens at the beginning of a scan. In such a case, the 
crystalline lens can be protected by reducing the lens side 
blade in the X-direction (hereinafter referred to as "X2").

This study aimed to evaluate the usefulness of reducing 
blade X2 aperture to reduce the exposure dose for the crys-
talline lens in head CBCT.

2 � Methods

2.1 � Geometric arrangement of measurements

To reproduce the head radiotherapy setup, a head phantom 
(THRA-1, Kyoto Kagaku, Kyoto, Japan) was placed on a 
baseplate (20CFHNSUB2, CIVCO, Orange City, Iowa, 

USA) and pillow (MTSILVER2B, CIVCO Medical Solu-
tions, Iowa, USA), with the radiophotoluminescence dosim-
eter (RPLD, GD-352 M, Chiyoda Technol, Tokyo, Japan) on 
the right and left eye surfaces of the head phantom (Fig. 2a) 
and fixed with a shell (MTAPUD2.4, CIVCO, Orange City, 
Iowa) (Fig. 2b). The dose measured by the RPLD in this 
geometric arrangement was defined as the “crystalline lens 
exposure dose.” The CBCT isocenter was set at the center of 
the head phantom in the left–right (X) and anterior–posterior 
(Z) directions and the superior–inferior (Y) direction at the 
eye position, which was defined as the reference position 
in the phantom coordinates in the IEC61217 [17] (Fig. 3).

2.2 � Measurement of crystalline lens exposure dose 
in CBCT with reduced blade X2 aperture

A gantry-mounted kV X-ray imaging system (On-Board 
Imager: OBI, Varian Medical Systems, Palo Alto, USA) 
on a linear accelerator (Clinac iX, Varian Medical 

X-ray tube

Crystalline lens

(a) (b)

Fig. 1   Relationship between the setting of X-ray tube rotation angle 
and crystalline lens position. a X-ray tube rotation angle of the pos-
terior side to the head (292–92°), b X-ray tube rotation angle of the 
anterior side to the head (92–248°). In the definitions of both X-ray 
tube rotation angles, the X-ray tube angle of 0° equals the gantry 
angle of 0°

Fig. 2   Photographs of geometric arrangements in crystalline lens 
exposure dose dosimetry. a RPLD placed on the surface of the eye, b 
head phantom fixed with a shell
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Systems, Palo Alto, USA) was used to measure the crys-
talline lens exposure dose. The CBCT imaging conditions 
were set to 100 kV, 145 mAs, an X-ray tube rotation angle 
of 292–88° (CCW), and a full-fan bowtie filter attach-
ment (B300882R01C_1252, Varian Medical Systems, 
Palo Alto, USA). The crystalline lens exposure dose 
was measured three times in each field when the blade 
aperture of the X-direction was reduced from the preset 
27.2 cm (both X1 and X2 were 13.6 cm) to 5 cm for X2 
only increments of 0.5 cm (Fig. 4 and 5).

2.3 � Calculation of absorbed dose and exposure 
dose reduction rates of crystalline lens

Before the crystalline lens exposure dose measurement, the 
RPLD was annealed and the background values were read 
using a glass dosimeter reader (FDG-1000, Chiyoda Tech-
nol, Tokyo, Japan). Measurement values were obtained by 
reading the amount of fluorescence with the glass dosimeter 
reader after a period of one week so that the fluorescence of 
radiophotoluminescence stabilized sufficiently because the 
RPLD was exposed to the CBCT scan.

The absorbed dose to the crystalline lens was calculated 
using the following formula:

where D is the absorbed dose to the crystalline lens, M is the 
measured value, MBG is the background value of fluores-
cence, and the unit for all is mGy. 
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The mass energy absorption coefficient was obtained from 
the Seltzer and Hubbell photon attenuation data [18]. In 
addition, Hsu and Kim [19, 20] reported that GD-352 M had 
good energy characteristics above 30 keV owing to the 
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Fig. 3   Reference position of the phantom coordinates in this study. 
The intersection of the crosshairs in the figures indicates the CBCT 
isocenter: a transverse plane, b sagittal plane

Fig. 4   Schematic diagram of 
imaging field X (imaging field 
width in anteroposterior direc-
tion). a Imaging field width of 
blades X1 and X2 on reference 
settings (blue arrow), b imaging 
field width of blade X2 changed 
to 5 cm (red arrow). The 
crystalline lens exposure dose 
was measured by changing field 
X2 from 10 to 5 cm in 0.5 cm 
increments

X-ray

X2 13.6 cm
RPLDRPLD

CBCT
isocenter

X-ray

X2 5.0 cm
RPLDRPLD

CBCT 
isocenter

(a) (b)

X1 13.6 cm X1 13.6 cm

Fig. 5   Radiation therapy machine console display for changing blade X2 aperture (red frame). The setting value can be changed by entering the 
new value in the "TARGET" frame
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improved energy dependence of the Sn filter. The energy 
dependence of GD-352 M was not considered because the 
effective energy was previously confirmed to be more than 
30 keV when using a full-fan bowtie filter and because of 
the CBCT imaging conditions used in this study (100 kV, 
145 mAs) [21].

To evaluate the crystalline lens exposure dose reduction 
effect based on the reduced X2 aperture, the crystalline lens 
exposure dose reduction rate was calculated using the fol-
lowing formula:

where Dref is the mean value of the absorbed dose to the 
crystalline lens when the blade X2 aperture is the preset 
value, DX2 is the mean value of the absorbed dose to the 
lens when the blade X2 aperture is reduced, and the unit for 
both is mGy.

2.4 � Measurement of distance between the CBCT 
isocenter and RPLD

The distance between CBCT isocenter and RPLD was meas-
ured to investigate the relationship between the X2 aperture 
and the effect of the crystalline lens exposure dose reduc-
tion (Fig. 6). First, a head phantom was imaged using a CT 
system (Emotion 16; Siemens Healthineers, Forchheim, 
Germany), and RPLDs and body were drawn on the sur-
faces of the right and left eyes on the CT images acquired 

(2)� =

D
X2

− D
ref

D
ref

× 100

using a treatment planning system (Eclipse Ver. 15.1, Var-
ian Medical Systems, Palo Alto, USA). The isocenter of the 
treatment planning system was set as the CBCT isocenter 
in Sect. 2–1, and a 292°-X-ray tube angle field was created. 
The X-ray tube angle was changed from 292° in the CCW 
direction (that is, the direction of the X-ray tube rotation 
of CBCT), and the angle at which the RPLD was visible in 
Beam’s Eye View was investigated. The angle at which the 
RPLD could be observed without overlapping the phantom 
body was defined as the “angle of primary X-ray incidence”.

2.5 � Evaluation of position matching accuracy 
in CBCT with reduced blade X2 aperture

An anatomy-matching software (Aria ver. 15.1, Varian Med-
ical Systems, Palo Alto, USA) was used for position match-
ing. The head phantom was moved in 1 mm increments from 
the reference position in the XYZ-direction from − 5 mm 
to + 5 mm on a ruler (SV-150KD, NIIGATA SEIKI CO., 
LTD., Niigata, Japan), and CBCT images were acquired five 
times at X2 aperture of 13.6 cm and 5.0 cm at all movement 
positions. Position matching was performed using an anat-
omy-matching software set such that the analysis range for 
auto-bone matching fully included the head, and the average 
value was calculated from the amount of position correction 
performed and recorded five times.

3 � Results

3.1 � Crystalline lens exposure dose with reduced 
blade X2 aperture

Figure 7 shows the crystalline lens exposure dose when X2 
aperture is reduced. The left and right crystalline lens doses 
decreased at both X2 aperture of 13.6 cm and 8.5 cm; how-
ever, when X2 became smaller than 8.0 cm, the right crystal-
line lens dose decreased rapidly, and the left crystalline lens 
dose decreased slowly.

Table 1 shows a reduced reduction rate of the crystalline 
lens exposure dose with blade X2. The exposure dose reduc-
tion rate for the right crystalline lens was − 10.8% at X2 
(8.5 cm) and − 25.4% at X2 (7.5 cm), with a rapid decrease 
in exposure dose between these two values and a maximum 
reduction rate of − 38.7% at X2 (5.0 cm). The reduction rate 
in the left crystalline lens exposure dose was more gradual 
than that in the right crystalline lens, and a maximum reduc-
tion rate of − 13.2% was observed at X2 aperture (5.0 cm).

3.2 � Distance between the CBCT isocenter and RPLD

Figure 8 shows the distance between CBCT isocenter and 
RPLDs at X-ray tube angles where the primary X-rays 

Distance between CBCT 
isocenter and RPLD

Right RPLD

Le	 RPLD

CBCT isocenter

Fig. 6   A method for measuring the distance between the CBCT iso-
center and the RPLD using Beam’s Eye View



633Recommendation for reducing the crystalline lens exposure dose by reducing imaging field width…

incident on the RPLDs. The X-ray tube angles of primary 
X-ray incidence on the RPLD were 292–242° and 88° for the 
right RPLD and 292–267° and 118–88° for the left RPLD. 
The change in distance between CBCT isocenter and RPLD 
was 6.9 − 8.5 cm at 292 − 242° and 8.0 cm at 88° for the 
right RPLD and 7.8 − 8.7 cm at 292 − 267° and 8.4 − 8.7 cm 
at 118 − 88° for the left RPLD.

3.3 � Position matching accuracy in CBCT 
with reduced blade X2

Table 2 shows the amount of position correction in auto-
bone matching when X2 aperture was 13.6 cm and 5.0 cm. 
The difference in position correction between the X2 aper-
ture of 13.6 cm and 5.0 cm was a maximum of 1 mm; how-
ever, the position matching accuracy was equivalent in most 
positions. Figure 9 shows a CBCT image with an X2 of 
5.0 cm. Although artifacts were observed depending on the 
loss of the image area caused by the reduced X2 aperture, 
the CBCT isocenter and the structure on the left side of the 
head phantom were visible.

4 � Discussion

In CBCT of the head, we evaluated the crystalline lens expo-
sure dose reduction and position-matching accuracy with a 
reduced blade X2 aperture. The maximum reduction rate 
in crystalline lens exposure dose was − 38.7% for the right 
lens and − 13.2% for the left lens with an X2 of 5.0 cm. 
The right crystalline lens exposure dose decreased rapidly 
between − 10.8% at 8.5 cm and − 25.4% at 7.5 cm. The left 
crystalline lens exposure dose decreased more slowly than 
the right (Fig. 7 and Table 1). The distance between CBCT 
isocenter and RPLD was measured at the X-ray tube angles 
at which the primary X-ray enter the RPLD; 6.9 − 8.5 cm 
at 292 − 242° for the right RPLD and 7.8 − 8.7  cm at 
292 − 267° for the left RPLD. In the right crystalline lens, 
because the exposure dose rapidly decreased the X2 aper-
ture and the distance between CBCT isocenter and RPLD 
when the primary X-rays incident on the RPLD matched, 
we believe that X2 shielded the RPLD, resulting in a rapid 
decrease in the crystalline lens exposure dose. In contrast, in 
the left crystalline lens, primary X-rays at 292 − 267° were 
shielded by X2 but not at 118 − 88° because the crystal-
line lens was on the X1 side, resulting in a gradual decrease 
in the crystalline lens exposure dose. On the other hand, 
CBCT images with X2 set to 5.0 cm caused artifacts due to 
the missing imaging range; however, the amount of position 
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Fig. 7   Crystalline lens exposure dose when the imaging field of blade 
X2 aperture is changed. The ordinate depicts the absorbed dose of the 
crystalline lens (mGy) and the abscissa is the X2 aperture (cm). The 
white and black circles indicate the right and left crystalline lenses, 
respectively, and the error bars depict the standard deviation (SD) of 
the three measurements

Table 1   Reduction rate of 
exposure dose to the left 
and right crystalline lens by 
changing the aperture of the 
blade X2

Crystailline lens Blade X2 apedrture(cm)

10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0

Right − 2.1 0.2 − 5.7 − 10.8 − 19.8 − 25.4 − 27.6 − 29.7 − 32.7 − 35.9 − 38.7
Left − 0.8 − 0.6 − 2.7 − 5.6 − 8.2 − 6.9 − 9.8 − 8.4 − 11.2 − 11.9 − 13.2

Fig. 8   Distance between the CBCT isocenter and the RPLD at the 
X-ray tube angle where the primary X-rays incident on the RPLD. 
The white and black circles indicate the right and left crystalline 
lenses, respectively. To make the graphs easier to observe, X-ray tube 
angles (242 − 118°) where the X-rays do not incident on the RPLD 
are omitted
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correction by auto-bone matching was within 1 mm in all 
movement directions. Takei et al. [22] reported that the dif-
ference in the amount of position correction by auto-bone 
matching was within 1 mm between CBCT with the same 
imaging dose as in this study and CBCT with the imaging 
dose reduced by half, and concluded that IGRT can be per-
formed even on noisy images with a reduced imaging dose. 
A 1 mm difference is not a problem when the planning target 
volume (PTV) can be set sufficiently large; however, when 
the PTV is small, as in SRT, careful position matching is 
necessary. Although artifacts occurred in the X2 aperture 
reduced image, the bones could be recognized; therefore, 
we believe that manual position matching is also possible.

In clinical practice, the crystalline lens exposure dose 
decreases by reducing X2; however, there are concerns about 
the impact on the image owing to a missing imaging area. 
Therefore, it is necessary to set X2 to ensure a reduction in 
the crystalline lens exposure dose and image quality that 
allows position matching. To this end, we recommend meas-
uring the distance between CBCT isocenter and right lens 
in Beam's Eye View at the X-ray tube angle of 292° during 
treatment planning and setting that distance to the X2 aper-
ture. The distance between the CBCT isocenter and crystal-
line lens at the X-ray tube angle of 292° coincides with X2 
aperture, where the exposure dose to the right crystalline 
lens decreases rapidly, and the imaging area can be secured, 
thus reducing both the exposure dose and ensuring image 
quality for position matching. However, if the CBCT iso-
center is set near the crystalline lens, it is difficult to ensure 
image quality for position matching because X2 aperture 
must be extremely reduced. If the CBCT isocenter is set at 

the rear of the crystalline lens (occipital lobe or cerebellum), 
the crystalline lens exposure dose can be reduced simply by 
slightly reducing X2 aperture, thus minimizing the effect 
on image quality. In clinical practice, when reducing the 
crystalline lens exposure dose by reducing X2 aperture, it is 
necessary to consider X2 aperture according to the CBCT 
isocenter in consideration of position matching. This method 
is useful because it can reduce the crystalline lens expo-
sure dose using a simple technique (simply by reducing X2 
aperture).

When X2 was set to the default setting (13.6 cm), the 
crystalline lens exposure dose was 0.84 mGy on the right 
and 0.82 mGy on the left, and when X2 was 5.0 cm, the dose 
was 0.52 mGy on the right and 0.71 mGy on the left. Based 
on this data, we use a clinical example to consider reducing 
the crystalline lens exposure dose when reducing X2 aper-
ture. The calculated crystalline lens exposure doses in the 4 
fractions SRT for the brain metastasis [23–25] are 3.36 mGy 
for the right and 3.28 mGy for the left at the default setting, 
and 2.08 mGy for the right and 2.84 mGy for the left at the 
5.0 cm setting. Therefore, the exposure dose reduction is 
1.28 mGy for the right and 0.44 mGy for the left. On the 
other hand, the calculated crystalline lens exposure doses 
in the 30 fractions radiotherapy for glioblastoma [26–28] 
are 25.2 mGy for the right and 24.6 mGy for the left at the 
default setting, and 15.6 mGy for the right and 21.3 mGy 
for the left at the 5.0 cm setting. Therefore, the exposure 
dose reduction is 9.6 mGy for the right and 3.3 mGy for the 
left. Although the crystalline lens exposure dose reduction 
in the SRT for brain metastases is lower than that in the 
radiotherapy for glioblastoma, it is important to keep the 

Table 2   Matching accuracy in 
auto-matching when blade X2 
aperture is set to 5.0 cm. The 
amount of position correction 
against the amount of phantom 
movement in the XYZ axes 
when X2 is set to 13.6 cm and 
5.0 cm is shown. The amount 
of position correction is the 
average value of five auto-
matchings

Direction of 
movement

Blader X2 
Aperture (cm

Amount of movement (mm)

− 5 − 4 − 3 − 2 − 1 0 1 2 3 4 5

X axis 13.6 5 4 3 2 1 0 − 1 − 2 − 3.4 − 4 − 5
5.0 5 4.2 2.8 1 1 0 − 1 − 2 − 4 − 4 − 5

Y−Axis 13.6 5 4 3 2 1 0 − 1 − 2 − 3 − 4 − 5
5.0 5 4 3 2 1 0 − 1 − 2 − 3 − 4 − 5

Z−axis 13.6 5 4 3 2 1 0 − 1 − 2 − 3 − 4 − 5
5.0 5 4 3.2 2 1 0 − 1 − 2 − 3 − 4 − 5

Fig. 9   CBCT images at a blade 
X2 aperture of 5 cm. a Trans-
verse plane, b coronal plane, 
and c sagittal plane
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crystalline lens exposure dose as low as possible regardless 
of the number of CBCT scans because the As Low As Rea-
sonably Achievable (ALARA) principle also applies to the 
exposure dose in the IGRT [14]. In addition, since the sever-
ity of cataracts depends on the exposure dose, the crystalline 
lens exposure dose should be reduced as much as possible.

This study showed that the crystalline lens exposure dose 
could be reduced by reducing the blade X2 aperture. How-
ever, acceptable image quality (X2 according to the treat-
ment position) for position matching has not been evaluated, 
and further studies are warranted.

5 � Conclusion

CBCT of the head showed that the crystalline lens exposure 
dose could be reduced by reducing blade X2 aperture. When 
the CBCT isocenter was set at the center of the head, the 
position-matching accuracy was the same when X2 was set 
at 13.6 cm and 5.0 cm. Therefore, reducing the X2 aperture 
during CBCT imaging is a useful technique for reducing the 
crystalline lens exposure dose while ensuring the accuracy 
of position matching. When reducing X2 aperture in clinical 
practice, it is recommended to measure the distance from the 
CBCT isocenter to the right lens using Beam’s Eye View at 
the X-ray tube angle of 292° during treatment planning and 
that the distance be set as X2 aperture.
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sets were generated or analyzed during the current study.
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