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Abstract

Original Article

IntroductIon

Medical radiation exposure is increasing with advancements 
in radiology and now accounts for about 20% of all 
radiation exposure worldwide; this figure is even higher in 
developed countries.[1,2] The International Commission on 
Radiological Protection supports the “as low as reasonably 
achievable” (ALARA) principle,[3] which intends to reduce 
unnecessary exposure. Optimization of imaging doses 
is important for incorporating the ALARA principle. In 
the field of diagnostic radiology, diagnostic reference 
levels (DRLs) are commonly used as the reference levels 
for different imaging modalities.[4] The DRL is defined as 
the 75th percentile of the imaging dose distribution and helps 
institutions determine whether their dose levels accord with 
those of other centers.[4]

Image-guided radiotherapy (IGRT) is becoming increasingly 
important given the greater use of high-precision 

radiotherapy.[5-8] One problem with IGRT is that normal 
tissues outside the treatment field are exposed to radiation 
because the imaging field is larger than the treatment 
field.[9] In recent years, IGRT has generally been performed 
before every treatment, which increases the imaging dose 
and affects the optimized planning dose to the treatment 
area.[10,11] Therefore, the radiotherapy imaging dose should 
be optimized in accordance with the ALARA principle. 
However, no reference IGRT imaging dose has been 
established, and dose variations are unclear because imaging 
conditions are at the discretion of each individual institution. 

Aims: We investigated imaging dose and noise under clinical scan conditions at multiple institutions using a simple and unified method, and 
demonstrated the need for diagnostic reference levels in image-guided radiotherapy (IGRT). Materials and Methods: Nine cone-beam and 
helical computed tomography (CT) scanners (Varian, Elekta, Accuray Inc., and BrainLAB) from seven institutions were investigated in this 
study. The weighted cone-beam dose index (CBDIw) was calculated for head and pelvic protocols using a 100 mm pencil chamber under the 
conditions used in actual clinical practice at each institution. Cone-beam CT image noise was evaluated using polymethylmethacrylate head 
and body phantoms with diameters of 16 and 32 cm, respectively. Results: For head and pelvic protocols, CBDIw values ranged from 0.94–6.59 
and 1.47–20.9 mGy, respectively. Similarly, standard deviation (SD) values ranged from 9.3–34.0 and 26.9–97.4 HU, respectively. The SD 
values tended to increase with decreasing imaging dose (r = −0.33 and −0.61 for the head and pelvic protocols, respectively). Conclusions: 
Among the nine machines, the imaging dose for high imaging dose institutions was approximately 20 mGy to the pelvic phantom, and there 
was a 14-fold difference in dose compared with the other institutions. These results suggest the need to establish DRLs for IGRT to guide 
clinical decision-making.
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Many previous studies have reported imaging doses for 
default protocols, but few have investigated them in the 
context of the actual protocols used in clinical practice.[12‑15] In 
addition, the imaging dose also depends on the measurement 
tool and points, phantom size, and imaging techniques. 
Hence, unified measurement method and evaluation index are 
crucial for multi‑institution surveys. In this study, we used 
polymethylmethacrylate (PMMA) phantoms and a 100 mm 
pencil chamber, which are widely employed tools, to evaluate 
imaging dose and image quality.

This study focused on in‑room cone‑beam computed 
tomography (CBCT) and helical CT imaging. We 
investigated the imaging dose and image quality of head 
and pelvic protocols under clinical scan conditions for nine 
treatment machines at seven institutions using a simple and 
unified method for CT imaging before every treatment. 
Then, we demonstrated the need for DRLs in IGRT for 
the purpose of optimization and standardization of IGRT 
imaging doses.

Materials and Methods

Dose measurements were performed using the 32 cm 
diameter PMMA body phantom, 16 cm diameter head 
phantom (15 cm in length), and 100 mm pencil chamber of 
each participating institution. The scanning protocols were 
set according to the conditions used in clinical practice at 
each institution for head and pelvic regions (except those 
for stereotactic radiotherapy). Tables 1 and 2 list the clinical 
scan conditions and provide examples of preset mAs 
values for head and pelvic protocols for the nine IGRT‑CT 
machines. Institution C does not utilize filters as the device 
settings have remained unchanged since installation. In 
lieu of filters, they minimize the mAs value as much as 
possible to reduce radiation exposure. Institution G uses 
a small field of view (FOV) for their pelvic protocol, but 
to align the conditions for noise evaluation with those of 
other institutions, a 32 cm body phantom is also used. For 
ClearRT imaging using the Radixact® helical tomotherapy 
system (Accuray, Sunnyvale, CA, USA) in institution E, the 
“medium” body size and “normal” scanning mode presets 
are used; scanning parameters are detailed in a previous 
study.[16]

The cone‑beam dose index (CBDI) was used to evaluate the 
imaging dose for the head and pelvic protocols using head 
and body phantoms, respectively.[13,17‑19] The pencil chamber 
was inserted into the central and peripheral (0°, 90°, 180°, and 
270°) parts of the phantom. Measurements were obtained three 
times in each position and averaged, and the CBDI was then 
calculated as follows:

100
1

100 mmCBDI= D    (1)

where D100 mm represents the dose absorbed across the 100 mm 
chamber, and 100 is the sensitive length of the chamber. Then, 
weighted CBDI (CBDIw) was calculated as follows:

1 2    
3 3w center peripheralCBDI CBDI CBDI= +   (2)

where CBDIcenter is the CBDI at the center of the phantom 
and CBDIperipheral is the average CBDI of the four peripheral 
positions. We also calculated nCBDIw, which is the normalized 
CBDIw value per 100 mAs of gantry rotation in the clockwise 
direction; the same direction was used for all machines to 
reduce the influence of rotation direction on the measured 
value.[20] The CBDI and CT dose index (CTDI) are generally 
measured when the couch is static; however, for the ClearRT 
helical fan beam CT system, the couch is moving during gantry 
rotation. Hence, for the ClearRT system, helical measurements 
were performed with a scan range equal to the phantom 
length divided by 100 mm, which corresponds to the “volume 
CBDI” (CBDIvol).

[21] Then, CBDIw was calculated by dividing 
CBDIvol by the pitch factor. We also investigated the methods 
employed in each institution for reducing the imaging dose.

The PMMA phantom is made of homogeneous acrylic 
material and can be used as a phantom for noise measurement, 
as described in the American Association of Physicists in 
Medicine Task Group (AAPM TG) Report 233.[22] In addition, 
particularly in the pelvic region, the Catphan phantom is smaller 
than the patient’s body, and larger phantoms are useful for 
noise measurement and have been used in several papers.[23,24] 
Therefore, we evaluated noise in CBCT or helical CT images 
using the PMMA phantom acquired during dosimetry. Image 
noise was quantified according to the standard deviation (SD) 
of pixel values in the region of interest (ROI). As well as 
allowing for dose measurement, the PMMA phantom can be 
also used for noise evaluation because of its uniformity, as 
described in AAPM TG Report 233.[22] The ROI size was set to 
1% of the diameter of the phantom area in the images (for the 
10 central slices). Five ROIs were placed (one in the center 
and four in peripheral locations located at a distance from the 
phantom edge in the FOV equal to the ROI diameter), avoiding 
“plug holes” [Figure 1]. To evaluate image noise, SD values 
were calculated for each ROI. To examine differences in SD 
values in individual ROIs, we also calculated the SD of “SD 
values” among ROIs (i.e., the SD of SD), and divided it by the 
mean SD value, which was the coefficient of variation (CV) of 
the “SD value.” CVtotal represents the CV calculated from five 
ROIs and CVperi represents the CV calculated from the only 
four peripheral ROIs.

results

Figure 2 shows the example CBCT images of head and body 
PMMA phantoms acquired at institution D. Artifacts appear 
near the center of the body phantom, which was also observed in 
images from other institutions. Tables 3 and 4 show the imaging 
dose and image noise data for the head and pelvic protocols. 
CBDIw ranged from 0.94–6.59 mGy for the head protocol 
and 1.47–20.9 mGy for the pelvic protocol among the nine 
machines. The maximum difference in imaging dose was 7‑fold 
between institutions E and F for the head protocol and 14‑fold 



Figure 1: Regions of interest (ROIs) for the noise measurements. ROIs 
were generated at the center and four peripheral locations, avoiding the 
“plug hole.” The ROIs in peripheral locations were located at a distance 
from the phantom edge in the FOV equal to the ROI diameter. ROIs: Regions 
of interest, FOV: Field of view
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Table 1: Head scan conditions

Treatment machine

Institution

A B C D E F G

TrueBeam 
XI

Halcyon 
kVI

TrueBeam 
XI

Novalis Tx 
OBI

Synergy 
XVI

Clinac iX 
OBI

Tomotherapy 
ClearRT

Synergy 
XVI

TrueBeam 
XI

Tube voltage (kV) 100 100 100 100 110 100 100 100 100
Total mAs 150 126 150 145 46.8 72 300 39.2 150
Superior-inferior 
collimation (cm)

18.5 13.2 18.5 16 27.7 16 10 27.7 18.5

Gantry rotation range (°) 200 360 202 202 200 204 - 200 200
Filtration Full 

bowtie
Full 

bowtie
Full 

bowtie
Full bowtie - Full 

bowtie
0.5 mm Full 

bowtie
Full 

bowtie
FOV (mm) 500 492 464.9 450 270 450 440 270 262
Slice thickness (mm) 2 2 2 2.5 1 1 2 1 2
Preset mAs 150 126 150 145 46.8 145 470 36.6 150
FOV: Field of view, OBI: On-board imager

Table 2: Pelvic scan conditions

Treatment machine

Institution

A B C D E F G

TrueBeam 
XI

Halcyon 
kVI

TrueBeam 
XI

Novalis Tx 
OBI

Synergy 
XVI

Clinac iX 
OBI

Tomotherapy 
ClearRT

Synergy 
XVI

TrueBeam 
XI

Tube voltage (kV) 125 125 125 125 110 125 140 120 125
Total mAs 540 280 1080 680 46.8 680 896 250.9 200
Superior-inferior 
collimation (cm)

18.5 13.2 17.5 16 27.7 16 10 27.7 18.5

Gantry rotation range (°) 360 360 360 364 200 364 - 200 200
Filtration Half 

bowtie
Half 

bowtie
Half 

bowtie
Half bowtie - Half 

bowtie
Al bowtie Half 

bowtie
Full 

bowtie
FOV (mm) 500 492 464.9 450 270 450 440 270 262
Slice thickness (mm) 2 2 2 2.5 1 1 2 1 2
Matching object Soft-tissue Soft-tissue Soft-tissue Soft-tissue Bone/

marker
Soft-tissue Soft-tissue Soft-tissue Soft-tissue

Preset mAs 1080 560 1080 680 585.6 680 896 1056 1080
FOV: Field of view, OBI: On-board imager

between institutions C and D for the pelvic protocol. Some 
institutions employed methods for reducing the pelvic imaging 
dose. In institution C, which had the lowest dose (1.47 mGy), 
bone or high-contrast object matching is performed in the pelvic 
region, and gold markers or seeds are inserted in all cases of 
prostate cancer. Institutions G and F, which had the second 
and third lowest doses (4.17 and 5.70 mGy, respectively), use 
a full fan mode with a gantry rotation angle of 200°, similar to 
a head protocol with a lower mAs value. Institution A, which 
uses the Halcyon scanner (Varian Medical Systems, Palo Alto, 
CA, USA) and had the fourth lowest dose (6.61 mGy), applies 
the reduced mAs value determined on the basis of an offline 
phantom evaluation considering visibility and dose. The four 
machines with the highest imaging doses (at institutions B, D, 
and E) use the default mAs value.

The average CVtotal was 0.07 for the head protocol and 
0.22 for the pelvic protocol. The CVtotal value for the body 
phantom was higher than that for the head phantom, because 
the SD for the center ROI was high because of an artifact 



Figure 2: Cone‑beam CT images of the PMMA phantom: (a) head; 
(b) body. CT: Computed tomography, PMMA: Polymethylmethacrylate

a b
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around the center of the body phantom. The average CVperi 
value was 0.06 for the head protocol and 0.07 for the pelvic 
protocol. The use of ROIs only in peripheral positions 
reduces the variability of SD among ROIs. Hence, SDperi, 
which is the SD value calculated from ROIs in peripheral 
positions only, was applied as a noise indicator. The SD 
value for the Halcyon scanner was excluded because an 
iterative image reconstruction algorithm was used and the 
data did not follow a normal distribution. SDperi ranged from 
9.3–34.0 HU for the head protocol and 26.9–97.4 HU for the 
pelvic protocol; in both cases, there was an approximately 
3.6-fold difference between the machines with the highest and 
lowest values. Figure 3 shows the CBDIw (denoted by “•”) 
and SDperi (denoted by “▵”) values for each machine, plotted 
in order of magnitude (low to high). SDperi tended to decrease 
with increasing CBDIw, and the correlation coefficients (r) 

were −0.33 and −0.61 for the head and pelvic protocols, 
respectively.

dIscussIon

Using a simple and unified method, we investigated imaging 
dose and image noise under the conditions used in clinical 
practice at seven institutions for nine treatment machines. 
For a multi-institutional survey, measurement methods and 
evaluation indices, which are easy to implement in any 
institution, will be needed. The CTDI, which is the most popular 
index, is not ideal for wide beam modalities such as CBCT 
because of dose underestimation caused by an insufficient 
detector and phantom length.[25-29] The methodology described 
in International Atomic Energy Agency Human Health Report 
No. 5. requires multiple or longer chambers for wide beam 
widths and measurement of CTDI in both the air and phantom. 
In addition, the methodology described in AAPM TG Report 
111 requires numerous additional scatterers, as well as a beam 
quality correction factor for kilovoltage X-ray, making these 
methods complicated.[25,26] The CBDI provides a measure of 
the dose comparable to that of the method in AAPM TG Report 
111 but has the advantages of a simple measurement method 
and easy implementation in many institutions because of its 
use of commonly available tools.[27] In the previous study, 
the CTDIw values of the Varian TrueBeam for head and 
pelvic protocols were 2.3 and 1.7 mGy/mAs, respectively. 
In this study, the average CBDIw values of the three Varian 
TrueBeam machines were higher at 2.6 and 1.9 mGy/mAs, 
respectively.[28] For image quality evaluation, highly uniform 

Table 3: Summary of the imaging dose and noise for the head protocols

Treatment machine

Institution

A B C D E F G

TrueBeam 
XI

Halcyon 
kVI

TrueBeam 
XI

Novalis Tx 
OBI

Synergy 
XVI

Clinac iX 
OBI

Tomotherapy 
ClearRT

Synergy 
XVI

TrueBeam 
XI

CBDIw (mGy) 3.86 3.91 4.00 4.05 2.26 2.53 6.59 0.94 3.81
nCBDIw (mGy/100 mAs) 2.57 3.10 2.67 2.72 4.83 3.52 1.83 2.41 2.54
SDperi (HU) 25.9 - 23.4 26.9 12.0 34.0 9.3 20.7 21.5
CVtotal 0.06 - 0.06 0.08 0.12 0.06 0.07 0.09 0.06
CVperi 0.03 - 0.04 0.08 0.13 0.05 0.06 0.09 0.04
CBDIw: Weighted cone-beam dose index, nCBDIw: Normalized CBDIw, SD: Standard deviation, CV: Coefficient of variation, OBI: On-board imager

Table 4: Summary of the imaging dose and noise for the pelvic protocols

Treatment machine

Institution

A B C D E F G

TrueBeam 
XI

Halcyon 
kVI

TrueBeam 
XI

Novalis Tx 
OBI

Synergy 
XVI

Clinac iX 
OBI

Tomotherapy 
ClearRT

Synergy 
XVI

TrueBeam 
XI

CBDIw (mGy) 9.41 6.61 18.82 19.95 1.47 20.9 11.3 5.70 4.17
nCBDIw (mGy/100 mAs) 1.74 2.36 1.74 2.87 3.14 3.07 1.57 2.27 2.09
SDperi (HU) 59.6 - 27.5 35.5 83.2 49.0 26.9 31.3 97.4
CVtotal 0.39 - 0.59 0.28 0.12 0.02 0.13 0.12 0.07
CVperi 0.12 - 0.07 0.03 0.07 0.02 0.14 0.07 0.06
CBDIw: Weighted cone-beam dose index, nCBDIw: Normalized CBDIw, SD: Standard deviation, CV: Coefficient of variation, OBI: On-board imager
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phantoms, such as Catphan and water-equivalent phantoms, 
are generally used.[22,30-33] However, measurement values are 
strongly dependent on phantom size, shape, and materials. It is 
difficult to compare imaging dose and image quality with past 
studies or other institutions unless the measurement equipment 
and methods are identical. PMMA phantoms are cylindrical 
acrylic phantoms primarily used for CTDI measurements, 
but their uniformity also allows for noise evaluation.[22] These 
phantoms are standardized in terms of features such as phantom 
size, shape, and materials and are widely used worldwide.[33] 
PMMA phantoms and pencil chambers are ubiquitous and can 
be used to evaluate dose and image noise simultaneously and 
easily. Applying this method may enable multi-institutional 
surveys to be performed in a simple and unified manner to 
establish DRLs for radiotherapy.

We observed large dose differences among institutions. 
Institutions with low imaging doses (institution A, C, F, 
and G) employed methods for reducing the pelvic imaging 
dose, while institutions with high imaging doses (institution 
B, D, and E) used the default mAs value. Such differences 
in institutional policy lead to significant dose disparities; 
the maximum difference in imaging dose for the pelvis was 
14-fold. Some institutions, such as institution C, employ 
extreme methods to reduce radiation doses, and it is evident 
that there is a significant disparity in radiation exposure even 
when imaging the same body part. Although we examined 
a limited number of institutions in this study, if we were to 
investigate a larger number of institutions, we might have 
obtained even more varied results because of differences in 
equipment and dose-reduction methods. For image noise, 
SDperi ranged from 9.3–34.0 HU and 26.9–97.4 HU for the 
head and pelvic protocols, respectively, with a maximum 
difference among institutions of more than 3-fold for both 
protocols. All institutions used their standard settings, such 
that it means they can all perform image registration despite 
significant differences in noise levels. Similarly, Takei et al. 
reported that image registration via manual soft-tissue 
matching can be performed to within 2 mm despite a low 
mAs value and high levels of noise.[34] Furthermore, Khan 
et al. created protocols optimized on the basis of studies of 
scan settings and compared their imaging dose and quality 
with those of the current default protocol. They reported that 

the new protocol allowed for significant dose reduction at 
most sites without affecting the radiographers’ confidence 
in image registration.[28] These results suggest that further 
dose reduction, even at a low mAs value, could be achieved 
in many institutions without compromising the accuracy of 
imaging registration. Some studies have proposed determining 
the optimal scan conditions on the basis of image quality, 
such as the noise level of the bladder (set at 25 HU) and the 
contrast-to-noise ratio between tissues and background, to 
optimize IGRT doses.[24,35] However, because of differences 
in machine characteristics between manufacturers and 
differences in software versions even with the same machine, 
the same exposure parameters can result in disparities in 
dose and image quality.[15,36,37] It is important to understand 
the characteristics of the machines in one’s own institution 
and identify optimal scan conditions, which depend on 
many factors in addition to image quality, such as machine 
type, institutional policies, the use of markers, and operator; 
this makes it difficult to establish standards for the imaging 
dose and image quality.[38] Therefore, DRLs, which help 
us understand the doses in a given facility relative to other 
facilities, are necessary for radiotherapy. We propose an 
“image registration reference level” to optimize the IGRT 
imaging dose. This is especially important given the increasing 
use of precision radiotherapy, including IGRT.

conclusIons

In this study, we reported a simple and unified method to 
access the imaging dose and image quality for IGRT with 
nine different kV CBCT systems from seven institutions. 
Our results show that the high imaging dose institutions 
exhibited approximately 20 mGy to the pelvic phantom, 
resulting in a 14-fold difference in imaging dose compared 
to the other institutions. These results suggest the need to 
establish the DRLs for IGRT imaging dose to guide clinical 
decision-making.
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Figure 3: Weighted cone‑beam dose index (CBDIw) (•) and SDperi (SD value calculated from ROI in peripheral positions only [▵]) values of the different 
institutions, presented in ascending order (from left to right) of CBDIw values: (a) head protocol; (b) pelvic protocol. Scanning machine initials are in 
parentheses. CBDIw: Weighted cone‑beam dose index, SD: Standard deviation, ROIs: Regions of interest

a b
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