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Abstract
Introduction: Several studies have reported the relation between the imaging dose and secondary cancer risk and have empha-

sized the need to minimize the additional imaging dose as low as reasonably achievable. The iterative cone-beam computed

tomography (iCBCT) algorithm can improve the image quality by utilizing scatter correction and statistical reconstruction.

We investigate the use of a novel iCBCT reconstruction algorithm to reduce the patient dose while maintaining low-contrast

detectability and registration accuracy. Methods: Catphan and anthropomorphic phantoms were analyzed. All CBCT images

were acquired with varying dose levels and reconstructed with a Feldkamp–Davis–Kress algorithm-based CBCT (FDK-CBCT)

and iCBCT. The low-contrast detectability was subjectively assessed using a 9-point scale by 4 reviewers and objectively assessed

using structure similarity index (SSIM). The soft tissue-based registration error was analyzed for each dose level and reconstruc-

tion technique. Results: The results of subjective low-contrast detectability found that the iCBCT acquired at two-thirds of a

dose was superior to the FDK-CBCT acquired at a full dose (6.4 vs 5.4). Relative to FDK-CBCT acquired at full dose, SSIM

was higher for iCBCT acquired at one-sixth dose in head and head and neck region while equivalent with iCBCT acquired at

two-thirds dose in pelvis region. The soft tissue-based registration was 2.2 and 0.6 mm for FDK-CBCT and iCBCT, respectively.

Conclusion: Use of iCBCT reconstruction algorithm can generally reduce the patient dose by approximately two-thirds com-

pared to conventional reconstruction methods while maintaining low-contrast detectability and accuracy of registration.
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Introduction
Intensity-modulated radiotherapy and volumetric modulated
arc therapy have rapidly been adopted as the standard of
radiation therapy; these techniques enable highly conformal
dose delivery to the target while minimizing the radiation
dose to organs at risks (OARs).1,2 The safety and efficacy
of these high precision irradiation techniques can only be
assured when the patient or target position is the same as
that of the planning computed tomography (CT).
Cone-beam CT (CBCT) can provide volumetric information
of patient anatomy and reduce setup errors using a 3D
matching technique with an original planning CT.3,4 In addi-
tion, CBCT images can observe daily anatomical valuations,
such as body weight loss, the shrinking of a tumor, and shift-
ing of normal tissue, which are not visible for 2D images.

Repeated CBCT acquisition for the correction of patient
setup error also results in additional radiation exposure to the
patient. Therapeutic radiation adopts a highly modulated dose
distribution; however, the CBCT dose distribution passes
through the broad region of the body, including OARs.
Several studies have reported the relation between the
imaging dose and secondary cancer risk and have emphasized
the need to minimize the additional imaging dose as low as rea-
sonably achievable.5,6 Various trials have been conducted to
reduce patients’ exposure during imaging.7–14 Li et al.11 have
attempted to reduce the dose using a fan-beam collimator by
changing the amount of x-ray blocked by the collimators and
blocking pattern. They reported a 50% dose reduction and
scatter reduction; however, they also warned of the potential
of dosimetry inconsistency, penumbra, and a severe beam-
hardening phenomenon caused by applying the fan-beam colli-
mator to CBCT.

Recently, the iterative CBCT (iCBCT) reconstruction algo-
rithm was introduced to clinical practice.15 By utilizing Acuros
CT scatter correction (CTS) and statistical reconstruction, the
iCBCT reconstruction algorithm enables the enhancement of
image quality by increasing the signal-to-noise ratio (SNR) and
reducing the streak and metal artifacts and image noises without
a significant increase in the reconstruction time.15–17 However,
assessments of the SNR, noise, and high-contrast resolution gen-
erally overestimate the performance of iterative reconstruction
(IR), whereas the low-contrast resolution can be degraded by
IR.18,19 Low-contrast resolution is required for soft tissue match-
ing registration and observing the daily change of anatomy com-
pared with high-contrast resolution. Although sufficient
high-contrast resolution for bone matching may be achieved
using low-dose CBCT, the effect of dose reduction on low-
contrast detectability should be carefully examined. To the best
of our knowledge, there are no previous studies that evaluate
whether iCBCT can reduce the patient dose while maintaining
low-contrast detectability and registration accuracy.

The aim of this study is to evaluate the feasibility of the iCBCT
reconstruction algorithm compared with the conventional
method. The evaluation determined whether the iCBCT recon-
struction algorithm can reduce the patient dose while maintaining
low-contrast detectability and registration accuracy. The low-
contrast detectability was evaluated subjectively by reviewers
and objectively using a structure similarity index (SSIM).

Methods

Catphan Phantom Study
Approval from an ethics committee is not required for this study
because only phantoms were used for the experiments.

The CTP 730 module of the Catphan 604 phantom (The
PhantomLaboratory) (20 cm in diameter) was used for the subjec-
tive and contrast-to-noise ratio (CNR) assessments. CBCT scans
were performed using a gantry-mounted onboard imager on a
Truebeam accelerator (Varian Medical Systems). The acquisition
parameters are shown in Table 1. The full-dose acquisition param-
eters were determined in accordance with the patient protocol of
our institute for head stereotactic irradiation. These parameters
were vendor-provided values. All acquisitions were repeated 3
times to compensate random errors in date measurements. Two
CBCT images, a conventional Feldkamp–Davis–Kress algorithm-
based CBCT (FDK-CBCT), and an iCBCT, were reconstructed
from the same rawCBCT dataset. The default FDK reconstruction
included a kernel-based scatter correction, beam hardening correc-
tion, Hounsfield unit conversion, and ring correction.20 In addition
to this default reconstruction, iCBCT employs Acuros CTS and
statistical analysis, and it enables amore efficient scatter correction
while preserving structure edges. The details of the iCBCT recon-
struction algorithm were described in our previous study.17 The
iCBCT reconstruction has a peculiar adjustable factor called the
noise suppression factor, which has 5 levels (very low to very
high). The noise suppression factor controls the amount of noise
in an image; however, there is a risk of generating over-smoothed
images with a high noise suppression factor.15 Thus, we used a
noise suppression factor of modest strength (medium) in this
study. The standard reconstruction filter was used for both the
FDK and iCBCT reconstruction.

Subjective Evaluation. A subjective evaluation was performed in
a randomized and blind procedure by 2 radiation oncologists
and 4 medical physicists with 18,12, 11, 11, 7, and 6 years of
experience in reviewing images and contouring structures.
The 1% contrast rods in the CTP 730 module of the Catphan
604 phantom have different diameters (2-15 mm) and were
assigned numbers from largest to smallest diameter
(Figure 1). The subjective low-contrast detectability was rated
based on the smallest detected rod number. A high score
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indicates that reviewers can detect small diameter rods, thereby
inferring superior low-contrast detectability.

CNR. Circular regions of interest (ROIs), 10 mmin diameter, were
placed in the center of the 15 mm1%contrast rods and the center of
phantom.TheseROIswere relocated on iCBCT images. Themean
HU value and standard deviation (SD) within these ROIs were
recorded. CNR was calculated by using the formula,21

CNR = HU contrast − HU background

SD background

Anthropomorphic Phantom Study
An anthropomorphic phantom (PH-47, Kyoto Kagaku) was
used for the objective assessment. The phantom consisted of

human-mimicked tissues from head to femur. Because iCBCT
reconstruction does not reduce motion artifacts, the vender rec-
ommends the use of iCBCT for regions where the motion arti-
facts are generally small. Thus, the scan acquisitions were
conducted for 3 parts of the phantom: head, head and neck
(HN), and pelvis. Fan-beam CT was performed on a fast
kilovoltage-switching CT (Revolution HD, GE Healthcare)
with switching tube voltages between 80 and 140 kVp. The
scanning parameters of fan-beam CT are shown in Table 2.
The CBCT images were acquired using 4 different dose
levels: full-dose, two-thirds of a dose, one-third of a dose,
and one-sixth of a dose. The full-dose acquisition parameters
were determined in accordance with the patient protocols of
our institute (Table 1). The reconstruction parameters of the
CBCT were the same as those in the Catphan phantom study.

SSIM Analysis. The SSIM, which was developed by Wang
et al.,22 was used for the objective low-contrast detectability
analysis. The SSIM can predict image quality similarly to
human visual perception by considering 3 aspects: luminesce,
contrast, and structural similarity. The SSIM represents the sim-
ilarity of 2 images using a scale of up to 1, where 1 denotes

Table 1. Acquisition Parameters of CBCT.

Parameters
Catphan phantom

Anthropomorphic phantom

Head Head and Neck Pelvis

Dose level Full 2/3 1/3 Full 2/3 1/3 1/6 Full 2/3 1/3 1/6 Full 2/3 1/3 1/6

Reconstruction method FDK, iCBCT FDK, iCBCT FDK, iCBCT FDK, iCBCT
Tube voltage (kVp) 100 100 100 125
Tube current (mA) 80 52 26 80 52 26 13 30 20 10 5 75 50 25
12.5
Exposure (mAs) 1200 780 390 1200 780 390 195 300 200 100 50 1350 900 450 225
CTDI (mGy) 25.3 16.5 8.2 25.3 16.5 8.2 4.1 6.3 4.2 2.1 1.1 20 13.3 6.7 3.3
Bow tie filter Half fan Half fan Full fan Half fan
Acquisition arc Full-rotation Full-rotation Half-rotation Full-rotation
Gantry speed (deg/s) 5 5 6 6

Abbreviations: FDK, Feldkamp–Davis–Kress; CBCT, cone-beam CT; iCBCT, iterative CBCT.

Figure 1. Axial image of the CTP 730 module of the Catphan 604
phantom acquired using a fan-beam CT. The 1% contrasts rods have
different diameters (15-2 mm) and were assigned numbers from largest
to smallest diameters. Window setting; level 40 HU, width 200 HU.

Table 2. Acquisition Parameters of Fan-Beam CT.

Parameters Head
Head and
neck Pelvis

Average tube current
(mA)

550 375 375

CTDI vol (mGy) 105.5 15.0 12.9
Slice thickness (mm) 2 2 2
Iterative reconstruction

level
ASiR-V
20%

- ASiR
40%

Reconstruction filter Standard Standard Standard
VMI energy level (keV) 77 77 77

Abbreviations: CTDI vol, computed tomography dose index volume; VMI,
virtual monochromatic image; ASiR, adaptive statistical reconstruction.
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completely the same image sets, and a score smaller than 1
denotes different image sets. The application of SSIM has
been extended to the field of radiology.19,23–25 The SSIM was
calculated for CBCT images, which were compared with refer-
ence fan-beam CT images by varying dose levels and recon-
struction techniques. A 11× 11 circular-symmetric Gaussian
weighting function with SD of 1.5 samples was used to calcu-
late local statistics. The calculation of the SSIM was conducted
using plug-ins written for ImageJ software (https://imagej.nih.
gov/ij/).

Registration Analysis. The registration accuracy was analyzed
only for the pelvis phantom because the head and HN
phantom used in this study hardly contained soft tissue or
tumor-like structures. The pelvis phantom consisted of the
pelvic bone, prostate, bladder, seminal vesicle, and rectum.
The registration analysis was conducted as per the following
steps: (i) Each CBCT image was matched with a reference
fan-beam CT image by applying a ROI that covered the
whole volume of the CBCT image and auto-registration
process. This position was regarded as the default position.
(ii) The image position was shifted 5 mm from the default posi-
tion in the lateral, vertical, and longitudinal directions, respec-
tively. (iii) 3D auto-registration was executed by varying the
registration method; for bone-based registration, the ROI was
set to cover the large part of the pelvic bone and not include
the phantom’s outer contour, and for soft tissue-based registra-
tion, the ROI was set to cover the prostate and not include any
high-contrast objects, such a bone. The ROI location for each
registration method was shown in Figure 2. (iv) The variances
from the default position were recorded as a registration error
for each dose level, reconstruction technique, and ROI place-
ment. The registration analysis was performed using commer-
cial software (ARIA, Varian Medical Systems).

Statistical Analysis
SPSS version 24 (IBM Corp.) was used for the statistical anal-
ysis. The subjective low-contrast detectability score was visual-
ized using box and whisker plots. The Wilcoxon signed-rank
test was used to analyze the difference in the CBCT images
compared with full-dose FDK-CBCT images. A P value < .05
was considered statistically significant.

Results

Catphan Phantom Study
Subjective Evaluation. Figure 3 shows the Catphan phantom
images at each dose level and reconstruction technique.
The low-contrast detectability decreases with a decreasing
dose level for both the FDK-CBCT and iCBCT images
(Figure 4).

The iCBCT images obtain high subjective scores compared
with the FDK-CBCT images acquired at the same dose level;
however, a significant difference is not obtained for a one-third

dose level (FDK-CBCT vs iCBCT, 2.3 vs 2.9 [P= .07] for one-
third dose, 3.4 vs 6.4 [P< .05] for two-thirds dose, 5.4 vs 7.7 [P
< .05] for full dose). Moreover, a reduction to a two-thirds dose
level for iCBCT results in better image quality compared to an
FDK-CBCT acquired at a full dose (P < .05). When dose reduc-
tion is significant, the iCBCT images result in significant degra-
dation of low-contrast detectability and are inferior compared to
FDK-CBCT acquired at the full-dose level (P< .05). The best
score is 7.7, which is for iCBCT images acquired at full dose,
whereas the worst score is 2.3 for FDK-CBCT acquired at a
one-third dose level.

CNR. The mean HU value, SD value, and CNR for each recon-
struction method and dose level are summarized in Table 3. The
SD value increases and CNR decreases with a decreasing dose
level. The iCBCT images show higher CNR compared to
FDK-CNCT images (0.03-0.11 for FDK-CBCT, 0.10-0.15 for
iCBCT).

Anthropomorphic Phantom Study
SSIM Analysis. Figure 5 shows the SSIM between CBCT images
acquired at varying dose levels, reconstruction techniques, and
acquisition regions and a reference fan-beam CT. Figure 6
shows CBCT images acquired at one-sixth of a dose and full
dose and reference fan-beam CT images for the (a) head, (b)
HN, and (c) pelvis. The SSIM shows that the image quality,
especially low-contrast detectability, decreases with a decreas-
ing dose for both reconstruction techniques and all acquisition
regions.

For each acquisition region, the iCBCT images acquired at
the full dose exhibit the best score (0.68, 0.74, and 0.66 for
head, HN, and pelvis, respectively). The worst score is observed
for FDK-CBCT acquired at one-sixth of a dose (0.56, 0.58, and
0.46 for head, HN, and pelvis, respectively). SSIMs of iCBCT
acquired at a one-sixth dose are better than the FDK-CBCT
acquired at a full dose for the head and HN regions (full-dose
FDK-CBCT vs one-sixth dose iCBCT, 0.60 vs 0.63 for head,
0.64 vs 0.68 for HN). However, for the pelvis, a one-sixth
dose iCBCT is inferior to the one-third, two-thirds, and full-
dose FDK-CBCT, and the one-third dose iCBCT shows simi-
larity to the full-dose FDK-CBCT (0.62 and 0.63, respectively).

Registration Analysis. Table 4 shows the registration errors at
each dose level, reconstruction technique, and registration
method. The bone-based method indicates accurate registration,
and the registration errors are less than 0.2 mm regardless of
dose level and reconstruction technique. The registration
errors slightly increase for the soft tissue-based method com-
pared with the bone-based method. The registration errors are
less than 0.6 mm with the exception of the one-sixth dose
FDK-CBCT, which exhibits errors of 2.2 and 1.5 mm in the
lateral and vertical directions, respectively.
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Discussion
CBCT registration significantly contributes to radiotherapy by
observing anatomical valuations and reducing positioning
uncertainty and planning target volume (PTV) margins, which
can reduce the severity of radiation-related toxicity.4,26 The
recently-introduced iCBCT reconstruction algorithm is increas-
ingly implemented in clinical practice, and its feasibility has
been reported in several studies.15,16 However, there are no
studies that focus on the feasibility of utilizing iCBCT for effec-
tive dose reduction while maintaining low-contrast detectability
and registration accuracy. The reduction of the patient dose for
image-guided radiotherapy raises increasing concern. Ding

et al.27 enhanced the importance of minimizing and managing
the imaging dose while improving treatment delivery.
Compared with the dose reduction method that is typically
used,11–14 iCBCT does not require additional manual work,
high computational power, and considerable reconstruction
time. The additional reconstruction time from conventional
method was approximately 20 s for HN patients.17

Conventional objective image analyses, such as the SNR,
noise power spectrum, and transfer functions, are unsuitable
for the evaluation of the IR algorithm because it does not
fulfill the condition of a shift-invariant linear imaging
system.18,19 Hence, McCollough et al.28 recommended subjec-
tive analysis as a low-contrast detectability evaluation for the IR
algorithm instead of the conventional reconstruction method.
They conducted image reviews of 4 6 mm low-contrast rods
in an accreditation phantom by 3 viewers and reported effective
dose reduction using IR for diagnostic fan-beam CT. In

Figure 2. Sagittal and axial images of an anthropomorphic phantom acquired by using fan-beam CT. The green and red regions denote the ROI
location for soft tissue-based and bone-based method, respectively. Window setting; level 50 HU, width 300 HU. ROI: region of interest.

Figure 3. Example CT images of low-contrast rods in the CTP 730
module acquired using FDK-CBCT and iCBCT. Acquisitions were
repeated 3 times at each dose level. Window setting; level 40 HU,
width 200 HU. FDK, Feldkamp–Davis–Kress; CBCT, cone-beam CT;
iCBCT, iterative CBCT.

Figure 4. Low-contrast detectability score of subjective analysis for
each dose level and reconstruction technique. The low-contrast
detectability is decreased for decreasing dose levels for both the
FDK-CBCT and iCBCT images. A two-thirds dose reduction for
iCBCT produces better image quality compared to FDK-CBCT
acquired at full-dose. FDK, Feldkamp–Davis–Kress; CBCT,
cone-beam CT; iCBCT, iterative CBCT.

Washio et al. 5



accordance with their method, we conducted subjective analysis
using the low-contrast module of the Catphan phantom. By
scoring the smallest detected 1% contrast rod number, we
observed that the low-contrast detectability of iCBCT acquired
at two-thirds of a dose was superior to that of FDK acquired at a
full dose. The low-dose reconstruction generates noisy and
artifact-induced images in accordance with the trade-off
between the dose level and image quality; however, the
iCBCT algorithm can maintain image quality for a moderate
dose reduction by utilizing scatter correction and edge
preservation.

We additionally evaluated the low-contrast detectability
objectively using an anthropomorphic phantom that reproduced
a structured background, such as a human tissue, in contrast to
the Catphan phantom. We applied the SSIM analysis, which
can predict image quality similarly to human visual perception
and represent low-contrast detectability. The results showed
that similarity with the reference CT was higher for iCBCT
acquired at one-sixth of a dose than for FDK acquired at a
full dose in the head and HN regions. However, the SSIM
result exhibited dramatic image quality degradation as the

dose decreased for both CBCT reconstruction techniques in
the pelvis region. We assumed that iCBCT algorithm would
not well work to reduce noise and artifact when image contains
much scatters such as pelvic image acquired at low dose. To
summarize the subjective and objective analysis, the iCBCT
reconstruction algorithm can generally reduce the dose by
approximately two-thirds and maintain low-contrast detect-
ability compared with the FDK-CBCT. However, the effect
of the dose reduction on image quality is different depending
on the object sizes and required imaging tasks. In our study,
substantial dose reduction is feasible for small objects, such
as the head and HN regions; however, this is not suitable for
large objects, such as the pelvis region. Thus, when introduc-
ing the IR algorithm to clinical practice and attempting to
reduce the patient dose, we recommend that an assessment
of the low-contrast detectability should be conducted on the
specific imaging task reference of the routine dose setting of
the institute.

We also examined the effect of dose reduction on the regis-
tration error for FDK-CBCT and iCBCT in the pelvis region.
Bone-based matching was successfully performed with a

Table 3. Mean HU Value, SD Value, and CNR for Each Reconstruction Method and Dose Level.

Parameters

1% contrast rod Background

CNRHU value SD value HU value SD value

FDK Full-dose 52.7± 0.5 65.6± 4.9 47.0± 0.8 65.0± 0.4 0.09
2/3 dose 52.3± 2.5 71.1± 0.2 45.0± 4.5 66.2± 0.4 0.11
1/3 dose 45.0± 3.5 74.2± 1.4 42.3± 4.0 71.5± 0.5 0.03

iCBCT Full-dose 57.0± 0.8 61.9± 0.5 48.3± 0.5 56.6± 0.2 0.15
2/3 dose 54.3± 1.7 62.0± 0.3 46.0± 2.1 56.8± 0.4 0.15
1/3 dose 49.7± 1.7 65.8± 1.9 43.3± 3.7 62.1± 0.6 0.10

Abbreviations: FDK, Feldkamp–Davis–Kress; CBCT, cone-beam CT; iCBCT, iterative CBCT; CNR, contrast-to-noise ratio.

Figure 5. SSIM between CBCT images acquired at varying dose levels, reconstruction techniques, and acquisition regions and a reference
fan-beam CT. SSIM, structure similarity index; FDK, Feldkamp–Davis–Kress; CBCT, cone-beam CT; iCBCT, iterative CBCT.

6 Technology in Cancer Research & Treatment



registration error of less than 0.2 mm, regardless of imaging
dose level. For soft tissue-based registration, the error was
within 0.6 mm for iCBCT, whereas that for FDK-CBCT
increased with decreasing dose levels; the maximum error
was 2.2 mm. Although the registration error was within 3 to
8 mm, which was adopted as a PTV margin in several

institutes for prostate cancer,29 the effect of dose reduction
on soft tissue-based registration cannot be ignored when con-
ducting radiotherapy within a tight margin. Loutfi-Krauss
et al.30 examined this relationship by applying a low-contrast
structured phantom with a uniform background. They reported
that low-contrast structure-based registration can be per-
formed successfully, regardless of the imaging dose level
and image quality. Considering the results of both our and
their studies, the soft tissue-based registration may vary
depending on imaging dose level and background structure.
The target of the pelvis region is often surrounded by high-
and low-contrast materials, such as pelvic bone and air in
the rectum; therefore, we should be particularly careful for
the dose setting and registration in this area.

This study has the following limitations. First, we evaluated the
SSIM only for the head, HN, and pelvis regions. Although the
iCBCT demonstrates its advantages for regions where the motion
artifacts are generally small, dose reduction is also desirable for
the thorax region, which contains important OARs, such as the
lungs, esophagus, heart, and spine. If themotion artifact can bemin-
imized, for example, by adopting respiratory-gated CBCT, dose
reduction using iCBCT may also be applied to the thorax and
other regions. Second, we conducted the registration analysis

Figure 6. Axial CT images of anthropomorphic phantom for the (a) head, (b) head and neck, and (c) pelvis regions acquired with FDK-CBCT
and iCBCT. Window setting: level 40 HU, width 200 HU (a), 40 HU, 300 HU (b); 50 HU, 300 HU (c). FDK, Feldkamp–Davis–Kress; CBCT,
cone-beam CT; iCBCT, iterative CBCT.

Table 4. Registration Errors in Lateral/Vertical/Longitudinal
Direction for Each Dose Level, Reconstruction Techniques, and
Registration Method.

Dose
level

Bone-based Soft tissue-based

FDK iCBCT FDK iCBCT

Full-dose −0.1/−0.1/
−0.1

−0.1/−0.1/
−0.1

0.0/−0.4/
−0.2

0.0/−0.2/
−0.1

2/3 dose 0.0/−0.1/0.0 0.0/−0.1/
−0.1

0.0/−0.4/
−0.2

0.1/0.0/0.2

1/3 dose 0.0/−0.1/
−0.1

0.1/0.0/0.0 0.0/−0.6/
−0.3

0.0/−0.4/
0.3

1/6 dose 0.1/−0.1/
−0.2

0.0/−0.1/
−0.1

2.2/−1.5/
0.0

0.1/0.6/0.2

Abbreviations: FDK, Feldkamp–Davis–Kress; CBCT, cone-beam CT; iCBCT,
iterative CBCT.
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using an anthropomorphic phantom that did not completely model
the human complex body. Anatomical variations and movement
of organs were also not included. Third, we did not examine other
metrics affected by the dose decrease, such as the accuracy of the
CT number and the dose calculation based on CBCT, because the
study focusedon theeffect on low-contrast detectability and registra-
tion accuracy using iCBCT. Further study regarding the relationship
between the dose reduction and these metrics should be conducted
for low-dose adaptive radiotherapy. Fourth, the subjective evalua-
tion by radiologists and medical physicists were applied to the
study. The large-scale studies using the mathematical model
observer with the Hotelling observer and channelized Hotelling
observer model may be required to validate our results in addition
to human vision.

Conclusion
This study confirmed that iCBCT algorithm allows the patient
dose reduction by utilizing scatter correction and statistical
reconstruction. Approximately two-thirds dose reduction is
capable while maintaining low-contrast detectability and the
accuracy of registration. However, the effect of the dose reduc-
tion on image quality may vary depending on object sizes and
the required image tasks. The results and evaluation methods of
this study may be useful for institutes that intend to introduce IR
in clinical practice and reduce patient doses.
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