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Abstract: Routine CT examinations are crucial in colorectal cancer patients (CCPs); however, the high
frequency of radiation exposure is a significant concern. This study investigated the radiation dose,
image quality, and diagnostic performance of tin filter-based spectral shaping chest–abdominal–pelvic
(CAP) CT for CCPs. We reviewed 44 CCPs who underwent single-phase enhanced tin-filtered 100 kV
(TF100kV) and standard 120 kV (ST120kV) CAP CT on separate days. Radiation metrics including
the volume CT dose index (CTDIvol), dose-length product (DLP), and effective dose (ED) were
calculated for both protocols. Two radiologists assessed the presence of the following lesions: lung
metastasis, liver metastasis, lymph node metastasis, peritoneal dissemination, and bone metastasis.
The area under the receiver operating characteristic curve (AUC) was calculated for the diagnostic
performance of each protocol. Radiation metrics of the TF100kV protocol were significantly lower
than those of the ST120kV protocol (CDTIvol 1.60 ± 0.31 mGy vs. 14.4 ± 2.50, p < 0.0001; DLP 107.1
(95.9–125.5) mGy·cm vs. 996.7 (886.2–1144.3), p < 0.0001; ED 1.93 (1.73–2.26) mSv vs. 17.9 (16.0–20.6),
p < 0.0001, respectively). TF100kV protocol achieved comparable diagnostic performance to that
of the ST120kV protocol (AUC for lung metastasis: 1.00 vs. 0.94; liver metastasis: 0.88 vs. 0.83,
respectively). TF100kV protocol could substantially reduce the radiation dose by 89% compared to
that with the ST120kV protocol while maintaining good diagnostic performance in CCPs.
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1. Introduction

Colorectal cancer is the third most commonly occurring malignancy in the world [1].
Annually, there are over 1.9 million newly diagnosed colorectal cancer patients (CCPs) and
900,000 colorectal cancer-related deaths [1,2]. Even after curative treatment, tumors recur
in 30% of CCPs with stage I–III and 65% of CCPs with stage IV [3–11]. However, prognoses
of CCPs have improved over the past three decades as a result of the development of
multimodal treatments [12,13].

The chest–abdominal–pelvic (CAP) computed tomography (CT) scan is the standard
imaging method used for monitoring CCPs during follow-up [14]. Most surveillance
guidelines recommend follow-up CT scans to be performed every 3–12 months for 2–3 years
following curative treatment, with a decreased frequency of assessments at 3–5 years
post-treatment [15–19]. CT is also used to evaluate response to chemotherapy, and in
clinical practice, it is commonly employed for CCPs with unresectable and metastatic
tumors every 2–3 months based on clinical trial designs [20,21]. Because of such a routine
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procedure, radiation exposure due to routine CT examinations during postoperative follow-
up and chemotherapy is higher in CCPs, which has become a significant concern. Thus,
reasonable dose reduction while ensuring adequate diagnostic performance is needed for
CT examination of CCPs during postoperative follow-up or chemotherapy.

Based on the principle of as low as reasonably achievable (ALARA), considerable effort
has been made toward reducing the radiation dose of CT devices. The spectral shaping
technique, which involves adding a tin filter (TF) on the scanner x-ray tube, is a powerful
method for reducing radiation dose. TF minimizes the bulk of lower-energy photons, which
are less relevant to image quality but increase the radiation exposure of patients [22,23]. In
addition, TF reduces the effect of beam hardening artifacts, which improves the quality of
reconstructed CT images. Previous studies have shown an advantage of the TF protocol
over standard protocols for image quality and radiation dose reduction for chest, abdominal,
paranasal sinus, and pediatric CT [22–27]. However, the utility of TF-based CAP CT in CCPs
during postoperative follow-up and chemotherapy compared with the standard protocol
CAP CT has not been comprehensively examined. Therefore, this study investigated
radiation exposure, image quality, and diagnostic performance of TF-based spectral shaping
CAP CT in CCPs compared to the standard protocols.

2. Materials and Methods
2.1. Patient Data

This retrospective study was approved by the local institutional review board (M2020-
071), which waived the requirement for informed consent. We identified the 120 CCPs
who were referred for TF100kV CAP CT during postoperative follow-up or chemotherapy
from our radiologic databases between January 2019 and April 2020. The patient selection
process of the study is shown in Figure 1. The inclusion criteria were imaging the standard
120 kV (ST120kV) CAP CT on the same CT system within one year of undergoing TF100kV
CAP CT. There were no exclusion criteria. Thus, a total of 44 CCPs were included in our
study. Patient clinicopathological data were extracted from electronic medical records.
The tumor-node-metastasis staging system was used according to the edition valid at the
time of cancer diagnosis. A radiologist determined the presence of metastases in each
patient at different time points, both the TF100kV and ST120kV protocol scans, respectively,
based on clinicopathological data as of April 2021 from electronic medical records. The
metastases evaluated were as follows: (1) lung metastasis, (2) liver metastasis, (3) lymph
node metastasis, (4) peritoneal dissemination, and (5) bone metastasis. The diagnostic
criteria for metastasis were based on the pathological diagnosis if the biopsy was performed,
or if not, clinical diagnosis using radiology reports and clinical records. We defined disease-
free as patients with no evidence of new lesions on the CT images, and the tumor markers
were below cut-off levels. For patients during chemotherapy, we determined that the
negative of metastasis was if the target lesions completely disappeared on the CT images.
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Figure 1. Recruitment pathway for patients in the present study CCPs, colorectal cancer patients; 
TF100kV, tin-filtered 100 kV; CAP, chest–abdominal–pelvic; ST120kV, standard 120 kV. 

2.2. CT Examination Technique and Reconstruction 
A single-source CT system (Siemens SOMATOM Edge Plus, Siemens Healthineers, 

Erlangen, Germany) was used for all examinations. Detailed CT acquisition parameters 
for both the TF100kV and ST120kV protocols are summarized in Table 1. All patients were 
examined using automatic tube current modulation for effective mAs (CARE Dose 4D) 
and without automated tube potential control (CARE kV). The beam pitch of the TF100kV 
protocol was set at 0.5 lower than the ST120kV protocol to maintain image quality. The 
scan range of the TF100kV and ST120kV protocols covered the entire CAP area, which 
extended from the upper level of the thyroid to the great trochanter. In all patients, a deep-
inspiration breath was held during scan acquisition. A contrast medium of 300 or 350 
mg/mL iodine concentrations amounting to 1.6–2.0 mL/kg of body weight was adminis-
tered intravenously within 50 s using a pump injector without a saline flush. 

Table 1. CT acquisition scanning parameters for both standard and spectral filtration protocols. 
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Tin-filter a off on 

kV 120 kV 100 kV 
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Rotation time 0.5 s 0.5 s 
Beam collimation 128 ch × 0.6 mm 128 ch× 0.6 mm 

Beam pitch 0.6 0.5 
Kernel Bf37 (Bl57 for lung area) Bf37 (Bl57 for lung area) 

Reconstruction technique IR strength 2 for parenchymal images IR strength 4 for parenchymal images 
 FBP for lung images FBP for lung images 

ST120kV, standard 120 kV; TF100kV, tin-filtered 100 kV; IR, iterative reconstruction (ADMIRE; 
Advanced Modeled Iterative Reconstruction); FBP, filtered back-projection technique. a—Thick-
ness of tin-filter was 0.6 mm. b—Automatic tube current modulation (CARE Dose 4D) was turned 
on. 

By default, both the TF100kV and ST120kV images were reconstructed to a slice thick-
ness of both 2.0 mm and 5.0 mm, respectively, with no interslice gap, using a soft tissue 
kernel (Bf37) for the parenchymal analysis and a sharp tissue kernel (Bl57) for the lung 
analysis. The TF100kV and ST120kV protocols for the parenchymal images were recon-
structed using the iterative reconstruction (IR) technique (ADMIRE: Advanced Modeled It-
erative Reconstruction) set at strength levels of 4 and 2, respectively. Additionally, the lung 
images of both protocols were reconstructed using the filtered back-projection technique.  
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2.2. CT Examination Technique and Reconstruction

A single-source CT system (Siemens SOMATOM Edge Plus, Siemens Healthineers,
Erlangen, Germany) was used for all examinations. Detailed CT acquisition parameters
for both the TF100kV and ST120kV protocols are summarized in Table 1. All patients were
examined using automatic tube current modulation for effective mAs (CARE Dose 4D)
and without automated tube potential control (CARE kV). The beam pitch of the TF100kV
protocol was set at 0.5 lower than the ST120kV protocol to maintain image quality. The
scan range of the TF100kV and ST120kV protocols covered the entire CAP area, which
extended from the upper level of the thyroid to the great trochanter. In all patients, a
deep-inspiration breath was held during scan acquisition. A contrast medium of 300
or 350 mg/mL iodine concentrations amounting to 1.6–2.0 mL/kg of body weight was
administered intravenously within 50 s using a pump injector without a saline flush.

Table 1. CT acquisition scanning parameters for both standard and spectral filtration protocols.

CT Parameters ST120kV Protocol TF100kV Protocol

Tin-filter a off on
kV 120 kV 100 kV

Quality reference mAs b 320 mAs 600 mAs
Rotation time 0.5 s 0.5 s

Beam collimation 128 ch × 0.6 mm 128 ch× 0.6 mm
Beam pitch 0.6 0.5

Kernel Bf37 (Bl57 for lung area) Bf37 (Bl57 for lung area)

Reconstruction technique IR strength 2 for
parenchymal images

IR strength 4 for
parenchymal images

FBP for lung images FBP for lung images
ST120kV, standard 120 kV; TF100kV, tin-filtered 100 kV; IR, iterative reconstruction (ADMIRE; Advanced Mod-
eled Iterative Reconstruction); FBP, filtered back-projection technique. a—Thickness of tin-filter was 0.6 mm.
b—Automatic tube current modulation (CARE Dose 4D) was turned on.

By default, both the TF100kV and ST120kV images were reconstructed to a slice thick-
ness of both 2.0 mm and 5.0 mm, respectively, with no interslice gap, using a soft tissue
kernel (Bf37) for the parenchymal analysis and a sharp tissue kernel (Bl57) for the lung anal-
ysis. The TF100kV and ST120kV protocols for the parenchymal images were reconstructed
using the iterative reconstruction (IR) technique (ADMIRE: Advanced Modeled Iterative
Reconstruction) set at strength levels of 4 and 2, respectively. Additionally, the lung images
of both protocols were reconstructed using the filtered back-projection technique.

2.3. Radiation Metrics of ST120kV and TF100kV Protocol

To estimate radiation doses, we recorded the dose parameters for each patient and
each acquisition protocol. Volume CT dose index (CTDIvol), dose-length product (DLP),
and effective tube current (mAs) were extracted from the dose report and DICOM data.
The effective dose was estimated by multiplying the DLP by the standard conversion factor
for adult abdominopelvic CT of 0.018 mSv mGy−1 cm−1 [28]. Size-specific dose estimates
(SSDE) were calculated using appropriate conversion factors based on the use of the 32-cm
phantom for CTDIvol based on the following equation: SSDE = f size × CTDIvol [29].

2.4. Assessment of Objective Image Quality

For the quantitative evaluation, we measured Hounsfield unit (HU) values and image
noise (standard deviation [SD] of measured HU values) by placing 1.1 cm2 oval regions
of interest (ROIs) within the liver, abdominal aorta, and spinal erector muscles on the
reconstructed 2 mm axial CT images of both protocols. Image noise was determined
as the SD of an ROI placed in the air space outside the anterior abdominal wall. Each
ROI was drawn on an identical or nearly identical segment using a picture archiving and
communication system (Rapideye, Canon, Tokyo, Japan) by the same radiologist with
seven years of CT imaging experience. Based on these measurements, contrast to noise
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ratio (CNR) and figure of merit (FOM) were calculated for each image dataset using the
following equations: CNR = (mean HU of area of interest − mean HU of the erector
muscle)/(SD of the erector muscle); and FOM = CNR2/effective dose.

2.5. Assessment of Diagnostic Performance for Metastases

Two additional radiologists (with eight and 12 years of experience in CT imaging,
respectively) who were blind to the acquisition protocol and patient clinical data (includ-
ing imaging reports and prior examinations) independently assessed the presence of the
listed metastases. They evaluated the images of each protocol in random order using a
5-point scale (1, no findings of metastasis; 2, low probability of metastasis; 3, intermediate;
4, probable presence of metastasis; and 5, presence of metastasis). A score of ≥4 was de-
fined as the presence of metastasis, whereas a finding of ≤3 was considered as the absence
of metastasis. Discrepancies were resolved two weeks after the independent assessments
by consensus.

2.6. Assessment of Subjective Quality of TF100kV Images

Two radiologists independently evaluated the subjective quality of TF100kV images,
the purpose of which was to detect the listed metastases. We used a 5-point scale for
the reference (1: very poor, 2: poor, 3: moderate, 4: good, and 5: excellent). A score
of ≥3 was defined as acceptable for use in clinical practice, whereas a score of ≤2 was
considered unacceptable.

2.7. Statistical Analysis

All statistical analyses were performed using the JMP 14.2 statistical software (SAS
Institute Inc., Cary, NC, USA). Parametric data were displayed as means ± SDs and were
tested and compared using Paired t-tests, whereas non-parametric data were reported as
median (interquartile range [IQR]) and compared using the Wilcoxon signed-rank test.
Kappa statistics were used to assess interreader agreement of diagnostic performance.
Kappa (k) values were calculated separately for each metastasis and were interpreted as
follows: <0.20, slight agreement; 0.21–0.40, fair agreement; 0.41–0.60, moderate agreement;
0.61–0.80, substantial agreement; and 0.81–1.00, almost perfect agreement. Receiver op-
erating characteristic curve analyses were performed, and area under the curve (AUC)
values were calculated to assess the diagnostic performance for metastasis of each protocol
and were interpreted as follows: 0.51–0.60, fail; 0.61–0.70, poor; 0.71–0.80, fair; 0.81–0.90,
good; and 0.91–1.00, excellent. We calculated the sensitivity, specificity, and accuracy for
differentiating the presence or absence of the listed metastases in both protocols. A p < 0.05
was considered statistically significant.

3. Results
3.1. Patient Characteristics

The baseline characteristics of all patients are listed in Table 2. Mean age of patients
was 65.1 years. Forty-four eligible patients had 45 colorectal cancers that were composed of
three tumors in the cecum/appendix, four in the ascending colon, three in the transverse
colon, one in the descending colon, 12 in the sigmoid colon, and 22 in the rectum. One
patient had two separate synchronous cancers (in the transverse and sigmoid colon).
Ten patients (23%) were diagnosed as Stages I and II, and the remaining 34 (77%) were
diagnosed as Stages III and IV.

Twenty-six patients who were disease-free and during follow-up had no evidence of
new metastasis until the end of the study.

Eighteen patients were during chemotherapy and had 32 sites of metastases as of
the ST120kV scans. One patient with liver metastasis and two patients with peritoneal
dissemination were pathologically confirmed metastases. Of the remaining 29 sites, four
sites (three patients with liver metastasis and one patient with lung metastasis) were
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recurrences of the residual organ after the treatment of the metastatic resection. The
remaining 25 sites were diagnosed as metastases by the clinical course.

Table 2. Patient and clinicopathological characteristics of the 44 eligible patients.

Variables n (%)

Age (y) a 65.1 (38–88)
Gender

Male 30 (68)
Female 14 (32)

Total number of colorectal cancers b 45
Cecum/Appendix 3
Ascending colon 4
Transverse colon 3
Descending colon 1

Sigmoid colon 12
Rectum 22

Stage
I, II 10 (23)

III, IV 34 (77)
Disease-free and during follow-up 26 (59)

During chemotherapy 18 (41)
Total number of metastatic site c 32, 30

Lung metastasis c 9, 9
Liver metastasis c 9, 8

Lymph node metastasis c 6, 5
Peritoneal dissemination c 5, 5

Bone metastasis c 3, 3
Time from ST120kV images to TF100kV images (d) a 156 (65–240)

ST120kV, standard 120 kV; TF100kV, tin-filtered 100 kV. a Mean (range). b One patient had two separate syn-
chronous cancers (transverse and sigmoid colon). c Data are the number of patients as of the ST120kV and
TF100kV scans.

One patient with liver metastasis and one with lymph node metastasis showed the
disappearance of the lesions on TF100kV images. These lesions showed no signs of re-
progression until the end of the study. Therefore, they were determined to be negative for
metastasis at the TF100kV scan.

None of the patients showed new site lesions during chemotherapy between the
ST120kV scan and the TF100kV scan. On the other hand, new site lesions and metastases
that could not be identified on the TF100kV images appeared in four patients after the
scan; two patients with lung metastasis, one with lymph node metastasis, and one with
peritoneal dissemination.

3.2. Radiation Dose

Radiation metrics are summarized in Table 3. The mean CTDIvol was 1.60 ± 0.31 mGy
for the TF100kV protocol and 14.4 ± 2.50 mGy for the ST120kV protocol, which differed
significantly (p < 0.0001; Figure 2). Mean DLP of the TF100kV protocol was significantly
lower than that of the ST120kV protocol (107.1 (95.9–125.5) mGy cm vs. 996.7 (886.2–1144.3)
mGy cm, p < 0.0001). The mean effective dose was 1.93 (1.73–2.26) mSv for the TF100kV
protocol and 17.9 (16.0–20.6) mSv for the ST120kV protocol (p < 0.0001), which corresponded
to an 89.2% lower dose using the TF100kV protocol compared with the ST120kV protocol.
The effective dose calculated for the TF100kV protocol was close to 2 mSv. In addition,
the TF100kV protocol had a significantly lower mean SSDE than the ST120kV protocol
(2.29 ± 0.24 mGy vs. 20.8 ± 1.90 mGy, p < 0.0001; Figure 2).
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Table 3. Radiation metrics of each protocol.

ST120kV Protocol TF100kV Protocol Reduction Rate Using
TF100kV Protocol (%) p Value

CTDIvol (mGy) a 14.4 ± 2.50 1.60 ± 0.31 88.9 <0.0001
DLP (mGy·cm) b 996.7 (886.2–1144.3) 107.1 (95.9–125.5) 89.3 <0.0001

Effective dose (mSv) b 17.9 (16.0–20.6) 1.93 (1.73–2.26) 89.2 <0.0001
SSDE (mGy) a 20.8 ± 1.90 2.29 ± 0.24 89.0 <0.0001

ST120kV, standard 120 kV; TF100kV, tin-filtered 100 kV. a Data are presented as means ± standard deviations.
b Data are presented as median (interquartile range).
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Figure 2. Box and whisker diagrams of CTDIvol and SSDE for the tin-filtered 100 kV (TF100kV) and
standard 120 kV (ST120kV) protocols.

3.3. Objective Image Quality Assessment

The data for the objective image quality assessment are shown in Table 4. The mean
background noise was significantly higher for the TF100kV protocol than for the ST120kV
protocol (8.36 (7.61–8.86) HU vs. 6.04 (5.45–6.93) HU, p < 0.0001). CNRs of the liver and
abdominal aorta were significantly higher for the ST120kV protocol than for the TF100kV
protocol (liver: 2.76 (1.38–4.03) vs. 2.13 (1.42–2.73), p < 0.0001; abdominal aorta: 5.81
(4.76–7.52) vs. 4.08 (3.39–5.02), p < 0.0001). However, FOM was found to be significantly
higher for the TF100kV protocol than for the ST120kV protocol (liver: 2.24 (0.89–4.07)
vs. 0.36 (0.09–0.93), p < 0.0001; abdominal aorta: 8.62 (5.98–14.1) and vs. 1.81 (1.19–3.16),
p < 0.0001). Figure 3 shows representative example images of both protocols.

Table 4. Objective assessment of image quality.

ST120kV Protocol TF100kV Protocol p Value

CNR of liver 2.76 (1.38–4.03) 2.13 (1.42–2.73) <0.0001
CNR of abdominal aorta 5.81 (4.76–7.52) 4.08 (3.39–5.02) <0.0001

FOM of liver (mSv−1) 0.36 (0.09–0.93) 2.24 (0.89–4.07) <0.0001
FOM of abdominal aorta

(mSv−1) 1.81 (1.19–3.16) 8.62 (5.98–14.1) <0.0001

Background noise 6.04 (5.45–6.93) 8.36 (7.61–8.86) <0.0001
ST120kV, standard 120 kV; TF100kV, tin-filtered 100 kV. Data are presented as median (interquartile range).
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Figure 3. Representative single-phase enhanced CT images. Both images were acquired on separate
occasions from a 62-year-old male who had liver metastases after colon cancer surgery. The tin-filtered
100 kV (TF100kV) protocol (a) shows lower CNR and higher FOM than the standard 120 kV (ST120kV)
protocol (b). Liver metastases are detectable in both protocols (arrows).

3.4. Diagnostic Performance of Subjective Assessment

The distribution of diagnostic performance for the two readers’ consensus and inter-
reader agreement is shown in Table 5. The diagnostic performance of the TF100kV protocol
was comparable to that of the ST120kV protocol for lung metastases, liver metastases,
peritoneal dissemination, and bone metastases (AUCs of the TF100kV protocol: 1.00, 0.88,
0.79, and 0.83, respectively; AUCs of the ST120kV protocol: 0.94, 0.83, 0.77, and 0.83, respec-
tively). The diagnostic performance of the TF100kV protocol for lymph node metastases
was inferior to that of the ST120kV protocol (AUC: 0.70 vs. 0.90). For the TF100kV protocol,
false-negative diagnoses were detected in two liver metastasis cases, three lymph node
metastasis cases, two peritoneal dissemination cases, and one bone metastasis case. For the
ST120kV protocol, false-negative diagnoses occurred in one lung metastasis case, three liver
metastasis cases, one lymph node metastasis case, two cases of peritoneal dissemination,
and one bone metastasis case. Interreader agreement for the TF100kV protocol was fair to
substantial (k = 0.29 for peritoneal dissemination; k = 0.66 for lung metastasis), whereas
interreader agreement for the ST120kV protocol was slight to substantial (k = 0.17 for peri-
toneal dissemination; k = 0.72 for liver metastasis). For both protocols, lowest agreement
was observed for diagnoses of peritoneal dissemination, and high agreement was observed
for the assessment of lung and liver metastases.

Table 5. Subjective assessment of diagnostic performance with Kappa agreement.

Diagnostic Performance Interreader Agreement

ST120kV TF100kV ST120kV TF100kV

Diagnostic of SN (%) SP (%) AC (%) AUC a SN (%) SP (%) AC (%) AUC a Kappa Kappa

Lung metastasis 89
[8/9]

100
[35/35]

98
[43/44] 0.94 100

[9/9]
100

[35/35]
100

[44/44] 1.0 0.59 0.66

Liver metastasis 67
[6/9]

100
[35/35]

93
[41/44] 0.83 75

[6/8]
100

[36/36]
96

[42/44] 0.88 0.72 0.44

Lymph node metastasis 83
[5/6]

97
[37/38]

96
[42/44] 0.90 40

[2/5]
100

[39/39]
93

[41/44] 0.70 0.39 0.33

Peritoneal dissemination 60
[3/5]

95
[37/39]

91
[40/44] 0.77 60

[3/5]
97

[38/39]
93

[41/44] 0.79 0.17 0.29

Bone metastasis 67
[2/3]

100
[41/41]

98
[43/44] 0.83 67

[2/3]
100

[41/41]
98

[43/44] 0.83 0.23 0.37

ST120kV, standard 120 kV; TF100kV, tin-filtered 100 kV; SN, sensitivity; SP, specificity; AC, accuracy; AUC, area
under the curve. a—AUCs were calculated using the receiver operating characteristic curve.

3.5. Subjective Quality of TF100kV Images

Mean score of subjective quality of TF100kV images was >3 (moderate, TF100kV image
quality is acceptable for use in clinical practice) for all lesions (Table 6). Therefore, TF100kV
image quality was deemed sufficient for making diagnoses. Both readers gave a lung and
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bone metastases score of 4 (good diagnostic reliability) in all patients. Figure 4 shows a
representative example case of lung metastasis for both protocols.

Table 6. Diagnostic reliability of tin-filtered 100 kV image quality.

Reader 1 Reader 2

Lung metastasis 4.00 (4.00–4.00) 4.00 (4.00–4.00)
Liver metastasis 3.68 (3.00–4.00) 3.32 (3.00–4.00)

Lymph node metastasis 3.89 (3.00–4.00) 3.91 (3.00–4.00)
Peritoneal dissemination 3.86 (3.00–4.00) 3.91 (3.00–4.00)

Bone metastasis 4.00 (4.00–4.00) 4.00 (4.00–4.00)
Data are presented as mean (range).
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Figure 4. Representative chest CT images. Images were acquired on separate occasions from a 66-
year-old male who received chemotherapy for lung metastases after colon cancer surgery. The 
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Figure 4. Representative chest CT images. Images were acquired on separate occasions from a
66-year-old male who received chemotherapy for lung metastases after colon cancer surgery. The
readers identified lung metastasis lesions (arrows and arrowheads) on tin-filtered 100 kV (TF100kV)
images (a) and standard 120 kV (ST120kV) images (b) with equal reliability, regardless.

4. Discussion

Our study demonstrated that TF100kV CAP CT can substantially reduce the radiation
dose by approximately 89% compared with the ST120kV protocol. Even though image
quality metrics of the TF100kV protocol such as CNR and background noise were poorer
than those of the ST120kV protocol, FOM of the TF100kV protocol was significantly higher
than the ST120kV protocol. The evaluation by the readers showed that the TF100kV
protocol maintained a good diagnostic performance for CCPs during postoperative follow-
up and chemotherapy. Moreover, both readers evaluated that TF100kV image quality
was diagnostically acceptable for use in clinical practice for confirming or excluding the
recurrence of colorectal cancer.

Medical radiation is increasing annually, and it is widely accepted that medical radi-
ation exposure is largely attributed to CT examinations [30]; however, there is currently
no alternative diagnostic imaging method that allows for detailed and rapid evaluation of
a patient’s body. The IR algorithm, which is now one of the most ubiquitous techniques
for dose reduction while maintaining low image noise, offers only modest (approximately
25%) levels of dose reduction while maintaining diagnostic performance for imaging the
abdominal area [31]. Therefore, the TF100kV protocol, which enables high dose reduc-
tion while ensuring adequate diagnostic performance, may alleviate concerns of excessive
medical radiation exposure of CCPs who require frequent CT examinations for routine
surveillance and response evaluation.

In our study, we showed that TF100kV CAP CT had 89% lower radiation exposure
compared with the ST120kV protocol but maintained almost comparable diagnostic perfor-
mance. Our findings are analogous with previous studies that compared the TF protocol
with the standard CT protocol for imaging individual parts of the body. Gordic et al. [23]
first suggested the feasibility of the 100 kV spectral shaping protocol for chest CT for
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detecting lung nodules and achieved high sensitivity and diagnostic confidence with a low
effective radiation dose of 0.06 mSv. Suntharalingam et al. [32] reported that the 100 kV
spectral shaping protocol for whole-body bone CT for evaluating osteolytic lesions in
patients with multiple myeloma could achieve adequate image quality while reducing CT-
DIvol and DLP by approximately 75% more than the control group. Leyendecker et al. [25]
reported that in the abdominopelvic area, the TF100kV protocol for contrast-enhanced
abdominopelvic CT imaging achieved a similar diagnostic performance for detecting ab-
dominal abnormalities as the standard CT protocol while reducing CTDIvol and SSDE by
81%. Our and previous results collectively indicate that the TF protocol has high utility for
reducing radiation dose in various clinical situations.

In our study, the ST120kV protocol had significantly higher CNR values and lower
background noise than the TF100kV protocol for imaging abdominal organs. Leyendecker
et al. [25] similarly compared objective metrics of the TF100kV protocol with their standard
protocol for contrast-enhanced abdominopelvic CT imaging but found that CNR and back-
ground noise within anatomical structures were comparable. Their contrasting findings
may be due to differences between standard protocols and CT scanner performance, where
standard protocol images were acquired using automatic tube voltage selection, and all
examinations were acquired on a third-generation dual-source CT system [25]. In contrast,
our standard protocol images were acquired at a spectrum of 120 kV in a single-energy
setting, using a single-source CT system. These differences may have contributed to the
lower CNR and higher background noise of the TF100kV protocol in our study. Despite
lower CNR values of the abdominal organs and higher background noise, the TF100kV im-
ages retained good diagnostic performance for postoperative follow-up and chemotherapy
examinations in CCPs and were considered usable in clinical practice. The CTDIvol and
DLP of the TF100kV CAP CT images were substantially lower than those of the national
diagnostic reference levels of the United States and Japan [33,34]. Although developing
techniques to improve image quality of TF-based spectral shaping CT images is important,
given our commitment to the ALARA principle, objective image quality metrics may not
be crucial for determining the optimal imaging protocol, as long as diagnostic ability can
be ensured.

Our study had several limitations that need to be considered. First, this study could not
rigorously assess the changes in the number and size of metastases in each organ of patients
during chemotherapy between the acquired images of each protocol. We believed that the
TF100kV protocol maintained comparable diagnostic performance to the ST120kV protocol,
regardless of the difference in image quality; however, the diagnostic performance might
also be affected by the number and size of metastases in each organ. In patients during
chemotherapy, the number and size of lesions in each site might have slightly progressed as
of the TF100kV scans. As the number and size of lesions increased, regardless of the effect
of image quality, there was a risk that the rater’s ability to detect lesions would increase
(became more sensitive). On the other hand, if chemotherapy slightly reduced the number
and size of lesions compared to the ST120kV image, detectability performance might be
reduced (increased false-negative cases). Since CT involves radiation exposure, it is not
desirable to perform unnecessary multiple scans. However, to evaluate only the effect of the
difference in image quality for the diagnostic performance of the subjective assessments, the
ST120kV scan and TF100kV scan would have to be performed simultaneously to eliminate
the impact of lesion number and size. Second, the study was conducted in a single center
retrospective design, and the cohort size was relatively small. Third, the presence of
most listed metastases was defined by radiology reports and clinical data and not by
pathology. To prevent underdiagnosis of metastases as much as possible when determining
the standard reference on each CT protocol, the data acquisition timing in this study was
more than a year after TF100kV scans. Therefore, new metastases appeared through the
clinical course after TF100kV scans in some cases, but those lesions were not depicted as the
mass in the TF100kV image. They were determined as the absence of metastasis as of the
CT scans. However, there was a still risk that the lesion was already pathologically present
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at the TF100kV scans. In clinical practice, it is often challenging to obtain pathological
confirmation for diagnosing metastasis in all CCPs during postoperative follow-up or
chemotherapy, and CT imaging is regarded as a usual diagnostic method for diagnosing
metastasis. Further validation studies in larger populations are needed to evaluate the
detectability of metastatic lesions.

5. Conclusions

In conclusion, we found that TF100kV CAP CT substantially reduced radiation dose by
approximately 89% compared with ST120kV CAP CT while maintaining a good diagnostic
performance in CCPs. The TF-based spectral shaping technique may alleviate concerns
of excessive medical radiation exposure of CCPs who require routine surveillance and
response evaluation using CT.

Author Contributions: Conceptualization, K.K. and T.F.; Data curation, K.K., T.A., T.H. and H.H.;
Methodology, K.K. and T.F.; Resources, T.I.; Investigation, K.K., T.F. and M.M.; Writing—original
draft preparation, K.K.; Writing—review and editing, K.K. and T.F.; Supervision, U.T.; Project
administration U.T. All authors have read and agreed to the final draft of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: This study was performed in line with the principles of the
Declaration of Helsinki. Approval was granted by the Ethics Committee of the Tokyo Medical and
Dental University (M2020-071).

Informed Consent Statement: This manuscript does not contain identifiable data; therefore, it does
not require additional consent for publication except for the IRB approval.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Torre, L.A.; Bray, F.; Siegel, R.L.; Ferlay, J.; Lortet-Tieulent, J.; Jemal, A. Global cancer statistics, 2012. CA Cancer J. Clin. 2015, 65,

87–108. [CrossRef] [PubMed]
2. International Agency for Research on Cancer. Cancer Fact Sheets Colorectal Cancer Source: Globocan. 2020. Available online:

https://gco.iarc.fr/today/fact-sheets-cancers (accessed on 31 January 2022).
3. Pita-Fernandez, S.; Alhayek-Ai, M.; Gonzalez-Martin, C.; Lopez-Calvino, B.; Seoane-Pillado, T.; Pertega-Diaz, S. Intensive

follow-up strategies improve outcomes in nonmetastatic colorectal cancer patients after curative surgery: A systematic review
and meta-analysis. Ann. Oncol. 2015, 26, 644–656. [CrossRef] [PubMed]

4. Rose, J.; Augestad, K.M.; Cooper, G.S. Colorectal cancer surveillance: What’s new and what’s next. World J. Gastroenterol. 2014, 20,
1887–1897. [CrossRef] [PubMed]

5. Verwaal, V.J.; van Ruth, S.; de Bree, E.; van Sloothen, G.W.; van Tinteren, H.; Boot, H.; Zoetmulder, F.A. Randomized trial of
cytoreduction and hyperthermic intraperitoneal chemotherapy versus systemic chemotherapy and palliative surgery in patients
with peritoneal carcinomatosis of colorectal cancer. J. Clin. Oncol. 2003, 21, 3737–3743. [CrossRef] [PubMed]

6. Glehen, O.; Kwiatkowski, F.; Sugarbaker, P.H.; Elias, D.; Levine, E.A.; De Simone, M.; Barone, R.; Yonemura, Y.; Cavaliere, F.;
Quenet, F.; et al. Cytoreductive surgery combined with perioperative intraperitoneal chemotherapy for the management of
peritoneal carcinomatosis from colorectal cancer: A multi-institutional study. J. Clin. Oncol. 2004, 22, 3284–3292. [CrossRef]

7. Pfannschmidt, J.; Dienemann, H.; Hoffmann, H. Surgical resection of pulmonary metastases from colorectal cancer: A systematic
review of published series. Ann. Thorac. Surg. 2007, 84, 324–338. [CrossRef]

8. Warwick, R.; Page, R. Resection of pulmonary metastases from colorectal carcinoma. Eur. J. Surg. Oncol. 2007, 33 (Suppl. S2),
S59–S63. [CrossRef]

9. de Jong, M.C.; Pulitano, C.; Ribero, D.; Strub, J.; Mentha, G.; Schulick, R.D.; Choti, M.A.; Aldrighetti, L.; Capussotti, L.;
Pawlik, T.M. Rates and patterns of recurrence following curative intent surgery for colorectal liver metastasis: An international
multi-institutional analysis of 1669 patients. Ann. Surg. 2009, 250, 440–448. [CrossRef]

10. Elias, D.; Gilly, F.; Boutitie, F.; Quenet, F.; Bereder, J.M.; Mansvelt, B.; Lorimier, G.; Dube, P.; Glehen, O. Peritoneal colorectal
carcinomatosis treated with surgery and perioperative intraperitoneal chemotherapy: Retrospective analysis of 523 patients from
a multicentric French study. J. Clin. Oncol. 2010, 28, 63–68. [CrossRef]

11. Jones, R.P.; Jackson, R.; Dunne, D.F.; Malik, H.Z.; Fenwick, S.W.; Poston, G.J.; Ghaneh, P. Systematic review and meta-analysis of
follow-up after hepatectomy for colorectal liver metastases. Br. J. Surg 2012, 99, 477–486. [CrossRef]

http://doi.org/10.3322/caac.21262
http://www.ncbi.nlm.nih.gov/pubmed/25651787
https://gco.iarc.fr/today/fact-sheets-cancers
http://doi.org/10.1093/annonc/mdu543
http://www.ncbi.nlm.nih.gov/pubmed/25411419
http://doi.org/10.3748/wjg.v20.i8.1887
http://www.ncbi.nlm.nih.gov/pubmed/24587668
http://doi.org/10.1200/JCO.2003.04.187
http://www.ncbi.nlm.nih.gov/pubmed/14551293
http://doi.org/10.1200/JCO.2004.10.012
http://doi.org/10.1016/j.athoracsur.2007.02.093
http://doi.org/10.1016/j.ejso.2007.09.018
http://doi.org/10.1097/SLA.0b013e3181b4539b
http://doi.org/10.1200/JCO.2009.23.9285
http://doi.org/10.1002/bjs.8667


Tomography 2022, 8 1089

12. Bujanda, L.; Sarasqueta, C.; Hijona, E.; Hijona, L.; Cosme, A.; Gil, I.; Elorza, J.L.; Asensio, J.I.; Larburu, S.; Enriquez-Navascues,
J.M.; et al. Colorectal cancer prognosis twenty years later. World J. Gastroenterol. 2010, 16, 862–867. [CrossRef]

13. Brouwer, N.P.M.; Bos, A.; Lemmens, V.; Tanis, P.J.; Hugen, N.; Nagtegaal, I.D.; de Wilt, J.H.W.; Verhoeven, R.H.A. An overview of
25 years of incidence, treatment and outcome of colorectal cancer patients. Int. J. Cancer 2018, 143, 2758–2766. [CrossRef]

14. Kievit, J. Follow-up of patients with colorectal cancer: Numbers needed to test and treat. Eur. J. Cancer 2002, 38, 986–999.
[CrossRef]

15. Meyerhardt, J.A.; Mangu, P.B.; Flynn, P.J.; Korde, L.; Loprinzi, C.L.; Minsky, B.D.; Petrelli, N.J.; Ryan, K.; Schrag, D.H.; Wong, S.L.;
et al. Follow-up care, surveillance protocol, and secondary prevention measures for survivors of colorectal cancer: American
Society of Clinical Oncology clinical practice guideline endorsement. J. Clin. Oncol. 2013, 31, 4465–4470. [CrossRef]

16. National Comprehensive Cancer Network [NCCN Guidelines]® Rectal Cancer, Version 2.2021. Available online: https://www.
nccn.org/professionals/physician_gls/default.aspx (accessed on 31 January 2022).

17. National Comprehensive Cancer Network [NCCN Guidelines]® Colon Cancer, Version 3.2021. Available online: https://www.
nccn.org/professionals/physician_gls/default.aspx (accessed on 31 January 2022).

18. Argiles, G.; Tabernero, J.; Labianca, R.; Hochhauser, D.; Salazar, R.; Iveson, T.; Laurent-Puig, P.; Quirke, P.; Yoshino, T.; Taieb, J.;
et al. Localised colon cancer: ESMO Clinical Practice Guidelines for diagnosis, treatment and follow-up. Ann. Oncol. 2020, 31,
1291–1305. [CrossRef]

19. Hashiguchi, Y.; Muro, K.; Saito, Y.; Ito, Y.; Ajioka, Y.; Hamaguchi, T.; Hasegawa, K.; Hotta, K.; Ishida, H.; Ishiguro, M.; et al.
Japanese Society for Cancer of the Colon and Rectum (JSCCR) guidelines 2019 for the treatment of colorectal cancer. Int. J. Clin.
Oncol. 2020, 25, 1–42. [CrossRef]

20. Venook, A.P.; Niedzwiecki, D.; Lenz, H.J.; Innocenti, F.; Fruth, B.; Meyerhardt, J.A.; Schrag, D.; Greene, C.; O’Neil, B.H.; Atkins,
J.N.; et al. Effect of First-line chemotherapy combined with cetuximab or bevacizumab on overall survival in patients with KRAS
wild-type advanced or metastatic colorectal cancer: A randomized clinical trial. JAMA 2017, 317, 2392–2401. [CrossRef]

21. Stintzing, S.; Modest, D.P.; Rossius, L.; Lerch, M.M.; von Weikersthal, L.F.; Decker, T.; Kiani, A.; Vehling-Kaiser, U.; Al-Batran,
S.-E.; Heintges, T.; et al. FOLFIRI plus cetuximab versus FOLFIRI plus bevacizumab for metastatic colorectal cancer (FIRE-3): A
post-hoc analysis of tumour dynamics in the final RAS wild-type subgroup of this randomised open-label phase 3 trial. Lancet
Oncol. 2016, 17, 1426–1434. [CrossRef]

22. Braun, F.M.; Johnson, T.R.; Sommer, W.H.; Thierfelder, K.M.; Meinel, F.G. Chest CT using spectral filtration: Radiation dose,
image quality, and spectrum of clinical utility. Eur. Radiol. 2015, 25, 1598–1606. [CrossRef]

23. Gordic, S.; Morsbach, F.; Schmidt, B.; Allmendinger, T.; Flohr, T.; Husarik, D.; Baumueller, S.; Raupach, R.; Stolzmann, P.; Leschka,
S.; et al. Ultralow-dose chest computed tomography for pulmonary nodule detection: First performance evaluation of single
energy scanning with spectral shaping. Investig. Radiol. 2014, 49, 465–473. [CrossRef]

24. Ludes, C.; Schaal, M.; Labani, A.; Jeung, M.Y.; Roy, C.; Ohana, M. Ultra-low dose chest CT: The end of chest radiograph? Presse
Med. 2016, 45, 291–301. [CrossRef]

25. Leyendecker, P.; Faucher, V.; Labani, A.; Noblet, V.; Lefebvre, F.; Magotteaux, P.; Ohana, M.; Roy, C. Prospective evaluation of
ultra-low-dose contrast-enhanced 100-kV abdominal computed tomography with tin filter: Effect on radiation dose reduction
and image quality with a third-generation dual-source CT system. Eur. Radiol. 2019, 29, 2107–2116. [CrossRef]

26. Mozaffary, A.; Trabzonlu, T.A.; Kim, D.; Yaghmai, V. Comparison of tin filter-based spectral shaping CT and low-dose protocol
for detection of urinary calculi. AJR Am. J. Roentgenol. 2019, 212, 808–814. [CrossRef]

27. Petritsch, B.; Kosmala, A.; Weng, A.M.; Bley, T.A. Tin-filtered 100 kV ultra-low-dose CT of the paranasal sinus: Initial clinical
results. PLoS ONE 2019, 14, e0216295. [CrossRef]

28. Romanyukha, A.; Folio, L.; Lamart, S.; Simon, S.L.; Lee, C. Body size-specific effective dose conversion coefficients for Ct scans.
Radiat. Prot. Dosim. 2016, 172, 428–437. [CrossRef]

29. McCollough, C.; Bakalyar, D.M.; Bostani, M.; Brady, S.; Boedeker, K.; Boone, J.M.; Chen-Mayer, H.H.; Christianson, O.I.; Leng, S.;
Li, B.; et al. Use of water equivalent diameter for calculating patient size and Size-Specific Dose Estimates (SSDE) in CT: The
report of AAPM task group 220. AAPM Rep. 2014, 2014, 6–23.

30. Brenner, D.J.; Hall, E.J. Computed tomography–an increasing source of radiation exposure. N. Engl. J. Med. 2007, 357, 2277–2284.
[CrossRef]

31. Mileto, A.; Guimaraes, L.S.; McCollough, C.H.; Fletcher, J.G.; Yu, L. State of the art in abdominal CT: The limits of iterative
reconstruction algorithms. Radiology 2019, 293, 491–503. [CrossRef] [PubMed]

32. Suntharalingam, S.; Mikat, C.; Wetter, A.; Guberina, N.; Salem, A.; Heil, P.; Forsting, M.; Nassenstein, K. Whole-body ultra-low
dose CT using spectral shaping for detection of osteolytic lesion in multiple myeloma. Eur. Radiol. 2018, 28, 2273–2280. [CrossRef]
[PubMed]

33. Kanal, K.M.; Butler, P.F.; Sengupta, D.; Bhargavan-Chatfield, M.; Coombs, L.P.; Morin, R.L. U.S. Diagnostic reference levels and
achievable doses for 10 adult ct examinations. Radiology 2017, 284, 120–133. [CrossRef]

34. Japan Network for Research and Information on Medical Exposures. National Diagnostic Reference Levels in Japan. Japan 2020
DRLs. Available online: http://www.radher.jp/J-RIME/report/DRL2020_Engver.pdf (accessed on 31 January 2022).

http://doi.org/10.3748/wjg.v16.i7.862
http://doi.org/10.1002/ijc.31785
http://doi.org/10.1016/S0959-8049(02)00061-8
http://doi.org/10.1200/JCO.2013.50.7442
https://www.nccn.org/professionals/physician_gls/default.aspx
https://www.nccn.org/professionals/physician_gls/default.aspx
https://www.nccn.org/professionals/physician_gls/default.aspx
https://www.nccn.org/professionals/physician_gls/default.aspx
http://doi.org/10.1016/j.annonc.2020.06.022
http://doi.org/10.1007/s10147-019-01485-z
http://doi.org/10.1001/jama.2017.7105
http://doi.org/10.1016/S1470-2045(16)30269-8
http://doi.org/10.1007/s00330-014-3559-1
http://doi.org/10.1097/RLI.0000000000000037
http://doi.org/10.1016/j.lpm.2015.12.003
http://doi.org/10.1007/s00330-018-5750-2
http://doi.org/10.2214/AJR.18.20154
http://doi.org/10.1371/journal.pone.0216295
http://doi.org/10.1093/rpd/ncv511
http://doi.org/10.1056/NEJMra072149
http://doi.org/10.1148/radiol.2019191422
http://www.ncbi.nlm.nih.gov/pubmed/31660806
http://doi.org/10.1007/s00330-017-5243-8
http://www.ncbi.nlm.nih.gov/pubmed/29322333
http://doi.org/10.1148/radiol.2017161911
http://www.radher.jp/J-RIME/report/DRL2020_Engver.pdf

	Introduction 
	Materials and Methods 
	Patient Data 
	CT Examination Technique and Reconstruction 
	Radiation Metrics of ST120kV and TF100kV Protocol 
	Assessment of Objective Image Quality 
	Assessment of Diagnostic Performance for Metastases 
	Assessment of Subjective Quality of TF100kV Images 
	Statistical Analysis 

	Results 
	Patient Characteristics 
	Radiation Dose 
	Objective Image Quality Assessment 
	Diagnostic Performance of Subjective Assessment 
	Subjective Quality of TF100kV Images 

	Discussion 
	Conclusions 
	References

