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Simple Summary: Cancer risk after radiation exposure during childhood has been extensively
documented in the literature, although cancer risk associated with recurrent computed tomography
(CT) scans during adulthood is less understood. We found a significant relationship between the
frequency of CT scans and the subsequent incidence of secondary primary malignancies in patients
who have undergone curative resection for early gastric cancer (EGC). On the basis of the low
incidence of extragastric recurrence and the risk of radiation exposure, we suggest that overzealous
CT surveillance should be avoided in adult patients with EGC.

Abstract: Although computed tomography (CT) scans are very useful for identification or surveil-
lance of malignancy, they are also associated with the risk of cancer caused by ionizing radiation.
We investigated the risk of second primary malignancies (SPMs) after frequent abdominopelvic CT
scans in a cohort of Korean patients with early gastric cancer (EGC). We performed a cohort study
of 11,072 patients who underwent resection for EGC at Samsung Medical Center and validated the
results using data from 7908 patients in a Korean National Health Insurance Service cohort. Cox
proportional hazards regression model was used to estimate hazard ratios (HRs) for intra-abdominal
SPM. During 43,766.5 person-years of the follow-up at our center, 322 patients developed intra-
abdominal SPMs. Patients who underwent receiving >8 abdominopelvic CT scans had a significantly
greater risk of developing SPM (HR, 2.73; 95% CI, 1.66–4.50; p < 0.001) than those who had with
≤8 scans. For each additional abdominopelvic CT scan, the adjusted HR for SPM was 1.09 (95%
confidence interval (CI), 1.03–1.14). Similar results were observed in the Korean National Health
Insurance Service cohort (adjusted HR, 1.14; 95% CI, 1.07–1.22). Significantly elevated risk of SPM
was still observed when considering a 2-year latency period (adjusted HR, 2.43; 95% CI, 1.37–4.48)
and a 3-year latency period (adjusted HR, 2.17; 95% CI, 1.06–4.47). Frequent abdominopelvic CT
scans are associated with an elevated risk of SPMs after the treatment of EGC. Thus, physicians need
to weigh carefully the clinical benefits of CT examinations against the potential risks of radiation
exposure.

Keywords: computed tomography; early gastric cancer; radiation exposure

1. Introduction

Early gastric cancer (EGC) is defined as gastric cancer that is confined in the mucosal
or submucosal layer, regardless of lymph node metastasis. In Korea and Japan, gastric can-
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cer is more often detected in the early stages because of national cancer screening programs
and regular health check-ups [1,2]. Gastrectomy with lymph node dissection has been the
standard treatment for EGC, and endoscopic resection is accepted as the standard treatment
for EGC with a negligible risk of lymph node metastasis [3–5]. Surgical or endoscopic
resection for EGC achieves excellent long-term outcomes with a 10-year overall survival
rate of more than 94% [4]. Intragastric recurrence is detected with scheduled endoscopic
surveillance, and extragastric recurrence is mostly diagnosed using abdominopelvic com-
puted tomography (CT) scans. Recently, there have been several reports regarding the
unclear role of CT in surveillance for EGC due to the low incidence rate of extragastric
recurrence after the treatment of EGC [6–9].

The use of CT has been increased rapidly based on its value in most fields of medicine,
especially in the screening or surveillance of malignancies. The development of high-speed
multidetector CT scanners has facilitated the capture of images with greater definition
during shorter scans, which has also supported the increased use of CT. The rates of CT
use have been increasing rapidly in the United States and in other regions [10], and Korea
has seen an increase of approximately 20% each year, from 1.7 million scans in 2003 to
4.8 million scans in 2009. The increased use of CT has also attracted interest in the risks of
radiation-induced cancer that are associated with frequent CT scans [11,12]. Brenner et al.
reported that 1.5–2.0% of all cancers in the United States may be attributable to CT-related
radiation [11].

To the best of our knowledge, there has been no study on the risk of secondary primary
malignancies (SPMs) due to recurrent radiation exposure in patients with resected EGC.
Recent studies reported that CT had an unclear role in the surveillance after the treatment
of EGC; however, they did not describe the potential risk of CT radiation in detail [6–9,13].
Therefore, we aimed to evaluate whether the risk of SPM was elevated among patients
with EGC exposed to recurrent abdominopelvic CT scans.

2. Materials and Methods
2.1. Study Population

We performed a hospital-based retrospective cohort study of patients who underwent
endoscopic resection or gastrectomy for EGC at Samsung Medical Center (Seoul, Korea).
Patients were considered eligible if they were ≥20 years old and underwent endoscopic or
surgical resection for EGC without lymph node metastasis between 1 January 2000, and
31 December 2018 (n = 16,009). However, we excluded the following patients: those who
had lymph node metastasis of EGC (n = 1214), who had other malignancies within 5 years
before index date (n = 833), who did not have a minimum follow-up of 3 years (n = 2990),
or who had Lynch syndrome (n = 4). Thus, we ultimately included 11,072 adults from the
initial cohort of patients who underwent endoscopic or surgical resection for their EGC,
did not have a history of other malignancy, and were followed up for >3 years (Figure 1).

We have also evaluated data from a validation cohort that was derived from the
National Health Insurance Service (NHIS) database between 1 January 2005 and 31 Decem-
ber 2017. Korea has a single-payer national health insurance system (NHIS) that covers
almost the entire Korean population and maintains records regarding all reimbursements
for inpatient visits, outpatient visits, procedures, and prescriptions. We also searched the
NHIS database for patients who were aged ≥20 years and had undergone endoscopic
resection for EGC (n = 9374). We excluded patients with a history of malignancy, those
who underwent gastrectomy before or after endoscopic resection, and patients without
a minimum follow-up of 3 years (n = 1466). Thus, the NHIS cohort ultimately included
7908 patients (5606 men and 2302 women). The study protocol was reviewed and approved
by our institutional review board, which waived the requirement for obtaining informed
patient consent, as deidentified data were used in this study.
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Figure 1. Flowchart of patient selection criteria.

2.2. Study Outcomes

The primary outcome was defined as the development of intra-abdominal non-gastric
solid cancers during the follow-up period. These cases were identified based on the
International Classification of Disease, 10th revision (ICD-10) codes C00–C96, although we
did not consider cases with a second gastric cancer (ICD-10: C16) in the analysis.

Exposure was defined as the number of abdominopelvic CT scans (a continuous
variable) from 5 years before to 3 years after the index date. The effects of radiation
exposure from CT scans were also evaluated by dividing the patients into two groups
(dichotomized) and three groups (tertiles). The index date was defined as the date of the
primary EGC resection, and patients were followed up from the index date to the first
instance of a secondary cancer diagnosis, death, the last clinic visit, or 31 January 2020,
whichever occurred first. We excluded patients who were followed up for <3 years or who
developed cancer within 3 years after the index date. The main analyses were based on
a latency period of 1 year, although we also explored the possibility of reverse causation
based on latency periods of 2 and 3 years.

2.3. Covariates

At the index date, we collected data on patient age, sex, smoking status, and comor-
bidities. Smoking status was categorized as never, former, or current smoker. Comorbidities
during the 5-year period before the index date were identified using ICD-10 codes and
summarized using the Charlson Comorbidity Index (CCI). The CCI included myocardial
infarction, congestive heart failure, peripheral vascular disease, cerebrovascular disease,
dementia, chronic pulmonary disease, connective tissue disease, peptic ulcer disease, dia-
betes without complications, diabetes with complications, paraplegia/hemiplegia, mild
liver disease, moderate or severe liver disease, and renal disease. The ICD-10 codes for
these comorbidities are described in Table S1.

2.4. Statistical Analysis

Continuous variables were reported as mean (standard deviation), and categorical
variables were reported as number (percentage). Continuous variables were compared
using Student’s t-test, and categorical variables were compared using the chi-square test.
Descriptive statistics were used to summarize patients’ baseline characteristics according
to sex. The primary endpoint was the development of secondary cancer among the study’s
patients with resection for EGC. The last follow-up date was defined as the earliest date
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among the date of diagnosis of secondary cancer, death, or the last hospital visit (31 January
2020). To avoid the inclusion of CT scans related to cancer diagnosis, we performed the
main analyses with a latent period of 1 year and, in addition, we performed sensitivity
analyses with latent periods of 2 and 3 years. The incidence of cancer was calculated as the
number of cancer cases per 1000 person-years. We also used a Cox proportional hazard
model to estimate the adjusted hazard ratio (HR) and a 95% confidence interval (CI) for
developing CT scan-associated cancer, which was adjusted for patient age (each additional
year), sex (male vs. female), smoking status (never vs. former or current smoker), and
comorbidities (based on the CCI). The cumulative incidences of intra-abdominal cancer
were evaluated using Kaplan–Meier curves and the log-rank test.

Subgroup analyses were also performed according to patient age (<50 years vs.
≥50 years), sex (female vs. male), smoking status (never vs. former or current smoker),
CCI score (<2 vs. ≥2), and chronic hepatitis or liver cirrhosis (no vs. yes). Differences were
considered statistically significant at p-values of <0.05, and all analyses were performed
using SAS software (version 9.4; SAS Institute, Cary, NC, USA) and R software (version
3.5.1; R Foundation, Vienna, Austria).

3. Results

Table 1 shows the demographic and clinical characteristics of the 11,072 adult patients
who underwent endoscopic or surgical resection for EGC between 2000 and 2015, had
no history of other malignancy, and were followed up for >3 years. We collected data
regarding 32,653 abdominopelvic CT scans that were performed 5 years before the index
date to 3 years after the index date. The indications or reasons for CT are shown in Table
S2. Mean patient age was 56.5 years (standard deviation, 11 years); among 11,072 patients,
there were 7412 men (66.9%) and 3660 women (33.1%).

Table 1. Baseline characteristics of patients in the study cohort.

Total Male Patients Female Patients p
Value

Number of patients 11,072 7412 3660
Age (years) 56.5 ± 11.03 57.3 ± 10.4 54.8 ± 11.8 <0.001

<50 2962 (26.8%) 1724 (23.3%) 1238 (33.8%)
≥50 8110 (73.2%) 5688 (76·7%) 2422 (66.2%)

Smoking status <0.001
Never 6875 (62.1%) 3346 (45.1%) 3529 (96.4%)
Past 2369 (21.4%) 2303 (31.1%) 66 (1.8%)

Current 1828 (16.5%) 1763 (23.8%) 65 (1.8%)
Comorbidities

Myocardial infarction 51 (0.5%) 46 (0.6%) 5 (0.1%) <0.001
Congestive heart failure 61 (0.6%) 51 (0.7%) 10 (0.3%) 0.008
Peripheral vascular dis. 72 (0.7%) 66 (0.9%) 6 (0.2%) <0.001

Cerebrovascular dis. 348 (3.1%) 258 (3.5%) 90 (2.5%) 0.004
Dementia 29 (0.3%) 17 (0.2%) 12 (0.3%) 0.449

Chronic pulmonary dis. 362 (3.3%) 285 (3.8%) 77 (2.1%) <0.001
Connective tissue dis. 32 (0.3%) 9 (0.1%) 23 (0.6%) <0.001

Peptic ulcer dis. 1375 (12.4%) 996 (13.4%) 379 (10.4%) <0.001
Diabetes (without complications) 643 (5.8%) 496 (6.7%) 147 (4.0%) <0.001

Diabetes (with complications) 91 (0.8%) 69 (0.9%) 22 (0.6%) 0.090
Paraplegia/hemiplegia 5 (0.0%) 5 (0.1%) 0 (0.0%) 0.273

Mild liver disease 445 (4.0%) 332 (4.5%) 113 (3.1%) 0.001
Moderate or severe liver disease 1 (0.0%) 1 (0.0%) 0 (0.0%) 1.000

Renal disease 91 (0.8%) 72 (1.0%) 19 (0.5%) 0.018
alues are expressed as means ± standard deviation or numbers (percentages).

During 43,766.5 person-years of follow-up, 322 patients developed intra-abdominal
SPMs. The incidence of intra-abdominal SPM in patients who had more abdominopelvic
CT scans was significantly higher than that in patients who had fewer CT scans (Figure S1).
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A receiver-operating characteristic (ROC) curve analysis was performed to evaluate the
predictive performance of abdominopelvic CT scans on SPM development. The area under
the curve of abdominopelvic CT scans was 0.736. Based on the ROC curve analysis, the
cut-off value of the numbers of abdominopelvic CT scans was 9. The multivariable analyses
revealed increased risks of intra-abdominal SPM >8 abdominopelvic CT scans (adjusted
HR, 2.73; 95% CI, 1.66–4.50) (Table 2). The Kaplan–Meier curve analysis plot is shown in
Figure 2. The risks of intra-abdominal SPM were also elevated for the age of ≥50 years
(adjusted HR, 2.64; 95% CI, 1.87–3.73), male sex (adjusted HR, 1.61; 95% CI, 1.17–2.21),
and former or current smokers (adjusted HR, 1.58; 95% CI, 1.23–2.03). The risk of SPMs
was significantly increased with additional abdominopelvic CT scans (adjusted HR, 1.09;
95% CI, 1.03–1.14) (Table 3). Among the SPM, additional abdominopelvic CT scans were
associated with increased risks of liver, pancreatic, renal, and bladder cancers. In the
nationwide cohort, additional abdominal CT scans were associated with an increased risk
of intra-abdominal SPM (adjusted HR, 1.14; 95% CI, 1.07–1.22).

Table 2. Risk factors associated with intra-abdominal SPM development.

Covariates. Adjusted HR (95% CI)

Abdomen (with pelvis) CT scans
Continuous variable 1.09 (1.03–1.14)

Binary
≤8 Reference
>8 2.73 (1.66–4.50)

Tertile
0–6 Reference
7–8 1.31 (0.95–1.81)
>8 2.85 (1.72–4.71)

Age (continuous variable) 1.06 (1.05–1.07)
<50 Reference
≥50 2.64 (1.87–3.73)
Sex

Female Reference
Male 1.61 (1.17–2.21)

Smoking status
Never Reference

Past or current 1.58 (1.23–2.03)
Comorbidities

Myocardial infarction 0.78 (0.18–3.39)
Congestive heart failure 0.54 (0.07–3.90)
Peripheral vascular dis. 0.14 (0.02–1.01)

Cerebrovascular dis. 0.99 (0.58–1.69)
Dementia 0.95 (0.13–7.02)

Chronic pulmonary dis. 0.91 (0.54–1.54)
Connective tissue dis.

Peptic ulcer dis. 1.13 (0.81–1.57)
Diabetes (without complications) 1.00 (0.64–1.55)

Diabetes (with complications) 1.12 (0.46–2.68)
Paraplegia/hemiplegia 2.33 (0.28–19.50)

Mild liver disease 1.95 (1.35–2.81)
Moderate or severe liver disease

Renal disease 0.60 (0.15–2.45)
Estimated from Cox proportional hazard models and the multivariable model included all the above variables;
SPM, second primary malignancy; HR, hazard ratio; CI, confidence interval.
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Figure 2. Ten-year cumulative incidence of intra-abdominal second primary malignancies following abdominopelvic
computed tomography scans ≤8 versus >8.

Table 3. Risk of SPM following abdominopelvic CT scans (continuous variable).

Cohort (n = 11,072) NHIS Cohort (n = 7908)

No. of Cases
Incidence Rate

(per 1000
Person-Years)

Adjusted HR
(95% CI) No. of Cases

Incidence Rate
(per 1000

Person-Years)

Adjusted HR
(95% CI)

Intra-abdominal
SPM 322 7.36 1.09 (1.03–1.14) 271 8.82 1.14 (1.07–1.22)

Liver 50 1.14 1.10 (1.01–1.20) 58 1.89 1.16 (1.01–1.34)
Gallbladder and

biliary tract 41 0.94 0.90 (0.63–1.28) 18 0.59 1.24 (0.97–1.58)

Pancreas 33 0.75 1.28 (1.15–1.43) 32 1.04 1.36 (1.18–1.57)
Small bowel 3 0.07 1.37 (0.65–2.92) 0 0 -

Colon and rectum 83 1.9 1.04 (0.92–1.17) 53 1.73 0.87 (0.69–1.10)
Kidney 10 0.23 1.29 (1.03–1.62) 12 0.39 1.14 (0.72–1.82)
Bladder 37 0.85 1.25 (1.11–1.41) 19 0.62 1.17 (0.91–1.49)
Prostate 60 1.37 1.09 (0.99–1.21) 75 2.44 1.13 (0.99–1.29)

Cervix uteri 3 0.07 1.19 (0.58–2.45) 0 0 -
Corpus uteri 1 0.02 1.18 (0.34–4.11) 0 0 -

Ovary 1 0.02 1.46 (0.34–6.19) 4 0.13 1.19 (0.62–2.27)

Estimated from Cox proportional hazard models adjusted for age, sex, smoking status, and Charlson comorbidity index. SPM, second
primary malignancy; HR, hazards ratio; CI, confidence interval; CNS, central nervous system.

To avoid surveillance bias, we also evaluated the risk of intra-abdominal SPMs as-
sociated with abdominopelvic CT scans for various latency periods (Table 4). Similar to
the results of a 1-year latency period (abdominopelvic CT scans >8 versus ≤8: adjusted
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HR, 2.48; 95% CI, 1.37–4.48), abdominopelvic CT scans were associated with increased
risks using a 2-year latency period (adjusted HR, 2.48; 95% CI, 1.37–4.48) and a 3-year
latency period (adjusted HR, 2.17; 95% CI, 1.06–4.47). We also evaluated the CT-related
risks of developing intra-abdominal SPMs in various patient subgroups (Table S3). The pre-
specified subgroup analysis demonstrated no heterogeneity in the risk of SPM associated
with abdominopelvic CT scans, or significant interactions by age (<50 years vs. ≥50 years),
sex (male vs. female), smoking status (never vs. past or current smoker), and comorbidities
(<2 vs. ≥2).

Table 4. Risk of intra-abdominal SPMs following abdominopelvic CT scans according to the
latent period.

Latent Period

Adjusted HR
(95% CI)

Continuous
Variable

p Value

Adjusted HR
(95% CI)

8> Versus ≤8
(Reference)

p Value

1 years 1.09 (1.03–1.14) 0.001 2.73 (1.66–4.50) <0.001
2 years 1.09 (1.03–1.15) 0.005 2.48 (1.37–4.48) 0.003
3 years 1.06 (0.99–1.14) 0.105 2.17 (1.06–4.47) 0.035

Estimated from Cox proportional hazard models adjusted for age, sex, smoking status, and Charlson Comorbidity
Index. SPM, second primary malignancy; HR, hazards ratio; CI, confidence interval.

4. Discussion

The present study evaluated patient data from a large hospital-based cohort, which
revealed a significant dose–response relationship between radiation from abdominopelvic
CT scans and the subsequent incidence of intra-abdominal SPM in patients with EGC. We
also found that the risk of radiation-related SPMs remained significant at a latency period
of up to three years. These results indicate that recurrent abdominopelvic CT scans likely
lead to radiation exposure that increases the risk of SPM in patients with EGC.

The exact risk of cancer from CT continues to be a subject of debate. There is un-
certainty about the exact carcinogenic risk due to exposure to low doses of radiation. In
addition, different CT types have wide variability in the range of radiation dose. Previous
studies reported that the effective dose by body site is 2 mSv for head CT, 8 mSv for chest
CT, 10 mSv for abdominal CT, and 10 mSv for CT colonography [14,15]. The best available
data regarding the risks of radiation-induced cancer come from Japanese atomic bomb
survivors because this cohort has a large population with a long follow-up period [16]. The
data reported an increased risk of overall cancer after exposure to low doses of radiation,
ranging from 5 to 150 mSv [17,18]. The radiation doses in the range are those that can be
reached during recurrent CT scans.

Several epidemiological studies have revealed an increased cancer risk after pediatric
CT scans [10,19–24]. The first study conducted in the United Kingdom revealed an in-
creased incidence of leukemia and brain tumor after undergoing CT scans in childhood [23].
Furthermore, Australian investigators revealed that people who underwent CT scans before
the age of 20 years had an increased incidence of several cancer types, including digestive
organ tumors, thyroid tumors, and brain tumors [21]. Moreover, a study on Taiwanese
people who underwent at least one CT scan before the age of 18 years revealed an increased
incidence of benign brain tumors and that the frequency of the CT scans was strongly
correlated with the risk of developing benign brain tumors [19]. A recent study from the
Netherlands also revealed an association between radiation exposure during pediatric
CT scans and the subsequent risk of developing brain tumors [24]. Fortunately, many
radiologists are now aware of the risks and use related methods to reduce the dose at each
examination, which include technical developments, imaging parameter selection, protocol
modifications, and utilization of standardized reference dose levels [25,26]. Nevertheless,
it is important to educate non-radiology physicians, who are responsible for ordering most
CT scans, regarding the need to restrict CT utilization to definite clinical indications as well
as non-ionizing alternatives when they are feasible.
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Recent population-based studies conducted in the United States have revealed that
approximately 50% of the population underwent as least one CT scan during the 10-year
study period [27]. Furthermore, the abdomen and pelvis were the most common CT scan
sites and accounted for 67.2% of the total radiation dose. Among patients who received
high-radiation doses through CT scanning, approximately 50% of patients underwent the
procedure for restage cancers or abdominal pain. Furthermore, a recent study indicated
that repetitive CT scans were performed for the diagnosis and conservative management of
abdominal and pelvic diseases [28]. Among patients who underwent CT scans, 33% had ≥5
CT scans during their lifetime and 5% underwent 22–133 CT scans during their lifetime [29].
This may indicate that many abdominal CT scans are clinically unnecessary, and our results
suggest that their benefits do not outweigh the risk of radiation-associated cancer.

To the best of our knowledge, this is the first study to describe a significantly higher
risk of second cancer in patients with EGC who had frequent CT scans. Several studies
investigated the incidence of extragastric recurrence after the resection of EGC [6–9,13].
Park et al. reported that no extragastric recurrence developed during a median follow-
up of 19.7 months after endoscopic resection for EGC [13]. Other studies showed that
the incidence rates of extragastric recurrence after endoscopic resection for early gastric
cancer were 0.15% (2/1306), 0.37% (15/4105), and 0.5% (2/404) [6,8,9]. The incidence of
extragastric recurrence after surgical resection of EGC ranged from 1.4% to 2.2%, which
was slightly higher than that after endoscopic resection [7,30]. Although the incidence
of extragastric recurrence is low, CT surveillance is necessary considering significant
morbidity and mortality of recurrence. In some institutions, abdominopelvic CT scans
are performed every 6 months within 2 or 3 years after the treatment of EGC [6,31–33].
This study suggests that overzealous CT surveillance should be avoided in patients with
EGC based on the low incidence of extragastric recurrence and cancer risk because of
radiation exposure.

In the present study, the most common sites of radiation-associated cancers were the
liver, pancreas, renal, and bladder. Studies of Thorotrast-exposed patients have also pro-
vided conclusive evidence that the radiation had a carcinogenic effect on the liver. Reports
on Japanese atomic bomb survivors have also revealed a significant dose-related increase
in renal cancer cases [34]. According to a report from the United Nations Commission on
the Effect of Ionizing Radiation, there is convincing evidence for a relationship between
exposure to ionizing radiation and bladder cancer [35]. The present study also revealed
that pancreatic cancers were predominant among patients who underwent a larger number
of CT scans, which implies that there is an elevated risk at the overlapped anatomical sites.

The present study has several limitations that warrant consideration. First, we did
not have access to information regarding factors that may be related to the development
of specific cancer types, environmental exposure to chemicals, history of substance use,
or dietary patterns. Therefore, it is possible that these factors had confounding effects on
our findings. Second, the small number of cases of rare cancers may have reduced the
statistical power of the related analyses. Nevertheless, this study included a relatively
large cohort over several years of the follow-up. Third, this study focused on Korean
adults who underwent resection for EGC, and our findings may not be generalized to other
populations. However, based on the homogeneous patient sample with regular follow-up
visits, our results appear to support the dose–response relationship between recurrent CT
scans and secondary cancer risk.

5. Conclusions

In conclusion, this study demonstrated that overzealous CT use in patients with EGC
increases the risk of SPM. Thus, physicians need to weigh carefully the clinical benefits
of CT examinations against the potential risks of radiation exposure. On the basis of the
low incidence of extragastric recurrence and the risk of radiation exposure, we suggest
that overzealous CT surveillance should be avoided in patients with EGC. In this study,
there was a significant increase in the risk of cancer from nine or more CT scans. Further
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studies with a larger population and a longer follow-up period are needed to determine
the appropriate risk–benefit balance in recurrent CT scans.
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Author Contributions: Study concept and design, T.J.K. and J.J.K.; acquisition, analysis, or interpre-
tation of data, T.J.K. and Y.C.L.; writing and drafting of the manuscript, T.J.K. and Y.C.L.; critical
revision of the manuscript for important intellectual content, Y.W.M., H.L., B.-H.M., J.H.L., H.-H.W.,
K.D.S., W.K.J. and J.J.K.; statistical analysis, Y.C.L. All authors have read and agreed to the published
version of the manuscript.

Funding: This work was supported by the National Research Foundation of Korea (NRF) grant
funded by the Korea government (MSIP) (No. NRF-2019R1C1C1011138).

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the Institutional Review Board of Samsung Medical Center
(IRB No. SMC 2019-07-128, 25 July 2019).

Informed Consent Statement: The requirement for informed consent was waived because of the
retrospective nature of this study.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to privacy and ethical restrictions.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References
1. Mettler, F.A., Jr.; Bhargavan, M.; Faulkner, K.; Gilley, D.B.; Gray, J.E.; Ibbott, G.S.; Lipoti, J.A.; Mahesh, M.; McCrohan, J.L.;

Stabin, M.G.; et al. Radiologic and nuclear medicine studies in the United States and worldwide: Frequency, radiation dose, and
comparison with other radiation sources—1950–2007. Radiology 2009, 253, 520–531. [CrossRef]

2. Nam, S.Y.; Choi, I.J.; Park, K.W.; Kim, C.G.; Lee, J.Y.; Kook, M.C.; Lee, J.S.; Park, S.R.; Lee, J.H.; Ryu, K.W.; et al. Effect of repeated
endoscopic screening on the incidence and treatment of gastric cancer in health screenees. Eur. J. Gastroenterol. Hepatol. 2009, 21,
855–860. [CrossRef]

3. Kim, Y.I.; Kim, Y.W.; Choi, I.J.; Kim, C.G.; Lee, J.Y.; Cho, S.J.; Eom, B.W.; Yoon, H.M.; Ryu, K.W.; Kook, M.C. Long-term survival
after endoscopic resection versus surgery in early gastric cancers. Endoscopy 2015, 47, 293–301. [CrossRef] [PubMed]

4. Pyo, J.H.; Lee, H.; Min, B.H.; Lee, J.H.; Choi, M.G.; Lee, J.H.; Sohn, T.S.; Bae, J.M.; Kim, K.M.; Ahn, J.H.; et al. Long-Term Outcome
of Endoscopic Resection vs. Surgery for Early Gastric Cancer: A Non-inferiority-Matched Cohort Study. Am. J. Gastroenterol.
2016, 111, 240–249. [CrossRef] [PubMed]

5. An, J.Y.; Heo, G.U.; Cheong, J.H.; Hyung, W.J.; Choi, S.H.; Noh, S.H. Assessment of open versus laparoscopy-assisted gastrectomy
in lymph node-positive early gastric cancer: A retrospective cohort analysis. J. Surg. Oncol. 2010, 102, 77–81. [CrossRef] [PubMed]

6. Min, B.H.; Kim, E.R.; Kim, K.M.; Park, C.K.; Lee, J.H.; Rhee, P.L.; Kim, J.J. Surveillance strategy based on the incidence and
patterns of recurrence after curative endoscopic submucosal dissection for early gastric cancer. Endoscopy 2015, 47, 784–793.
[CrossRef]

7. Seo, N.; Han, K.; Hyung, W.J.; Chung, Y.E.; Park, C.H.; Kim, J.H.; Lee, S.K.; Kim, M.J.; Noh, S.H.; Lim, J.S. Stratification of
Postsurgical Computed Tomography Surveillance Based on the Extragastric Recurrence of Early Gastric Cancer. Ann. Surg. 2019.
[CrossRef]

8. Lee, S.; Choi, K.D.; Hong, S.M.; Park, S.H.; Gong, E.J.; Na, H.K.; Ahn, J.Y.; Jung, K.W.; Lee, J.H.; Kim, D.H.; et al. Pattern of
extragastric recurrence and the role of abdominal computed tomography in surveillance after endoscopic resection of early
gastric cancer: Korean experiences. Gastric. Cancer 2017, 20, 843–852. [CrossRef] [PubMed]

9. Choi, K.S.; Kim, S.H.; Kim, S.G.; Han, J.K. Early Gastric Cancers: Is CT Surveillance Necessary after Curative Endoscopic
Submucosal Resection for Cancers That Meet the Expanded Criteria? Radiology 2016, 281, 444–453. [CrossRef] [PubMed]

10. Mettler, F.A., Jr.; Wiest, P.W.; Locken, J.A.; Kelsey, C.A. CT scanning: Patterns of use and dose. J. Radiol. Prot. 2000, 20, 353–359.
[CrossRef] [PubMed]

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

https://www.mdpi.com/2072-6694/13/5/1144/s1
https://www.mdpi.com/2072-6694/13/5/1144/s1
http://doi.org/10.1148/radiol.2532082010
http://doi.org/10.1097/MEG.0b013e328318ed42
http://doi.org/10.1055/s-0034-1391284
http://www.ncbi.nlm.nih.gov/pubmed/25625697
http://doi.org/10.1038/ajg.2015.427
http://www.ncbi.nlm.nih.gov/pubmed/26782817
http://doi.org/10.1002/jso.21554
http://www.ncbi.nlm.nih.gov/pubmed/20578083
http://doi.org/10.1055/s-0034-1392249
http://doi.org/10.1097/SLA.0000000000003238
http://doi.org/10.1007/s10120-017-0691-z
http://www.ncbi.nlm.nih.gov/pubmed/28130712
http://doi.org/10.1148/radiol.2016152866
http://www.ncbi.nlm.nih.gov/pubmed/27243549
http://doi.org/10.1088/0952-4746/20/4/301
http://www.ncbi.nlm.nih.gov/pubmed/11140709
http://doi.org/10.1056/NEJMra072149


Cancers 2021, 13, 1144 10 of 10

12. Rehani, M.M.; Berry, M. Radiation doses in computed tomography. The increasing doses of radiation need to be controlled. BMJ
2000, 320, 593–594. [CrossRef]

13. Park, C.H.; Kim, E.H.; Chung, H.; Park, J.C.; Shin, S.K.; Lee, S.K.; Lee, Y.C.; Lee, H. Role of computed tomography scan for the
primary surveillance of mucosal gastric cancer after complete resection by endoscopic submucosal dissection. Surg. Endosc. 2014,
28, 1307–1313. [CrossRef]

14. Mettler, F.A., Jr.; Huda, W.; Yoshizumi, T.T.; Mahesh, M. Effective doses in radiology and diagnostic nuclear medicine: A catalog.
Radiology 2008, 248, 254–263. [CrossRef]

15. Smith-Bindman, R.; Lipson, J.; Marcus, R.; Kim, K.P.; Mahesh, M.; Gould, R.; Berrington de Gonzalez, A.; Miglioretti, D.L.
Radiation dose associated with common computed tomography examinations and the associated lifetime attributable risk of
cancer. Arch. Intern. Med. 2009, 169, 2078–2086. [CrossRef] [PubMed]

16. Preston, D.L.; Pierce, D.A.; Shimizu, Y.; Cullings, H.M.; Fujita, S.; Funamoto, S.; Kodama, K. Effect of recent changes in atomic
bomb survivor dosimetry on cancer mortality risk estimates. Radiat Res. 2004, 162, 377–389. [CrossRef]

17. Pierce, D.A.; Preston, D.L. Radiation-related cancer risks at low doses among atomic bomb survivors. Radiat Res. 2000, 154,
178–186. [CrossRef]

18. Preston, D.L.; Ron, E.; Tokuoka, S.; Funamoto, S.; Nishi, N.; Soda, M.; Mabuchi, K.; Kodama, K. Solid cancer incidence in atomic
bomb survivors: 1958–1998. Radiat Res. 2007, 168, 1–64. [CrossRef] [PubMed]

19. Huang, W.Y.; Muo, C.H.; Lin, C.Y.; Jen, Y.M.; Yang, M.H.; Lin, J.C.; Sung, F.C.; Kao, C.H. Paediatric head CT scan and subsequent
risk of malignancy and benign brain tumour: A nation-wide population-based cohort study. Br. J. Cancer 2014, 110, 2354–2360.
[CrossRef]

20. Journy, N.; Rehel, J.L.; Ducou Le Pointe, H.; Lee, C.; Brisse, H.; Chateil, J.F.; Caer-Lorho, S.; Laurier, D.; Bernier, M.O. Are the
studies on cancer risk from CT scans biased by indication? Elements of answer from a large-scale cohort study in France. Br. J.
Cancer 2015, 112, 185–193. [CrossRef]

21. Mathews, J.D.; Forsythe, A.V.; Brady, Z.; Butler, M.W.; Goergen, S.K.; Byrnes, G.B.; Giles, G.G.; Wallace, A.B.; Anderson, P.R.;
Guiver, T.A.; et al. Cancer risk in 680,000 people exposed to computed tomography scans in childhood or adolescence: Data
linkage study of 11 million Australians. BMJ 2013, 346, f2360. [CrossRef]

22. Miglioretti, D.L.; Johnson, E.; Williams, A.; Greenlee, R.T.; Weinmann, S.; Solberg, L.I.; Feigelson, H.S.; Roblin, D.; Flynn, M.J.;
Vanneman, N.; et al. The use of computed tomography in pediatrics and the associated radiation exposure and estimated cancer
risk. JAMA Pediatr. 2013, 167, 700–707. [CrossRef]

23. Pearce, M.S.; Salotti, J.A.; Little, M.P.; McHugh, K.; Lee, C.; Kim, K.P.; Howe, N.L.; Ronckers, C.M.; Rajaraman, P.; Sir Craft, A.W.;
et al. Radiation exposure from CT scans in childhood and subsequent risk of leukaemia and brain tumours: A retrospective
cohort study. Lancet 2012, 380, 499–505. [CrossRef]

24. Meulepas, J.M.; Ronckers, C.M.; Smets, A.; Nievelstein, R.A.J.; Gradowska, P.; Lee, C.; Jahnen, A.; van Straten, M.; de Wit, M.Y.;
Zonnenberg, B.; et al. Radiation Exposure From Pediatric CT Scans and Subsequent Cancer Risk in the Netherlands. J. Natl.
Cancer Inst. 2019, 111, 256–263. [CrossRef] [PubMed]

25. McCollough, C.H.; Bruesewitz, M.R.; Kofler, J.M., Jr. CT dose reduction and dose management tools: Overview of available
options. Radiographics 2006, 26, 503–512. [CrossRef] [PubMed]

26. Kalra, M.K.; Maher, M.M.; Toth, T.L.; Hamberg, L.M.; Blake, M.A.; Shepard, J.A.; Saini, S. Strategies for CT radiation dose
optimization. Radiology 2004, 230, 619–628. [CrossRef]

27. Stopsack, K.H.; Cerhan, J.R. Cumulative Doses of Ionizing Radiation From Computed Tomography: A Population-Based Study.
Mayo Clin. Proc. 2019, 94, 2011–2021. [CrossRef] [PubMed]

28. Tonolini, M.; Valconi, E.; Vanzulli, A.; Bianco, R. Radiation overexposure from repeated CT scans in young adults with acute
abdominal pain. Emerg. Radiol. 2018, 25, 21–27. [CrossRef]

29. Sodickson, A.; Baeyens, P.F.; Andriole, K.P.; Prevedello, L.M.; Nawfel, R.D.; Hanson, R.; Khorasani, R. Recurrent CT, cumulative
radiation exposure, and associated radiation-induced cancer risks from CT of adults. Radiology 2009, 251, 175–184. [CrossRef]

30. Youn, H.G.; An, J.Y.; Choi, M.G.; Noh, J.H.; Sohn, T.S.; Kim, S. Recurrence after curative resection of early gastric cancer. Ann.
Surg. Oncol. 2010, 17, 448–454. [CrossRef] [PubMed]

31. Baiocchi, G.L.; Marrelli, D.; Verlato, G.; Morgagni, P.; Giacopuzzi, S.; Coniglio, A.; Marchet, A.; Rosa, F.; Capponi, M.G.; Di Leo,
A.; et al. Follow-up after gastrectomy for cancer: An appraisal of the Italian research group for gastric cancer. Ann. Surg. Oncol.
2014, 21, 2005–2011. [CrossRef] [PubMed]

32. Hur, H.; Song, K.Y.; Park, C.H.; Jeon, H.M. Follow-up strategy after curative resection of gastric cancer: A nationwide survey in
Korea. Ann. Surg. Oncol. 2010, 17, 54–64. [CrossRef] [PubMed]

33. Cardoso, R.; Coburn, N.G.; Seevaratnam, R.; Mahar, A.; Helyer, L.; Law, C.; Singh, S. A systematic review of patient surveillance
after curative gastrectomy for gastric cancer: A brief review. Gastric. Cancer 2012, 15 (Suppl. 1), S164–S167. [CrossRef] [PubMed]

34. Health Effects of Exposure to Low Levels of Ionizing Radiation: Beir V; National Academies Press (US): Washington, DC, USA, 1990.
[CrossRef]

35. Hall, P. Radiation-associated urinary bladder cancer. Scand. J. Urol. Nephrol. Suppl. 2008, 85–88. [CrossRef] [PubMed]

http://doi.org/10.1136/bmj.320.7235.593
http://doi.org/10.1007/s00464-013-3327-3
http://doi.org/10.1148/radiol.2481071451
http://doi.org/10.1001/archinternmed.2009.427
http://www.ncbi.nlm.nih.gov/pubmed/20008690
http://doi.org/10.1667/RR3232
http://doi.org/10.1667/0033-7587(2000)154[0178:RRCRAL]2.0.CO;2
http://doi.org/10.1667/RR0763.1
http://www.ncbi.nlm.nih.gov/pubmed/17722996
http://doi.org/10.1038/bjc.2014.103
http://doi.org/10.1038/bjc.2014.526
http://doi.org/10.1136/bmj.f2360
http://doi.org/10.1001/jamapediatrics.2013.311
http://doi.org/10.1016/S0140-6736(12)60815-0
http://doi.org/10.1093/jnci/djy104
http://www.ncbi.nlm.nih.gov/pubmed/30020493
http://doi.org/10.1148/rg.262055138
http://www.ncbi.nlm.nih.gov/pubmed/16549613
http://doi.org/10.1148/radiol.2303021726
http://doi.org/10.1016/j.mayocp.2019.05.022
http://www.ncbi.nlm.nih.gov/pubmed/31248696
http://doi.org/10.1007/s10140-017-1554-y
http://doi.org/10.1148/radiol.2511081296
http://doi.org/10.1245/s10434-009-0772-2
http://www.ncbi.nlm.nih.gov/pubmed/19904573
http://doi.org/10.1245/s10434-014-3534-8
http://www.ncbi.nlm.nih.gov/pubmed/24526547
http://doi.org/10.1245/s10434-009-0676-1
http://www.ncbi.nlm.nih.gov/pubmed/19777193
http://doi.org/10.1007/s10120-012-0142-9
http://www.ncbi.nlm.nih.gov/pubmed/22382929
http://doi.org/10.17226/1224
http://doi.org/10.1080/03008880802401423
http://www.ncbi.nlm.nih.gov/pubmed/18815921

	Introduction 
	Materials and Methods 
	Study Population 
	Study Outcomes 
	Covariates 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

