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Abstract
Background  The effectiveness of esophagogastroduodenoscopy (EGD) screening in cohorts with low Helicobacter pylori 
prevalence is unknown. This study aimed to develop an optimally efficient EGD screening strategy for detecting H. pylori-
naïve gastric neoplasms (HpNGNs).
Methods  EGD data of 12 institutions from 2016 to 2022 were retrospectively analyzed. Age-related HpNGN prevalence, 
tumor growth rate, missing rate, and detection threshold size were calculated from the databases. Subsequently, using clinical 
data, a novel mathematical model that simultaneously simulated demographic changes and HpNGN detection was developed. 
Screening strategies using different starting ages (40/45/50 years) and intervals (2/5/10 years) were also compared. The detec-
tion rates of all tumors occurring within the virtual cohort and number-needed-to-test (NNT) were measured as outcomes.
Results  Data of 519,368 EGDs and 97 HpNGNs (34 pure signet ring cell carcinomas, 26 gastric adenocarcinomas of the 
fundic gland type, 30 foveolar gastric adenoma-Raspberry type, and seven undifferentiated-type cancer cases) were ana-
lyzed. A virtual cohort with a 70-year time horizon was used to simulate the occurrence, growth, and detection of 346,5836 
people. Among the strategies with detection rate > 50%, the screening strategy with a 5-year interval starting at 45 years of 
age had the lowest NNT. Adopting this strategy, most HpNGNs were detected at < 20 mm in size, and the deep submucosal 
invasion rate was less than 30%.
Conclusions  A mathematical simulation model revealed that screening every 5 years starting at 45 years of age could effi-
ciently assist in identifying HpNGNs at an early stage.
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Introduction

Helicobacter pylori (H. pylori) infection has been shown 
to be related to gastric cancer (GC) development [1–4]. 
Since H. pylori infection rates in East Asia, including Japan, 
have been high over the previous decades [5, 6], most GCs 
occurring in H. pylori-infected mucosa are categorized as H. 
pylori-related gastric cancers (HpRGCs) [7]. HpRGC often 
leads to fatal outcomes via metastasis. Therefore, controlling 
H. pylori infection rates as a public health issue is important 
[8]. Although the recent decline in H. pylori infection rates 

has reduced the number of newly diagnosed HpRGC cases, 
it has also led to the growing emergence of H. pylori-naïve 
gastric neoplasms (HpNGNs) [7, 9–12].

HpNGNs are classified into several subtypes based on 
their origin and differentiation patterns. Gastric adenocarci-
noma of the fundic gland type (GA-FG) is characterized by 
subepithelial tumor-like neoplasms with whitish–yellowish 
color showing the presence of dilated vessels on the sur-
face [13–16]. This appearance is explained by the pattern 
of differentiation: the cells constituting GA-FG differenti-
ate toward the chief cell-predominant fundic gland [13]. 
Foveolar-type gastric adenoma (FGA) shows two types of 
endoscopic findings: a small reddish elevated lesion with a 
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raspberry-like appearance (FGA-raspberry type) and a whit-
ish flat elevated lesion (FGA-flat type) [17, 18].

Undifferentiated-type GC may also appear in H. pylori-
uninfected mucosa. Pure signet ring cell carcinoma (PSRCC) 
is characterized by a small, flat, and whitish lesion in the 
middle and lower parts of the stomach [19]. Impaired cad-
herin function caused by CDH1 somatic mutation is con-
sidered a driver of PSRCC development [20–22]. PSRCC 
is also frequently observed in patients with hereditary dif-
fuse GC due to germline mutations in CDH1 [23]. However, 
poorly differentiated GC is found only in H. pylori-naïve 
patients; it shows high malignant potential for downward 
invasion and lymph node metastasis [9, 24].

In future, in Japan, where HpNGNs may replace HpRGCs 
as the primary target for detection, screening strategies 
with esophagogastroduodenoscopy (EGD) will need to be 
changed. However, the optimal EGD screening strategy for 
H. pylori-naïve individuals remains unknown. This study 
aimed to develop an EGD-based screening strategy for effi-
ciently detecting HpNGNs regarding screening efficiency.

Methods

Study design

This study comprised two phases: clinical data collection 
and analysis, followed by simulation model development. 
The study protocol was approved by the Ethics Commit-
tee of the International University of Health and Welfare 
(approval number: 22-Ic-009) on February 23, 2023. The 
requirement for written informed consent was waived due 
to the retrospective nature of the study. The study plan was 
publicized by posting the study protocol at each institution 
and on the website. Patients who did not wish to participate 
were excluded. This study was conducted according to the 
guidelines of the Declaration of Helsinki.

Clinical data collection phase

Data collection

Data on EGD screening examinations performed during health 
checkups at 12 institutions in Japan between January 2016 
and December 2022 were retrospectively collected. The inclu-
sion criteria were individuals who underwent EGD for health 
checkups during the period. HpNGN cases detected at the 
institutions were enrolled for evaluating HpNGN. The exclu-
sion criteria encompassed cases: whose names were registered 
in the endoscopic database without stored images; having no 
evidence that the EGD was performed; wherein the report 
was incomplete, wherein the screening was not accomplished 
due to incomplete examination; and wherein HpNGN was 

suspected by endoscopic diagnosis without establishing path-
ological diagnosis. Moreover, cases diagnosed with HpNGN 
at another institution and referred to that institution for fur-
ther examination, with missing data on the final pathology 
diagnosis, with a history of eradication, wherein more than 
one test for H. pylori infection status was not performed, and 
with pathologically proven background mucosal atrophy were 
excluded from the HpNGN assessment. If the same patient 
underwent EGD several times over the year, the data were 
collected as separate EGD for each.

Age and sex of individuals who underwent EGD were 
investigated. Additionally, detailed information on the identi-
fied HpNGNs was collected, including patient age, sex, test 
results for H. pylori infection status, final pathological diag-
nosis, lesion size, lesion depth, lymphovascular invasion, pres-
ence of lymph node metastasis, and EGD images. The EGD 
examination at the time of HpNGN diagnosis was registered 
as the index EGD (IE); the lesion site images were registered 
(Supplementary Fig. 1). If the same patient underwent EGD 
examinations in the past, the previous EGD images were 
defined as the reference EGD (RE). The RE was followed up 
retrospectively until the lesions noted in the IE were unrec-
ognizable on the images. This study used each facility’s own 
EGD database. Each endoscopist responsible for EGD at the 
facility entered the information into the database. The principal 
investigator at each facility collected information on HpNGN-
detected cases by reviewing the medical records, entering the 
information into a case report file. Therefore, the data were 
sent to the data center of the International University of Health 
and Welfare Ichikawa Hospital.

Definition of HpNGN

HpNGN was defined as a gastric neoplasm that occurred in 
a patient who met all the following criteria: (1) no history of 
H. pylori eradication, (2) no mucosal atrophy on endoscopic 
examination, (3) no pathological mucosal atrophy, and (4) 
H. pylori-negative results using various tests for H. pylori 
infection status. The histopathological types of HpNGN 
were broadly classified as PSRCC, GA-FG, FGA-raspberry 
type, FGA-flat type, undifferentiated, and differentiated. The 
undifferentiated type was defined as a poorly differentiated 
carcinoma other than PSRCC. All detected HpNGNs were 
confirmed by pathological diagnoses of specimens obtained 
by endoscopic or surgical resection. The depth of cancer 
invasion was defined according to the Japanese Classifica-
tion of Gastric Carcinoma [25].

Clinical data analysis for model construction

The numbers of EGDs performed per generation (En) and 
HpNGNs according to age distribution (Cn) were used to 
calculate the age-related prevalence of HpNGN (Pn).
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where n indicated the age group classification. The seven age 
groups were 20–29, 30–39, 40–49, 50–59, 60–69, 70–79, 
and ≥ 80 years.

The estimated tumor growth speed (Xt (mm/year)) was 
calculated as the difference in lesion diameter x (mm) 
divided by the interval yr (year) between REx and IE:

where x indicated the number of previous EGDs starting 
from IE (Supplementary Fig. 1). If the target lesion could 
be recognized in all previously registered images, Xt was 
calculated based on the oldest endoscopic image among the 
registered images. Furthermore, if the interval between REx 
and REx-1 was more than 5 years, Xt was calculated based 
on REx-1. The cases used for calculating tumor growth speed 
were limited to those wherein previous endoscopy had cap-
tured the area where the tumor should have been present. 
The detection threshold size (Xth) was set at 0.8 times the 
average tumor diameter at detection time; the missing rate 
(Mr) was calculated based on the number of cases without 
description about the lesion on the RE reports. The lesion 
size in REx or REx-1 was measured by referring to the patho-
logical final diagnosis by two endoscopists (FI and KM) in 
the data center.

HpNGN cases wherein the growth process could be 
traced were used to estimate the probability of deep sub-
mucosal (SM) invasion. Regarding each histopathological 
type, the intercept (a) and regression coefficient (b) were 
obtained by logistic regression analysis using the time from 
tumor occurrence to resection as the explanatory variable 
and the depth of resected lesions (intramucosal and shallow 
SM invasive carcinoma or deep SM invasive carcinoma) as 

Pn =
Cn

En

(1 ≤ n ≤ 7)

Xt =
x

yr

the objective variable. The formula for predicting deep SM 
invasion (Sx) X years after the occurrence of HpNGN was:

where Sx greater than 1 was considered to indicate deep 
SM invasion. Finally, the coefficients were determined such 
that the linear model best fit tumor size and depth in the 
observed data.

Simulation model development phase

Baseline setting for model construction

The following premise was set for model construction. First, 
the tumor growth speed (Xt) was constant. Second, the 
detection rate of HpNGNs was determined using a proba-
bilistic curve defined by tumor size. The probabilistic curve 
was directly affected by detection threshold size (Xth) and 
missing rate (Mr). Third, the deep SM invasion rate (Sx) was 
affected only by the time elapsed since lesion occurrence. 
Fourth, demographic parameters, including fertility rate 
and mortality, were calculated based on Japanese popula-
tion statistics. Fifth, the detected HpNGNs were eliminated 
at detection time, and the prevalence (Pn) in that generation 
was variable. The variables used in the simulation model 
are listed in Table 1.

Mathematical simulation model

Based on this premise and variables, a mathematical simula-
tion model for HpNGN detection was developed. The model 
allowed for the simultaneous analysis of two layers: one to 
simulate demographic transitions and the other to simulate 
tumor occurrence, growth, and detection (Fig. 1). Regard-
ing the demographic simulation layer, 100,000 people were 

Sx = a + bx

Table 1   Variables used in the 
simulation model

PSRCC​ pure signet ring cell carcinoma, GA-FG gastric adenocarcinoma of the fundic gland type, FGA 
foveolar gastric adenoma, HpNGN H. pylori-naïve gastric neoplasm

PSRCC​ GA-FG FGA-rasp-
berry type

Undiffer-
entiated-
type

Population by generation (Pg) (persons) Calculated based on Supplementary Fig. 2
Prevalence of HpNGN by generation (Pn) (persons/year) Defined in Supplementary Table 1
Mortality by generation (persons/year) Defined in Supplementary Fig. 3
Estimated average tumor growth speed (Xt) (mm/year) 2.5 2.7 1.2 11.3
Threshold size of the detection of HpNGN (Xth) (mm) 6.7 8.2 3.6 15.6
Maximum tumor size (Xm) (mm) 16 26 8 56
Missing rate (Mr) (persons/year) 0.461 0.652 0.565 0.17
Screening interval (years) 2, 5, 10 years
Year of start of screening (year) 40, 45, 50 years old
Year of end of screening (year) 70 years old



1081A mathematical simulation model to determine the optimal endoscopic screening strategy for…

born in the first year of the cohort, followed by annual 
births and deaths according to predefined demographic 
parameters; population changes were tracked for 70 years 
(Supplementary Figs. 2, 3). Considering the tumor analysis 
layer, HpNGNs occurred with a constant probability (Pn) in 
each generation. The number of generated tumors constantly 
increased (Xt) and could be detected according to the detec-
tion probability curve during EGD screening.

Tumor growth was modeled as an increase according to 
a sigmoid curve; the maximum diameter of the tumor (Xm) 
was determined from the maximum tumor diameter found 
in the cohort. This sigmoid curve was determined by defin-
ing the following sigmoid function to best fit the individual 
tumors found in the cohort:

where x0 indicated the point at which the tumor is half its 
maximum size.

The constructed model outputs the number of tumors 
detected, the interval between tumor occurrence and detec-
tion, tumor size at detection, and the tumor depth (deep SM 
invasion or not). The HpNGN detection rate was calculated 
as:

Strategies and outcome measurement

The screening efficiencies of the different EGD screen-
ing strategies were compared using a simulation model. 

f (t,Xm, k, xo) = S
1

1 + exp(−k ×
(

t − xo
)

)

HpNGN detection rate

=
The number of detected HpNGN

The number of generated HpNGN in the cohort

The screening start ages were 40, 45, and 50 years, and 
the screening end age was fixed at 70 years. The screening 
intervals were 2, 5, and 10 years. A number-needed-to-test 
(NNT) analysis was used to compare the nine strategies. The 
NNT was calculated using the following formula, as previ-
ously reported [26]: the lower the number was, the more 
efficient the strategy was.

Statistical analyses and modeling

All statistical analyses were performed using R software 
4.0.4. Mathematical modeling was performed using Python 
software 3.10.12. Tumors were randomly generated by time 
and phase using a random number algorithm based on a 
pre-determined tumor prevalence per generation. A linear 
regression model was used to predict the deep SM invasion 
rate of HpNGNs.

Results

Baseline characteristics of patients with HpNGNs

In total, 519,368 EGDs were included in the analysis (Sup-
plementary Fig. 4). HpNGNs were detected in 108 patients 
with 113 lesions (0.021%). Of these, tumor characteristics 
were analyzed in 34 PSRCC, 26 GA-FG, 30 FGA-raspberry 
type, and seven undifferentiated-type cases for constructing 
the simulation model. Previous EGD was performed in 26 
(76.5%), 23 (88.5%), 23 (76.7%), and 6 (85.7%) patients, 

NNT =

The total number of EGD performed in the cohort

The number of HpNGN cases detected in the strategy

Fig. 1   Scheme of the mathematical simulation model. This model 
consists of the demographic simulation and tumor analysis layers. 
Regarding the demographic simulation layer, annual demographic 
change can be simulated using a predefined birth rate and mortality. 
In this layer, cancers are generated along with the age-related prev-

alence. Considering the tumor analysis layer, the growth process of 
the generated cancer can be simulated using predefined tumor growth 
speed criteria. The cancer detection rate can be calculated based on 
the detection threshold size, missing rate, screening starting age, and 
screening interval
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respectively. Of these, 12 (46.1%), 15 (65.2%), 13 (56.5%), 
and 1 (16.7%) underwent EGDs that could identify the 
lesions. Tumor growth rate (Xt), tumor detection thresh-
old (Xth), and missing rate (Mr) were calculated from these 
images (Table 1). Tumor growth speed (Xt) was faster for 
the undifferentiated type than for PSRCC, GA-FG, and the 
FGA-raspberry type (11.3 mm/year, 2.5 mm/year, 2.7 mm/
year, and 1.2 mm/year, respectively). The tumor detection 
threshold (Xth) was larger for the undifferentiated type than 
for the other HpNGNs (15.6 mm, 6.7 mm, 8.2 mm, and 
3.6 mm, respectively). Next, the sigmoid function that best 
fitted the growth rate of the individual tumors found in the 
cohort was determined. The results differed significantly 
according to histopathological type (Supplementary Fig. 5). 
Finally, the detection probability by size was modeled using 
a similar sigmoid function based on the size of tumors at 
detection and missing rate (Mr). The detection probability 
of the undifferentiated type did not increase with increas-
ing size in comparison with other HpNGNs (Supplementary 
Fig. 6).

HpNGN detection rate

A mathematical simulation model was constructed using a 
variable set based on the cohort data. Tumor occurrence, 
growth, and detection were simulated in 346,5836 individu-
als over a 70-year follow-up period. At 70 years of age with-
out screening using EGD, the size of all HpNGNs occurring 
in the simulation cohort was calculated; the percentage of 
HpNGNs exceeding the pre-determined tumor detection 
threshold size was calculated to be 49.7% (approximately 
50%). Based on the result, a screening strategy is con-
sidered less significant if it cannot achieve at least a 50% 
detection rate. The earlier the age at which screening began 
and the shorter the screening interval was, the higher the 
overall HpNGN detection rate (Fig. 2 and Supplementary 

Table 2) was. Analysis by histopathological type revealed 
that PSRCC, FGA-raspberry type, and undifferentiated 
type showed similar trends. However, no relationship was 
observed between the starting age of screening or interval 
and detection rate of GA-FG (Fig. 3 and Supplementary 
Table 2).

NNT analysis

The NNT used to detect HpNGNs varied widely among 
strategies as shown in Fig. 2. The NNT decreased with a 
later starting age of screening and longer screening intervals. 
Among the strategies for achieving a detection rate of at 
least 50% for the HpNGNs in the cohort, the strategy with 
the lowest NNT was EGD every 5 years, starting at 45 years 
of age (Fig. 2). This strategy also achieved a detection rate 
of more than 50% for PSRCC, FGA-raspberry type; undif-
ferentiated type and showed moderate NNT for all HpNGN 
types (Fig. 3).

Tumor size and deep SM invasion rate

Size and deep SM invasion rate of the HpNGNs at detection 
time were calculated for each strategy. All strategies detected 
the PSRCC, GA-FG, and FGA-raspberry types at sizes less 
than 20 mm, whereas undifferentiated tumors were identi-
fied at sizes more than 20 mm in some strategies (Fig. 4 and 
Supplementary Table 2). Regarding the strategy for screening 
every 5 years starting at 45 years of age, which is a superior 
strategy in terms of both detection rate and NNT, the tumor 
size was detected at < 20 mm for all histopathological types. 
The deep SM invasion rate was higher for the undifferenti-
ated type than for GA-FG in all strategies (Fig. 5 and Supple-
mentary Table 2). Adapting the strategy for screening every 
5 years starting at 45 years of age, the deep SM invasion rate 
was 15.4% for GA-FG and 29.7% for the undifferentiated type.

Fig. 2   Detection rate and num-
ber-needed-to-test (NNT) value 
of each screening strategy for 
the detection of H. pylori-naïve 
gastric neoplasms. Among the 
strategies that achieves a 50% 
detection rate, the screening 
strategy with a 5-year interval 
starting at 45 years of age has 
the lowest NNT
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Fig. 3   Detection rate and number-needed-to-test (NNT) value of each 
screening strategy for the detection of A pure signet ring cell carci-
noma (PSRCC), B gastric adenocarcinoma of the fundic gland type 

(GA-FG), C foveolar gastric adenoma-raspberry type (FGA-rasp-
berry type), and D undifferentiated-type cancer

Fig. 4   Average tumor size at 
identification (mm) for each 
screening strategy. Pure signet 
ring cell carcinoma (PSRCC), 
gastric adenocarcinoma of the 
fundic gland type (GA-FG), 
and foveolar gastric adenoma-
raspberry type (FGA-raspberry 
type) are identified at a small 
size (< 20 mm) in all strategies. 
In contrast, undifferentiated-
type cancer is identified in a 
much larger size. Adopting the 
screening strategy with a 5-year 
interval starting at 45 years 
of age, undifferentiated-type 
cancers were identified at an 
average size of less than 20 mm
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Discussion

In Japan, population-based GC screening has been an impor-
tant public health theme for the past several decades due 
to the large number of GC-related deaths, which reflect a 
high H. pylori-positive rate. Although stomach screening 
with barium has been performed [27, 28], the effective-
ness of EGD screening in GC has been proven [29–32]. 
Additionally, EGD use for population-based GC screening 
was approved in 2014 [33]. However, the usefulness of the 
same EGD screening strategy for the present era, when the 
incidence of HpRGCs has declined and the potential for 
HpNGNs occurrence has relatively increased, is unclear. 
EGD screening at a high frequency only for detecting rare 
diseases such as HpNGN is not recommended from a cost-
effectiveness perspective. The simulation results showed that 
the screening strategy currently implemented in Japan as 
population-based screening every 2 years from age 50 was 
inferior to our recommended strategy (every 5 years from 
age 45) in terms of NNT. In future, with declining HPRGC 
prevalence, steering the project toward a strategy for detect-
ing HpNGN with poor prognosis will be necessary, such 
as undifferentiated type cancer, while reducing the overall 
cost of the project by extending the intervals between EGDs 
rather than the traditional strategy. To our knowledge, this is 
the first study to discuss the screening strategy for detecting 
HpNGNs in terms of screening efficiency.

A major advantage of our mathematical simulation model 
is that it allowed us to establish cohorts that are more con-
sistent with the real world. The age-specific incidence of 
HpNGN among 40- to 70-year-olds in the simulations was 
not significantly different from the prevalence underlying 
the simulations (Supplementary Table 3). Furthermore, 

the model could incorporate predefined tumor detection 
thresholds and missing rates as parameters while accurately 
reproducing the tumor growth process. The findings also 
indicated the importance of calculating the detection rate 
of tumors and determining tumor characteristics at detec-
tion time: size, time elapsed since occurrence, and deep SM 
invasion rate.

Most model-based simulation studies built their models 
by citing old data from previous reports or public databases 
and thus did not accurately reflect the most recent real-world 
trends [34, 35]. In this study, the model was constructed 
using a database with the most recent 6-year health checkup 
data from 12 Japanese facilities. Therefore, the data accu-
rately reflected a cohort with a large number of H. pylori-
uninfected individuals in an urban area of Japan, with mini-
mal bias.

Detailed analysis of the simulation results showed that 
the detection rate was higher for strategies with a higher 
total number of EGDs (Supplementary Table 2) because 
the higher the number of EGDs was, the greater the chance 
was to detect a lesion in the subsequent EGD even if it was 
missed once. In addition, the detection rate was affected by 
the detection threshold size, missing rate, age at which the 
tumor was most likely to develop, and age at which screen-
ing was started. This was a complex interaction that would 
not result in identical detection rates across strategies.

The concept of screening for HpNGN is uncertain, and 
the optimal strategy may vary depending on the concept. 
In this study, we assumed that the most important aspect 
of EGD screening to detect HpNGN was early detection of 
lesions before they became invasive cancer. Particularly, we 
considered the undifferentiated type of HpNGN to be an 
important target for detection due to its poor prognosis. To 
evaluate whether the strategies determined as a result of the 
base case analysis could efficiently detect tumors before they 
developed into invasive cancer, a sensitivity analysis was 
performed by varying the detection rate threshold from 30 
to 60%. The result showed that the optimal strategy varied 
greatly depending on the threshold. However, the deep SM 
invasion rate, particularly for the undifferentiated type with 
poor prognosis, was the lowest at a threshold of 50% (Sup-
plementary Table 4). This indicated that even with a strat-
egy targeting all types of HpNGN, detecting undifferentiated 
types with a poor prognosis at an earlier stage was possi-
ble. However, recognizing that the optimal strategy choice 
might vary widely depending on the screening concept was 
important.

One topic of debate is the appropriate tumor detection 
rate that is acceptable for the sensitivity of the strategy. The 
sensitivity of the Japanese report validating the ability of 
annual EGD screening was 97.7% [27], whereas the Korean 
report of biennial EGD screening had a sensitivity of 69.3% 
[36]. However, since these studies considered EGD as the 

Fig. 5   Deep submucosa (SM) invasion rate of gastric adenocarci-
noma of the fundic gland type (GA-FG) and undifferentiated-type 
cancer for each strategy. Adopting the screening strategy with a 
5-year interval starting at 45 years of age, the deep SM invasion rate 
is less than 30% when undifferentiated-type cancer is detected
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gold standard and did not account for lesions that could not 
be diagnosed by EGD, these were not genuine sensitivity 
values. The detection rate used in this study was defined 
as the number of tumors found relative to the number of 
tumors that occurred, which is an indicator of true sensitiv-
ity. In this study, we assumed that if a 50% detection rate was 
achieved, the strategy would be acceptable for implementa-
tion. Among the strategies that achieved a 50% detection 
rate, the strategy with the lowest NNT, the most efficient 
strategy, was screening every 5 years starting at 45 years of 
age (Fig. 2).

This study has some limitations. First, the collected 
cohort data included H. pylori-positive and post-eradica-
tion cases. Therefore, although the HpNGN prevalence 
data employed to construct the model did not reflect the 
prevalence among H. pylori-uninfected cases, it reflected 
the prevalence of HpNGN among individuals who were 
screened for GC in Japan. Second, due to the low reliability 
of the collected data for the prevalence of HpNGN among 
individuals aged ≥ 70 years, the age of screening termination 
was set to 70 years in this study’s simulations. Therefore, 
the effectiveness of this strategy in individuals aged over 
70 years could not be confirmed. Third, the mathematical 
model used in this study did not allow the calculation of 
incremental cost-effectiveness ratios, which could be used 
as outcomes when using Markov models, complicating the 
comparison of the results with those of other simulation 
models. Fourth, the assumption that the tumor growth rate 
follows a sigmoid curve might not be accurate, since some 
types of HpNGNs could grow without limits. However, set-
ting a tumor detection threshold size, this effect was avoided 
because almost 100% of the individual tumors were detected 
before they reached the maximum size set by the sigmoid 
curve. Fifth, since data on HPRGC during the study period 
was not collected, the prevalence of HpRGC and HpNGC 
could not be compared. Finally, parameters, such as tumor 
growth rate and detection threshold size, may be inaccurate 
with small cohort data. Particularly, only six undifferentiated 
lesions were used for measurements. Additionally, although 
this study assumed the same growth pattern for each type 
of HpNGN, the actual tumor growth rates may not be the 
same. More accurate modeling studies with larger datasets 
should be performed in future to confirm the robustness of 
this study.

Conclusions

A mathematical simulation model built on the most recent 
six years of multicenter cohort data determined that the 
optimal strategy for detecting HpNGNs was screening 
every 5 years starting at 45 years of age under the concept 
of detecting HpNGNs at an earlier stage. Using this strategy, 

most HpNGNs, including undifferentiated-type GCs, were 
found to have an average size of less than 20 mm and deep 
SM invasion rate of less than 30%. Novel mathematical 
modeling techniques may be useful for screening optimiza-
tion in future studies.
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