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Abstract

Background The aim was to build a risk score (RS) for gastric and esophageal cancer (GEC) based on self-reported
information as a first step to develop a risk-adapted screening modality for GEC or precursor lesions in a non-high
incidence region in the framework of the RISC-GAP project.

Methods Data from 375,280 participants aged 50 years and older in the UK Biobank project were used. The outcome
was incident esophageal or gastric cancer. Various variables, including sociodemographic data, medical conditions,
medication, lifestyle factors and diet, were initially considered. To be able to use the RS as a screening tool in the
general population, only variables that can be determined by self-report were selected. For variable selection, we
used COX regression models with LASSO penalization; the main criterion was 5- and 10-years AUC.

Results The final score included the following eight variables: sex, age, smoking status, drinking status, body mass
index, history of esophagitis, medication with gastric acid inhibitors and surgery in the stomach/esophagus area.
10-fold cross-validation revealed a discrimination of 0.740 (5-year AUC) and 0.724 (10-year AUC), respectively. High-risk
individuals were defined as those with a 10-year cancer risk of 1% or more (around 6% of the study population).

Conclusion The RS allows a reasonable discrimination of individuals with an elevated risk of gastric or esophageal
cancer. In further steps of the RISC-GAP project it will be evaluated whether selection of a high-risk population can be
further improved by additional clinical and biomarker information.
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Background

Gastric and esophageal cancer (GEC) are major health
threats to mainly elderly persons in Western societies
[1, 2]. In 2020, gastric cancer incidence and mortality
ranked 5th among total cancer incidence and mortality
worldwide, and esophageal cancer incidence and mor-
tality ranked 11th and 7th, respectively [3]. Over 70% of
cases were diagnosed in Asian countries, and about 14%
(gastric cancer) and 11% (esophageal cancer) in Europe
[3]. In Germany, approximately 7,500 cases of esophageal
cancer [4] and up to 15,000 cases of gastric cancer [5] are
diagnosed every year. Annually, around 14,000 patients
die due to either esophageal or gastric cancer in Germany
[4, 5], which is mainly a consequence of a frequently late
diagnosis, i.e.,, at advanced stages, and thus with a bad
prognosis.

Although GEC incidence and mortality are far lower
in Western countries than in many countries of East-
ern Asia [1, 6] their early detection and treatment are
of utmost importance, for the patients and the society.
Unlike for breast, bowel, or prostate cancer, there exists
no systematic preventive care program for these cancer
entities in Germany. However, South Korea has already
successfully established a nationwide prevention pro-
gram for gastric cancer using endoscopic screening,
which has led to a significant reduction in gastric cancer
mortality of 41% [7-9]. Japan has implemented a similar
prevention program, but its effectiveness is controversial
[9]. In South Korea, every person over 40 years receives
an invitation to a diagnostic gastroscopy every two years
[8, 10]. However, gastroscopies are resource-intensive
and carry a non-negligible risk of complications [11].
Since the lifetime risk of GEC is drastically lower in Ger-
many than in South Korea, a general prevention program
with an endoscopic examination for every person above a
specific age range may be ineffective.

Rather, in middle- and low-incidence countries, a pre-
vention program offered to individuals with a high risk
seems to be a promising strategy. As a prerequisite, iden-
tification of a high-risk group for GEC is warranted. The
goal of the project RISC-GAP (risk score-based screening
of gastro-esophageal cancer and precursor lesions) is to
develop a risk-adapted population-based screening pro-
gram. This idea is also supported by recommendations
of the European Commission which suggests to explore
evidence-based strategies for gastric cancer prevention in
European countries (EC-GaC) [12]. In the present study
and as an initial step of the RISC-GAP project, data from
the UK Biobank was used to calculate a risk score 1 (RS1)
based on self-reported information provided by the UK
biobank participants. The present work describes the
steps taken to establish a RS1 based on variables that are
most predictive of future GEC risk. The questions should
be easy and quick to complete, and the score should allow
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a decent discrimination between persons with an ele-
vated and a nont-elevated risk of GEC. In a subsequent
screening step, individuals with a high risk according to
the RS1 will then receive biomarker testing including
predictive biomarker information to allow a more precise
estimation of the GEC risk. One special marker of inter-
est is Helicobacter pylori, as an infection with this bacte-
rium is known to be a causal risk factor for gastric cancer
[13].

Materials and methods

Study sample and sample size

The score building was based on data from the UK Bio-
bank [14]. The dataset was selected from the database
in October 2024. A total of 502,151 participants were
examined at the baseline visit between 2006 and 2010.
Each participant completed an extensive interview with
questions on lifestyle factors (alcohol intake, smok-
ing, physical activity, etc.), diet, preexisting diseases and
comorbidities, and current medication. Additionally,
every participant received a variety of physical exami-
nations, e.g., bioimpedance measurements. A detailed
description of the methods used for data collection at
baseline can be found elsewhere [14, 15].

For this specific analysis, we excluded all persons
younger than 50 years and all persons with prevalent
gastric or esophageal cancer at baseline (see Fig. 1).
After these exclusions, 384,147 participants remained
for the statistical analysis. Due to missing values in rel-
evant variables, the final score was built on N=375,280
participants.

Outcome

The outcome of this analysis was gastric or esophageal
cancer diagnosed after baseline visit. Therefore, the vari-
ables with the IDs 40,005 (date of cancer diagnosis) and
40,006 (ICD-10 of the cancer diagnosis), instances 1 to
21, were used. Gastric cancer was defined as ICD-10 C16,
esophageal cancer was defined as ICD-10 C15. A com-
bined event variable was created, which was set to 1 if a
participant had a diagnosis of either gastric or esophageal
cancer during follow-up and set to 0 if a participant had
no such diagnosis until end of follow-up, loss to follow-
up, or death.

Additionally, a time variable was created: if a partici-
pant had cancer during follow-up, the time between the
baseline visit and the date of the diagnosis was assigned.
Otherwise, if a patient died without a prior cancer diag-
nosis, the time variable was assigned the time between
baseline visit and death. Information on death was
extracted from the variables with the ID 40,000, instances
0 and 1. Otherwise, we used the censoring dates for can-
cer data, i.e. 31 December 2020 for England, 31 Decem-
ber 2016 for Wales, and 30 November 2021 for Scotland
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Fig. 1 Flow chart displaying all inclusions/exclusions and the final sample size

[16]. With this approach, we obtained a median follow-
up time of 11.7 years [IQR: 10.9, 12.0]. As we were inter-
ested mainly in the risk of esophageal and gastric cancer
occurring within the following 10 years, we censored the
observational time to 12 years, which also avoids prob-
lems with violations of the proportional hazard assump-
tion and issues with competing risk due to premature
non-cancer death.

Potential score variables

All variables considered for the score were based on
information collected during baseline examination. Only
such variables were considered that can be reported by
most individuals of the population with an acceptable
degree of validity. Table 1 displays all initially considered
variables.
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Table 1 Listing of all variables initially considered for the risk score

Variable

Coding/Categories

sociodemographics
sex
age
ethnicity
Lifestyle
alcohol drinking status
smoking status
BMI (body mass index)
physical activity

male, female
years
white, non-white

current drinker, ex-drinker, never drinker

current smoker, ex-smoker, never smoker

kg/m?’ (the actual score askes for height and weight)
high, moderate, low, no information

Medical conditions

family history of colorectal cancer (parents, siblings) yes, no
prior esophagitis yes, no
prior gastritis yes, no
asthma yes, no
COPD (chronic obstructive pulmonary disease) yes, no
stomach or abdominal pain* yes, no
prior stomach or esophageal surgery yes, no

Medication
gastric acid inhibitor
aspirin

Diet
vegetables (per day)
fresh fruits (per day)

regularly, not regularly
regularly, not regularly

less than 3 tablespoons, 3—-4 tablespoons, 5-6 tablespoons, more than 6 tablespoons
less than 1 piece, 1-2 pieces,

3-6 pieces, more than 6 pieces

processed meat

never, less than once a week, once a week, twice a week or more

pork never, less than once a week, once a week, twice a week or more

added salt to meals

never/rarely, sometimes, usually, always

* the exact question was: In the last month have you experienced stomach or abdominal pain that interfered with your usual activities?

Statistical analysis

COX proportional hazard regression models with the
least absolute shrinkage and selection operator (LASSO)
penalization (L1 regularization) were used for variable
selection and to minimize the risk of overfitting. First, we
calculated LASSO models including all potential predic-
tor variables (see Table 1). Two of the initial variables,
age and BMI, were continuous variables. We tested for
a non-linear relation using COX regression models and
restricted cubic splines with 3 degrees of freedom. The
association with age was regarded to be linear, while BMI
showed a non-linear association. Therefore, a polynomial
approach was used, including the original BMI variable
as well as a squared BMI variable in the model.

On large data sets, apparent model performance is
close to optimism-corrected performance [17, 18], so we
chose to perform model construction on the whole data
set. To assess actual model performance, we ran a 10-fold
cross-validation with pre-specified variable selection, as
the lambda for variable selection was not purely data-
driven but also based on practical considerations. The
main measure of model performance was 5- and 10-year
AUC [19] and C index (Harrells C-Index or concordance
index) [20].

Since the number of missing values in relevant vari-
ables was very low, we excluded all cases with missing
information in any of the analyzed variables (complete
case analysis). Due to the low number of missing values,
we believe no relevant selection bias was introduced.
Imputation of missing data was not performed.

The final model and its corresponding variables
included was then displayed by a nomogram using the
nomogram function from the R package rms [21]. It pro-
vides a visualization of the predictive values of each vari-
able included into the final score model.

Cut-off

All individuals with a 10-year GEC risk of 1% or higher
according to the final score were classified as high-risk
patients; these are supposed to receive further diagnos-
tics in the scope of the RISC-GAP project. Kaplan-Meier
estimator was used to calculate the 5- and 10-year abso-
lute cancer risk for the total sample and the high-risk

group.

Additional analyses and score calculations
We calculated several other models in addition to the
main model that was developed as described above. For
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all additional analysis, the variable selection was done a
priori and COX models with LASSO penalization were
used (for each model the lambda value associated with
the best model performance was chosen).

First, we calculated simpler models using only the most
predictive variables from the main model in order to
evaluate model performance using fewer variables. The
first model included only sex and age as predictors. The
second model additionally included square-rooted BMI
and smoking. For the latter model, we also calculated a
model including these four variables and any possible
two-variable interaction term to check for most relevant
interactions.

Furthermore, we calculated the main model including
also individuals younger than 50 years, to check if the
score would potentially also fit for younger people.

Next, we built models separately for esophageal and
gastric cancer to check whether investigating the differ-
ent cancer locations separately would add any perfor-
mance benefit.

Finally, we wanted to include information on family
history (gastric or esophageal cancer in parents or sib-
lings) in the score. Unfortunately, this information was
not available in UK Biobank data. We decided to simu-
late such a variable using the following assumptions: the
hazard ratio independent of all other variables in the
score is 2.0 (doubled risk) [22, 23], and the prevalence
of a positive family history is 4% (lifetime risk for gas-
tric or esophageal cancer is about 2%) [4, 5]. Using these
assumptions, we created a simulated variable (for further
details, see supplementary Text 1) and included it in the
score.

All analyses were performed using R version 4.4.1. The
following essential packages were used: survival package,
rms, glmnet, timeROC, DynNom, and survex.

Results

Baseline characteristics

Characteristics of the study sample are displayed in
Table 2. Over the median follow-up time of 11.7 [IQR:
10.9-12.0] years, 1,145 cases of esophageal cancer and
767 cases of gastric cancer have been diagnosed. In the
total sample, the mean age was 60.1 years, and a majority
of 54.3% were women. Next to differences in other vari-
ables, patients who developed cancer during follow-up
were significantly older, predominantly men, had a higher
BMI, and were more likely to be smokers or ex-smokers.

Score development

Initially, we calculated a model choosing the lambda
(penalization) value associated with the best model
performance (the lambda value corresponding to the
minimum cross-validated error representing the opti-
mal balance between model complexity and predictive
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performance), which resulted in a score with a total of
19 variables, see supplementary table S1. However, as we
intended to build a more compact score with fewer vari-
ables, we stepwise increased the lambda. With increasing
lambda values, $3-coefficients shrank and more and more
variables were excluded. We continued to do so until
we saw a significant drop in model performance (5- and
10-year area under the curve [AUC]), see supplementary
Fig. 1.

As a very high lambda strongly reduced the f3-coef-
ficients of the variables kept in the prediction score, we
chose to calculate the final LASSO model only includ-
ing the variables selected as described above and using
the lambda associated with the best model performance,
see Fig. 2 and supplementary table S1. The final model
included the following variables: sex, age, alcohol drink-
ing status, smoking status, BMI?, history of esophagitis,
surgery of the stomach/esophagus, and intake of gastric
acid inhibitors (see Fig. 2). Table 3 displays the 3 coeffi-
cients of each variable/category, which are summed up
to calculate final score for each individual. The 10-fold-
cross-validation model performance was 0.740 (5-year
AUC) and 0.724 (10-year AUC), respectively (see Fig. 3A)
and supplementary table S2). The Concordance-index
(C-index) was 0.715. The cut-off value for the high-risk
group (10-year cancer risk of 1% or more) was 7.0856 cor-
responding to 6.42% of the analyzed sample. Figure 3B)
displays the cumulative incidence in the high-risk and the
low-risk group. Figure 3C) and D) represent the curves
for cumulative incidence when alternatively using 0.5%
and 2% 10-year cancer risk as cut-off values for high-
risk group definition. For the total sample, Kaplan-Meier
estimator suggested a 5- year and 10-year cancer risk of
0.17% and 0.41% respectively. Numbers for the high-risk
group were 0.64% and 1.46%, which corresponds to a 3.9-
fold (5-year) and 3.6-fold (10-year) increase in cancer
incidence in the high-risk group compared to the total
group of individuals aged 50 years and older.

Figure S2 (supplementary material) displays the cali-
bration of the model within the training data frame
(calibration line 5 year: y = -0.031 +1.208x; 10 year: y =
-0.031 +1.098x). The data shows that the predicted risk
and the actual risk are close to one another for every
10%-quantile of the risk score (linear predictor term).
Supplementary table S3 displays the characteristics of the
included score variables stratified by high and low risk
classification according to the final score.

Additional analyses

The model including only sex and age already reaches a
10-fold-cross-validation performance of 0.711 (5-year
AUC) and 0.697 (10-year AUC), which demonstrates
that sex and age are the two main predictors of the score,
see supplementary table S4 and S5 and supplementary
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Table 2 Baseline characteristics of the study sample. Patients younger than 50 years or with prevalent esophageal or gastric cancer
were excluded

Total sample No cancer group esophageal or gastric P value N*
(N=384147) (N=382245) cancer during follow-
up (N=1902)
Follow-Up-Time (in years) 11.7 (10.9-12.0) 11.7 (10.9-12.0) 7.0 (3.8-9.6) <0.001 384,147
Esophageal cancer 1145 (0.3) 0(0.0) 1145 (60.2) <0.001 384,147
Gastric cancer 767 (0.2) 0(0.0) 767 (40.3) <0.001 384,147
Age at baseline (years, mean, SD) 60.1 (54) 60.1 (54) 62.3 (5.0) <0.001 384,147
Female 208,515 (54.3) 207,951 (54.4) 564 (29.7) <0.001 384,147
BMI (kg/mz) 26.9 (24.3-30.0) 26.9 (24.3-30.0) 28.0(25.3-31.2) <0.001 381,807
Ethnicity <0.001 383,507
non-white 17,134 (4.5) 17,084 (4.5) 50 (2.6)
white 366,373 (95.5) 364,524 (95.5) 1849 (97.4)
Life-style factors
Alcohol drinking status <0.001 382,980
never drinker 16,836 (4.4) 16,756 (4.4) 80 (4.2)
ex-drinker 14,367 (3.8) 14,244 (3.7) 123 (6.5)
current drinker 351,777 (91.9) 350,085 (91.9) 1692 (89.3)
Smoking status <0.001 381,823
never smoker 201,504 (52.8) 200,840 (52.9) 664 (35.2)
ex-smoker 143,846 (37.7) 142,948 (37.6) 898 (47.6)
current smoker 36,473 (9.6) 36,147 (9.5) 326 (17.3)
Physical activity 0016 384,147
no information 94,165 (24.5) 93,688 (24.5) 477 (25.1)
moderate 119,272 (31.0) 118,719 (31.1) 553(29.1)
high 117,100 (30.5) 116,537 (30.5) 563 (29.6)
low 53,610 (14.0) 53,301 (13.9) 309 (16.2)
Medical conditions
Esophagitis 7184 (1.9) 7092 (1.9) 92 (4.8) <0.001 384,147
Gastritis 19,848 (5.2) 19,702 (5.2) 146 (7.7) <0.001 384,147
COPD 8864 (2.3) 8782 (2.3) 82 (4.3) <0.001 384,147
Asthma 44,073 (11.5) 43,831 (11.5) 242 (12.7) 0.093 384,147
Stomach or abdominal pain 29,778 (7.8) 29,603 (7.7) 175(9.2) 0.020 384,147
Family history of colorectal cancer 45558 (11.9) 45320 (11.9) 238 (12.5) 0.396 384,147
Esophageal or gastric surgery 3876 (1.0) 3828 (1.0) 48 (2.5) <0.001 384,147
Medication
Aspirin 63,204 (16.6) 62,763 (16.6) 441 (23.6) <0.001 379,756
Gastric acid inhibitors 33,132 (8.7) 32,871 (8.7) 261 (13.9) <0.001 379,756
Diet
Vegetables (per day) <0.001 375,855
less than 3 tablespoons 60,561 (16.1) 60,178 (16.1) 383 (20.6)
3-4 tablespoons 135,825 (36.1) 135,160 (36.1) 665 (35.8)
5-6 tablespoons 101,728 (27.1) 101,260 (27.1) 468 (25.2)
more than 6 tablespoons 77,741 (20.7) 77,401 (20.7) 340 (18.3)
Fruits (per day) <0.001 381,885
less than 1 piece 31,936 (84) 31,706 (8.3) 230(12.2)
1-2 pieces 204,550 (53.6) 203,535 (53.6) 1015 (53.7)
3-6 pieces 141,063 (36.9) 140,440 (37.0) 623 (33.0)
more than 6 pieces 4336 (1.1) 4314(1.1) 22(1.2)
Processed meat <0.001 382,603
never 34,855 (9.1) 34,714 (9.1) 141 (7.5)
less than once a week 119,975 (314) 119,514 (31.4) 461 (24.4)
once a week 112,512 (29.4) 111,947 (29.4) 565 (29.9)
two times a week or more often 115,261 (30.1) 114,536 (30.1) 725(383)

Pork <0.001 380,989
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Table 2 (continued)
Total sample No cancer group esophageal or gastric P value N*
(N=384147) (N=382245) cancer during follow-
up (N=1902)
never 61,102 (16.0) 60,825 (16.0) 277 (14.7)
less than once a week 217,712 (57.1) 216,696 (57.2) 1016 (53.9)
once a week 89,046 (23.4) 88,534 (23.4) 512 (27.1)
two times a week or more often 13,129 (34) 13,048 (34) 81(4.3)
Salt added to meals <0.001 383,357
never/rarely 212,749 (55.5) 211,807 (55.5) 942 (49.6)
sometimes 107,002 (27.9) 106,455 (27.9) 547 (28.8)
usually 45,733 (11.9) 45,452 (11.9) 281(14.8)
always 17,873 (4.7) 17,744 (4.7) 129 (6.8)
* Number of cases without missing values
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Fig. 2 Nomogram of the final score displaying the predictive power of each variable. The numbers of each variable are added to a total sum. The cancer

risk is then determined based on this sum

figure S3 (A). Additionally, including BMI and smoking
further improves prediction performance, which then is
already close to the performance of the main score (sup-
plementary table S4 and S5 and figure S3 (B)). Including

all possible two-variable interaction terms into the model
with sex, age, BMI and smoking does not substantially
improve prediction (supplementary table S4), so we con-
cluded there are no major interactions between the most
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Table 3 Estimates (I3 coefficients) of each included variable to calculate the final risk score
Variable B coefficient (LASSO) Corresponding Hazard ratio
Age (year) 0.078154684 1.08
Sex (male) 0.925959156 2.52
BMI? (kg/m?) 0.000581035 1.00
Alcohol — never drinker 0216461979 1.24
Alcohol — former drinker 0462499038 1.59
Smoking — ex-smoker 0.383312906 147
Smoking — smoker 0.929689435 253
Esophagitis 0.665204379 1.94
Esophageal or gastric surgery 0.504457626 1.66
Gastric acid inhibitors 0.309694966 136
o
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Fig. 3 Discrimination of the final score. A 5- and 10-year AUC (apparent performance in the whole data set). B Kaplan-Meier curves for the high-risk
patients (10-year cancer risk of 1% or more) and the non-high-risk patients. C and D Kaplan-Meier curves for alternative cut-offs (high risk group defined
as all individuals with a predicted10-year cancer risk of 0.5% or more (C) and 2% or more (D), respectively

important score predictors which could have improved
prediction performance.

The model performance of the main score model on
the data set also including patients younger than 50 years
improves the performance relevantly (5-year AUC: 0.775,
10-year AUC: 0.759, see supplementary table S4 and S5),
which is consequence of a more heterogeneous study

sample but also proves that the score would be suitable
for younger patients as well.

When calculating the model performances with the
predefined variables from the main score separately for
the outcomes gastric cancer and esophageal cancer, the
10-fold cross-validation performances are close to those
seen for the combined outcome (esophageal cancer:
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5-year AUC: 0.748, 10-year: 0.740, c-index: 0.727; gas-
tric cancer: 5-year AUC: 0.732, 10-year: 0.710, c-index:
0.703). Supplementary Table S6 shows the models for
the separated outcomes including all initially considered
variables (Table 1). No relevant improvement in model
performance or selected covariables was observed, which
confirmed us to model the main score using a combined
outcome.

Finally, the performance and beta coefficients of the
main model supplemented by the simulated family his-
tory variable (supplementary text 1) are presented in sup-
plementary table S7 and S8.

Discussion

In this study, we intended to develop a useful and well-
discriminating risk score for esophageal and gastric
cancer based on self-reported information. The score
building was based on data from the UK Biobank, and
- as the target group for the RISC-GAP project [24]
was 50 years and older - we included only persons
aged 50 years or older. The risk score was required
to be compact and handy, so we limited the number
of predictors to 10. The final score included the vari-
ables age, sex, BMI% smoking status, alcohol drinking
status, history of esophagitis, medication with gastric
acid inhibitors and prior surgery of the esophagus or
stomach. The score reached a discrimination value of
0.740 (5-year AUC) and 0.724 (10-year AUC).

Comparison to the previously published risk scores

Over the last two decades, other risk scores for gastric
[25] and/or esophageal cancer [26] have been devel-
oped. However, there is great heterogeneity across
the scores regarding to study sample and sample size,
country, used methodology, purpose of use, and so
on, which limits the overall comparability. The dis-
criminatory power of the scores varies quite heav-
ily, with a range for the C-statistics from 0.71 to 0.88
for esophageal cancer [26]. According to a systematic
review of gastric cancer risk scores, the AUC ranged
from 0.68 to 0.93 [25]. Compared to these data, the
discrimination of the present score is in the lower
mid-range. One main reason for this is the use of only
self-reported information from study participants. To
our knowledge, there is only a very limited number
of scores that were based only on self-reported infor-
mation. The second main reason might be the inclu-
sion of individuals aged 50 years and above. Including
also younger persons with a considerably lower can-
cer risk leads to a more heterogeneous study sample
and increases the discriminatory power considerably.
Furthermore, the very large sample size in the pres-
ent study should be emphasized, which reduces the
risk of overfitting. Consequently, the large sample size
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decreases the performance of the score in the devel-
opment data set but increases performance in cohorts
other than the UK Biobank.

A further difference in the present score compared
to most previously published scores is the combined
endpoint of gastric and/or esophageal cancer. Most
scores concentrate on either one or even on a specific
histological subtype (adenocarcinoma/squamous cell
carcinoma) or a specific location (cardia, pylorus, etc.).
Here, both cancer types were used as a combined out-
come, as both share common risk factors and, in both
cases, upper gastrointestinal endoscopy is the gold-
standard diagnostic procedure for intended screening.
We developed risk score models for both cancer types
separately and found great agreement in both mod-
els, so we decided to model the score with a combined
outcome.

Selected predictors

The two most important predictors in the present
study were sex and age, with older men having by
far the highest risk. Older age and male sex are well-
known risk factors for esophageal [2, 27] and gastric
cancer [28] and the majority of existing risk scores
have identified them as major predictors as well [25,
26, 29].

Smoking is one of the most important avoidable risk
factors for gastric [30, 31] and esophageal cancer [32].
This is also represented by our score, as smoking was
found to be one of the most predictive variables apart
from sex and age.

The same can be said about overweight and obesity,
which also increased the risk of the two specific cancer
entities examined in this study [31, 33—35]. However, the
association found was non-linear but appropriately mod-
eled with a quadratic term (BMI?). This represents the
circumstance that especially very obese individuals have
a considerably increased risk of developing gastric or
esophageal cancer.

Like smoking, alcohol consumption is considered a
major preventable risk factor for a variety of cancer types
in the digestive tract, including cancer in the mouth [36],
esophageal cancer (squamous cell carcinoma) [37], gas-
tric cancer [30, 38] and colorectal cancer [39]. In the pres-
ent study, the alcohol drinking status (current, previous,
never) was part of the final score. However, the current
drinker group had the lowest cancer risk which somehow
contradicts the concept of alcohol being a risk factor. An
important aspect to consider in this regard is that we only
tested the frequency of alcohol intake but did not test the
actual amount (in grams) consumed per day or week.
This information was skipped as collecting this data
would have greatly complicated the questionnaire. Prior
literature results indicated that the association between
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alcohol consumption and the risk of esophageal [2, 40]
and gastric [41] cancer might be strongly dose-depen-
dent. In a study by Pandeya et al. it was reported that per-
sons who drank moderate levels of wine, port, or spirits
had a lower risk of esophageal cancer compared to non-
drinkers [40], which fits with our results. Furthermore,
it can be speculated whether the group of ex-drinkers
contains a considerable proportion of individuals who
stopped drinking alcohol according to health complaints,
which would potentially explain their elevated risk. It
remains unclear, however, why persons who never drank
alcohol occasionally or regularly have an increased can-
cer risk, too. Miss-reporting by persons who consumed
rather high amounts of alcohol but did not want the
declare this could be one explanation. Also, the associa-
tion between never drinking alcohol and increased can-
cer risk might represent unknown confounding rather
than a causal association (alcohol as a proxy variable). For
example Asian people have a less effective alcohol metab-
olism which likely affects their alcohol consumption [42],
but also have an increased gastric and esophageal cancer
risk [43]. Another circumstance to consider is that never
drinkers might predominantly share a specific cultural or
ethnic background (alcohol consumption in the Arabic
world for instance is potentially lower than in European
countries [44]). So, the increased cancer risk might be
caused rather by ethnicity or group specific lifestyle pat-
terns but not by alcohol abstinence itself.

Two important variables that were selected for the
final score are the history of esophagitis and medica-
tion with gastric acid inhibitors. While smoking, alco-
hol, or obesity can be described as general risk factors
with detrimental effects on various aspects of health,
prior esophagitis and medication with gastric acid
inhibitors can be considered more specific predictors
of gastric or esophageal cancer. Esophagitis was also
part of two previously published scores for esopha-
geal cancer [45, 46]. To minimize miss-reporting, the
corresponding question was phrased properly and
symptom-oriented.

As existing literature suggests, proton pump inhibi-
tors (PPI), especially when used longer than 3 months,
might be associated with an increased risk of gastric
and esophageal cancer [47]. There is less evidence for
H2R blocker [47]. However, the variable ‘medication
with gastric acid inhibitors’ (including PPI and H2R
blockers) being part of the final risk score is supported
by existing literature.

The last variable that was selected by the LASSO model
was surgery in the stomach or esophagus area. Gastric
or esophageal surgery had also been mentioned in exist-
ing literature as a potential risk factor for gastric can-
cer [48]. To the best of our knowledge, neither patients
who have a history of esophagitis, esophageal or gastric
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surgery or who take gastric acid inhibitors are automati-
cally under any form of regular surveillance in the UK or
German health system. However, it appears plausible that
these patients are under closer observation regarding dis-
eases in the upper GI which might affect the likelihood of
detecting esophageal or gastric cancer.

Finally, current literature suggests a positive fam-
ily history as a major risk factor for GEC. Prior studies
indicated a duplication in risk for persons with a positive
family history [22, 23]. Thus, ‘family history of esophageal
or gastric cancer’ (parents and siblings only) was meant
to be included in the risk score. However, this specific
information was not available in the UK Biobank data.
The combined lifetime risk for gastric or esophageal
cancer in Germany is approximately 2.9% for men and
1.4% for women [4, 5], so we assumed that about 4% of
all individuals over 50 years should have a positive fam-
ily history. With these two assumptions (hazard ratio of
2 [independent of other risk factors] and 4% of all indi-
viduals with positive family history), we simulated such
a variable accordingly. This variable was then included as
a risk predictor in an additional score, which is presented
in the supplementary material.

Non-selected predictors

A multitude of previous studies identified a variety
of other risk factors and predictors of gastric and/or
esophageal cancer [25, 26]. As discussed above, some
of these suggested risk factors had made it into the
final model of the score. However, others were not
as predictive as expected from previous literature.
Among these risk factors and potential predictors is
dietary salt intake, which showed a positive association
with gastric cancer in a recent meta-analysis (pooled
odds ratio of 1.55) [49]. Moreover, other dietary hab-
its and foods like red meat or vegetables have been
reported to be associated with either esophageal [37]
or gastric cancer [50] but yet, did not make it into the
final risk score. The same can be said about ethnicity
[51-53] which is supposed to affect the risk of gastric
or esophageal cancer, however, was not part of the
final score. Finally, aspirin intake was reported to be
associated with lower gastric an esophageal cancer risk
yet did not make it into the final model [54, 55]. Even
though many of these variables represent important
risk or protective factors and might actually be asso-
ciated causally with cancer risk, their predictive value
(independent of other important predictors) was only
moderate and therefore the variables were not selected
for the final models. It can be supposed that parts of
the effects of these variables are already conveyed by
the variables that are part of the final score.
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LASSO regression

For score building, we decided to use COX propor-
tional hazard regression with LASSO penalization for
variable selection and to avoid overfitting [56, 57]. The
LASSO penalization is a relatively new method and is
often used to build prediction and risk scores. As for
any regression method, one receives 8 coefficients and
the score for any individual can be calculated by mul-
tiplying these coefficients with the person’s specific
characteristics. This can be easily implemented when
building a specific application that individuals can use
to determine their gastric and esophageal cancer risk.

Setting the cut-off for defining a high-risk group

The risk score developed in the present study is
intended to be used as a first step in a risk-adapted
screening procedure for esophageal and gastric can-
cer in over 50-years-old persons in Germany. A per-
son identified as high risk person is then, in a second
screening step, supposed to receive comprehensive
biomarker testing that includes predictive biomarkers.
Furthermore, information taken from medical charts
may be included to obtain a more precise assess-
ment of the specific cancer risk. As in each high-risk
approach, persons with a non-high risk are not offered
the screening examinations. Thus, exclusion from the
high-risk group in the first step, i.e., using risk score 1,
does not allow the persons to enter the next level, i.e.,
the estimation of a summary risk score including fur-
ther information. With these considerations in mind,
we decided to define a person as a high-risk person if
the 10-year cancer risk was 1.0% or above, which cor-
responds to the upper 6.42% of all UK Biobank par-
ticipants over 50 years with the highest 10-year cancer
risk. Kaplan-Meier curves confirmed a clear separa-
tion in GEC risk when using this cut-off level (Fig. 3B).

5- and 10-year risk of gastric and esophageal cancer

In Germany, the risk of gastric cancer is higher com-
pared to the risk of esophageal cancer [4]. Astonish-
ingly, the situation is exactly the opposite in the UK
[58], which is also confirmed by the observed numbers
of cases in the UK Biobank. The reason for this cir-
cumstance remains mainly unclear. However, the inci-
dence for both cancer sites is somewhere around four
times lower in Western Europa compared to Western
Asia [43]. In the latter, a general endoscopy-based can-
cer screening is proven effective [7, 8]. In the high-risk
group defined by our score, the incidence of esopha-
geal and gastric cancer is around four times higher
compared to the total sample and should therefore be
in the same range as in the general population in West-
ern Asia. This suggests that the identified high-risk
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sample is indeed suitable as a starting point for an
endoscopy-based cancer screening.

Strengths and limitations

This score is characterized by some major strengths.
First, it is based on a very large number of well-charac-
terized persons participating in the UB biobank. Sec-
ond, the median follow-up time of 11.7 years is longer
than for most other studies. The score is based purely
on information that almost all persons in the general
population can provide with a high degree of validity.
The included variables with their specific character-
istics are kept very simple, and the calculation of the
score can be implemented easily, which makes the
score suitable for broad use.

However, there are some limitations to consider.
Based on a comprehensive literature search, various
variables were tested as risk predictors. It cannot be
excluded though that important variables were missed,
e.g., because information was not captured by the
UK Biobank. We used LASSO regression for variable
selection, but other methods might have chosen differ-
ent variables. Although we have checked for interac-
tions between the most important predictors (age, sex,
BMI, smoking), we could have also missed some rel-
evant interaction between the predictors (e.g., between
smoking and alcohol). The score was built on indi-
viduals living in the UK (single-country study); direct
transferability to other countries might not be possible
without further ado. Finally, the score was not vali-
dated on an external data set.

Conclusions

In the present study, we developed a risk score for esopha-
geal and gastric cancer in the over-50-year-old population
in a low-to-middle incidence area. The score includes eight
variables that can be self-reported by most individuals. The
score shows decent discrimination and is intended to iden-
tify high-risk persons defined by the 10-year risk of 1% or
higher. Whether this risk score is suitable for selecting a
high-risk screening population or needs additional clinical
and biomarker information for better prediction and dis-
crimination of a high-risk group will be addressed in fur-
ther steps of the RISC-GAP project. The proof of the ability
of the screening procedure to decrease GEC mortality at
acceptable costs will decide about its implementation.
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