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STUDY HIGHLIGHTS

What is known
Esophageal squamous cell carcinoma (ESCC) has a poor prognosis and early detection improves
the survival

Universal endoscopic screening is unfeasible, but prediction model could identify high-risk
individuals for tailed surveillance

There are only a few risk prediction models for ESCC, and none has been externally validated

What is new here

An ESCC risk prediction model has been developed and externally validated by two national
populations

The model included five readily available predictors, showing good discrimination and calibration
accuracy, and clinical usefulness

A web-based risk assessment tool and a scoring system were derived for individual risk estimation



ABSTRACT
Objectives Esophageal squamous cell carcinoma (ESCC) carries a poor prognosis, but earlier tumour

detection would improve survival. We aimed to develop and externally validate a risk prediction model

based on exposure to readily available risk factors to identify high-risk individuals of ESCC.

Methods Competing risk regression modelling wased to develop a risk prediction model. Individuals’
absolute risk of ESCC during follow-up was computed with the cumulative incidence function. We used
prospectively collected data from the Nord-Trendelag Health Study (HUNT) for model derivation and the
UK Biobank cohort for validation. Candidate predictors were age, sex, tobacco smoking, alcohol
consumption, body-mass index, education, cohabitation, physical exercise, and employment. Model
performance was validated internally and externally by evaluating model discrimination using the area

under the receiver operating characteristic curve (AUC) and model calibration.

Results The developed risk prediction model included age, sex, smoking, alcohol, and body-mass index.
The AUC for 5-year risk of ESCC was 0.76 (95% confidence interval 0.58-0.93) in the derivation cohort,
and 0.70 (95% confidence interval 0.64-0.75) in the validation cohort. The calibration showed close
agreement between the predicted cumulative risk and observed probabilities of developing ESCC. Higher
net benefit was observed when applying the risk prediction model than considering all participants as being
at high risk, indicating good clinical usefulness. A web-tool for risk calculation was developed:

https://sites.google.com/view/escc-ugis-ki

ConclusionsThis ESCC risk prediction model showed good discrimination and calibration and validated

well in an independent cohort. This readily available model can help select high-risk individuals for

preventive interventions.
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INTRODUCTION

Esophageal cancer is the seventh most common cancer (572,000 new cases in 2018) and the sixth leading
cause of cancer-related death (508,000 deaths) globally (1). Esophageal squamous cell carcinoma (ESCC)
accounts for 87% of all histological types of esophageal cancer (2, 3), and 14% of all ESCC cases occur in
Western countries (2). Although the overall incidence of ESCC has decreased in Western populations
during the last few decades, the absolute number of cases is increasing because of the aging of many
populations (4). ESCC is characterised by poor prognosis, with a population-based 5-year survival rate
below 10-20%. The survival is closely related to tumour stage, with 5-year survival rates ranging from >95%
for cancer in situ to <5% for stage IV, stressing that earlier tumour detection would greatly improve the
survival (5-9). General endoscopy screening would enable early detection of ESCC, but is not cost-effective
or clinically feasible given the low incidence of ESCC in Western populations and thus is not advocated by
clinical guidelines (10). Yet, to detect ESCC at a curable stage, identifying a limited high-risk group of
individuals by means of a valid prediction model based on readily accessible variables and implementing
tailored endoscopic screening and surveillance programs could be a more effective and feasible approach

(3, 11).

The few available risk prediction models for ESCC are derived from hospital-based studies or case-control
studies which are prone to selection bias, or are based on predictor variables that are difficult to measure
(12-16). Prediction models in non-Western populations do not apply to Western populations because of the
different ESCC risk factor profiles (15). The only risk prediction model of ESCC in a Western population
was derived from our Swedish case-control study (16), but the results were not externally validated and the

predictor variables were retrospectively collected.

The aim of the present study was to develop models to predict the absolute risk of developing ESCC based
on a panel of readily available risk factors using data from two prospective and population-based cohort

studies in Western populations, one from Norway and the other from the United Kingdom.



METHODS

Data sources

The cohort Nord-Trendelag Health Study (HUNT) in Norway was used to derive an ESCC risk model and
the cohort UK Biobank database in the United Kingdom was used for external validation. The incidence of
ESCC is similar in the populations of Norway and the United Kingdom (4). The HUNT is a large open
population-based cohort initiated in the year 1984 with more than 30 years of follow-up. And the UK
Biobank cohort is a closed cohort which included 502,628 participants in 2006-2010. Detailed description

of two cohorts were in supplementary documents.

Study design

Both the derivation cohort (HUNT) and validation cohort (UK Biobank) are ongoing prospective cohorts.
Follow-up time started from the date of study entry until the date of ESCC, death, loss to follow-up, or end
of the study, whichever came first. Data were available until December 31, 2016 in HUNT and May 31,
2015 in the UK Biobank. The inclusion criteria for the present study were age 40 years or over when
entering the study and no cancer diagnosed within nine years before study entry. The study was approved
by the Regional Committee for Medical and Health Research Ethics in Norway and the North West Multi-

Centre Research Ethics Committee in the United Kingdom.

Candidate predictors

Information about the candidate predictor variables was collected at the time of study entry. The selection
of candidate predictors was based on subject knowledge and literature review of risk factors for ESCC.
Predefined predictors were four well-established risk factors for ESCC, i.e. age, sex, tobacco smoking, and
alcohol consumption. These variables were included in the models without further evaluation. Other

available variables of potential interest were years of formal education, body-mass index (BMI),

cohabitation status, physical exercise, and employment status. Hot drinking and poor oral hygiene have



been proposed as risk factors of ESCC in some studies (17, 18), but they were not considered in this study
because studies from Western populations have not found any such associations (19, 20). The
guestionnaires used for assessing all nine predictor variables in both cohorts are shown in Supplementary
Table 1. Adequate statistical power was achieved given the large sample size and long follow-up of the

cohorts.

Model derivation

Competing risk regression models were used to calculate sub-hazards ratios for associations between the
candidate predictor variables and risk of ESCC while taking the competing event of all-cause mortality into
account (21). To facilitate interpretation and application, each of the predictor variables was introduced into
the model as a categorical variable. The cutoff pointes for the variables were determined prior to analysis
and by consideration of clinical usefulness and by optimizations from the two cohorts. A basic model
included only the four well-established risk factors age, sex, tobacco smoking, alcohol consumption. A full
model was developed based on a stepwise selection strategy (22). Detailed information can be found in
supplementary document. From the full competing risk model, the individual cumulative incidence function
(CIF) was estimated for all combinations of predictors. The CIF estimated the probability of developing
ESCC over time while taking the competing risk of mortality into account (21). The risk of ESCC was
computed from the CIF at three time points: 5, 10, and 15 years after inclusion. A 5-year risk of ESCC
scoring system (ESCaScore) was developed by using the parameter estimates from the full model. Each
estimated €-coefficient parameter (nature logarithm of sub-hazards ratios) was re-weighted by dividing the
total € estimates and then muliiplg by 100, rounding to the nearest integer. The final scoring system had

a minimum value of 0 as the lowest ESCC risk and a maximum value of 100 as the highest ESCC risk.

Complete case analyses were conducted for all analyses.

Assessment of model performance



Model performance was examined in terms of discrimination and calibration. The discriminative ability
was assessed by the area under the receiver operating characteristic curve (AUC)anatistecSomers’

D statistics (23). The AUC summarizibe model’s predictive accuracy of discriminatindividuals who
developed ESCC from those who did not. The AUC was evaluated at years 5, 10, and 15 after study entry
in the derivation cohort (HUNT) and at year 5 in the validation cohort (UK Biobank), depending on risk
factor distribution.Somers’ D stastics assessed the strength and direction of associations between
predicted probabilities and observed outcomes. Over-fitting of the prediction model could occur if the
model had low bias but high variance. To adjust for possible over-fitting of the model, we assessed the
model with leave-one-out internal crogaslidation, which produced AUC and Somers’ D with the predicted
probability of each participant (24). Calibration was evaluated by plotting the observed frequencies of
ESCC versus the cumulative predicted risk by deciles of the predicted risks (25, 26). The obtained curve
was compared to that of a model with an ideal calibration, characterized by calibration in-the-large
(intercept) of 0 and calibration sloge of 1L The same assessment criteria were applied to test the

performance of the full model, the basic model, and the ESCaScore model.

External validation

We applied the three developed risk prediction models above to the external validation cohort (UK Biobank)
based on the individusil risk pattern. Model performance was tested by examining the discriminative
ability using AUC statisticand the Somers’ D statistics, athé calibration accuracy using the calibration

plot. Sensitivity, specificity, and positive predictive value of the full model were computed using the
external validation cohort across the ESCC scores. The optimal score cut-off point for classifying
individuals at high risk and low risk of ESCC was selected based on three indexes: the Youden Index
defined as (sensitivity + specificity -1); distance to the ideal point (0, 1) in the AUC defined as square root

of ((1- sensitivity)}*(1- specificity)p; and sensitivity-specificity equality defined as the absolute value of



(sensitivity - specificity). Higher Youden index, shorter distance to the ideal point, and lower sensitivity-

specificity equality indicated better cut-off points.

Decision curve analysis

To assess the clinical usefulness of the risk prediction models, decision curve analysis was conducted using
data from the external validation cohort (the UK Biobank) (27). The decision curve analysis compared the
net benefit of using the proposed prediction model versus the strategy of assuming the entire population at
high risk or at low risk of ESCC. We computed the net benefit by weighting the true positive rate against
the false positive rate across different absolute risk thresholds, where the relative weights were based on
the absolute risk threshold (27). Higher net benefit corresponded to higher clinical value of the prediction

model. The net benefit was defined as:
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RESULTS

Participants and incidence of ESCC

In HUNT, 77,476 participants met the inclusion criteria and were enrolled in the derivation cohort. These
contributed 1.42 million person-years at risk of ESCC. The mean age at study entry was 55 years (standard
deviation [SD] 12 years). From the UK Biobank validation cohort, 477,535 participants and 3.03 million
person-years at risk were included. The mean age was 56 years (SD 8 years). Characteristics of the
participants in the two cohorts are presented in Table 1. With 53 observed ESCC cases during the follow-
up in HUNT, an overall incidence rate of 3.73 per 100,000 person-years was estimated (Table 2). In the
UK Biobank, 105 participants developed ESCC, resulting in an incidence rate of 3.46 per 100,000 person-

years. In both cohorts, the ESCC incidence increased with age.

Competing risk regression

After predictor selection, five predictors were selected for the final model: age, sex, tobacco smoking,
alcohol consumption, and BMI. Table 3 shows the sub-hazard ratios of ESCC in both cohorts. Older age,
female sex, current daily tobacco smoking, consumptiaioohol ,3 times per week, and BMR5 was
associated with an increased risk of ESCC. The predicted cumulative risk of ESCC within 15 years of
follow-up varied across patterns of predictor combinations (Supplementary Table 2). The highest incidence
(301.3 per 100,000 person-years) was found in women older than 60 years wkBEBMio were current
smokers and drank alcoh@8ltimes per week. In this relative high-risk group, 332 individuals need to be

surveyed to detect one ESCC case within 15 years of follow-up.

Model performance and external validation
Within 5 years of follow-up, the full risk prediction model had an AUC of 0.76 (95% CI 0.58-0.93) and
Somers’ D statistics of 0.54 the derivation cohort (Table 4). After internal cross-validation, the AUC was

0.67 (95% CI 0.45-0.89). When evaluating the 15-year risk of ESCC, the AUC was 0.73 (95% CI 0.62-



0.85) after internal cross-validation. The calibration plots indicated close agreements between the predicted
cumulative risks and observed probabilities of incidence of ESCC within 5, 10, and 15 years of follow-up
in the derivation cohort (Figure 1, panel a, c, and d). The calibration inglage calibration slope was

-0.005 and 0.987 for the 5-year risk model and -0.024 and 1.035 for the 15-year risk model, respectively.
When applying the full risk prediction model for 5-year risk in the validation cohort, the AUC was 0.70
(95% CI 0.640.85) and Somers’ D statistiegas 0.39. The validation showed good model calibration with
calibration in-largea of -0.121 and calibration slogeof 1.110 (Figure 1, panel b). The basic model,
excluding BMI, had a similarly internal and external model performance (Supplementary Table 3,

Supplementary Figure 1).

ESCaScore and interactive web tool

The ESCaScore scale based on the full risk prediction model is shown in Table 5. The ESCaScore model
exhibited a good discriminative accuracy with AUC of 0.71 (95% CI 0.52-0.90) in the derivation cohort
after cross-validation and 0.70 (95% CI 0.64-0.75) in the external validation cohort (Table 6). The
calibration of the ESCaScore was excellent, with calibration in-largk-0.004 and slopb of -1.009
(Supplementary Figure 2) using data from the validation cohort.

To best discriminate high-risk persons from low-risk persons, the optimal cut-off analysis identified a
maximum Youden index of 0.31 and the minimum distance to (0,1) of 0.50 (Supplementary Table 4). This
cut-off corresponded to a risk threshold of 20.9 cases of ESCC per 100,000 persons and to an ESCaScore
of 49. At this cut-off, the model had a sensitivity of 56.8%, a specificity of 74.0%, and a positive predictive
value of 39 cases of ESCC per 100,000.

We constructed an interactive web tool for estimating individual 5-year risk of ESCC based on the full
model. This tool can be accessed at https://sites.google.com/view/escc-ugis-ki. A screen shot of the web

tool is presented in Supplementary Figure 3.



Decision curve analysis

Figure 2 shows the net benefit curve for the full model within 5 years of follow-up in the validation cohort.
The horizontal axis is the risk threshold used to define high risk and the vertical axis is the net benefit at a
given threshold. The net benefit curve implies that for every 100,000 participants where we apply the
prediction model at a threshold of 18.9/100,000, for instance, there will be a net 5 more true positives than
false positives identified (Figure 2, Supplementary Table 4). The curve of applying the prediction model
crosses the curve of treating all as low risk (i.e., no screening) at a 5-year absolute risk threshold of
49/100,000 and crosses the curve of treating all as high risk (i.e., screening all individuals) at 9/100,000. It
indicates that the model had higher net benefits than the strategy assuming all patients either at high risk or

at low risk of ESCC for risk thresholds between 9 and 49 cases of ESCC per 100,000 persons.



DISCUSSION

This study developed and externally validated a model for assessing the absolute cumulative risk of ESCC,
based on the five variables age, sex, tobacco smoking, alcohol consumption, and BMI, showing good
discriminative and calibration accuracy, and clinical usefulness. A web-based calculation tool and an

ESCaScore scale were developed for individual risk assessment.

Among strengths of this study was the use of two large prospective and independent cohorts from Western
populations. The information was collected at least five years before the ESCC diagnosis and all ESCC
cases were identified through high-quality cancer registries, which counteracted bias from selection,
information, and detection. The prediction models were developed from a Norwegian population with long
and complete follow-up and validated in a larger sample from an English population with similar incidence
of ESCC. The models were extensively calibrated (calibration plot, calibration in-large, and calibration
slope) with good agreements between observed and predicted risk in both cohorts. These calibration
methods were preferred over the Hosmer-Lemeshow tests because the latter are sensitive to sample size
and powerless in detecting overfitting of predictor effects (28-30). Given the long follow-up in the cohort
studies, another strength was the use of competing risk regression, because competing risk from mortality
could otherwise bias the results. The decision curve analysis indicated that the prediction model had good
clinical usefulness in classifying individuals at high risk. The prediction model is also easy-to-use because
it is based on only five readily assessed predictors. The web-based calculator tool and the ESCaScore
calculator could be used for quick risk classification. The risk prediction model should have good

generalizability in Western populations, because they share the risk factors for ESCC.

There are also several limitations of the study. We were limited to the data collected in both cohorts and
other possible predictors than the nine assessed could have been of interest. However, well-known risk
factors were included. Two of the prediction variables were self-reported (tobacco smoking and alcohol

consumption), which might introduce misclassification (31). However, given the prospective cohort design,



any misclassification due to self-reporting should occur at random and thus only underestimate associations.
Although we harmonized the exposure variables in the derivation and validation cohorts as closely as
possible, some discrepancies between these cohorts were possible. Yet, the derived models performed well
in the external cohort analyses. Because the UK Biobank had shorter follow-up than the HUNT cohort,
external validation was only possible for the prediction model of 5-year ESCC risk. Another limitation was
missing data for some variables, but the missing rate of the predictors was limited (less than 14% in the
derivation cohort and less than 1% in validation cohort), and the model developed from the derivation
cohort validated well in the validation cohort. Finally, the relative low incidence of ESCC in the study

populations reduced the statistical power, which was particularly evident in some subgroup analyses.

Few earlier prediction models have been developed for ESCC, with AUCs ranging from 0.58 to 0.81 (12-
16). Direct comparison with these models is difficult because of differences in study design, predictor
definitions, and risk factor patterns in the study populations. A cross-sectional study identified individuals
with increased risk of esophageal squamous dysplasia based on environmental exposures combined with
physical examinations, but the AUC was low (0.58) (12). By combining environmental and genetic risk
factors of ESCC, a prediction model based on a Chinese case-control study found an AUC of 0.71 (13). A
case-control study from Iran included ten known risk factors in that region and built a prediction model
with an AUC of 0.77 (14). Limitations of these three studies above include the hospital-based design and
the use of predictors difficult to measure. A population-based cross-sectional study from China based on
lifestyle risk factors and preclinical symptoms of ESCC found an AUC of 0.80 in individuals aged below
60 years, and AUC of 0.68 in those above 60 years (15). Yet, that study was limited by not having model
presentation and the model difficult to use. The only prediction model developed in a Western population
came from our Swedish population-based case-control study with a high AUC (0.81), which was based on
the variables of age, sex, tobacco smoking, alcohol overconsumption, education, duration of living with a
partner, and place of residence during childhood (16). But the retrospective data collection in that case-

control study introduces a risk of misclassification of predictors. Moreover, none of the five previous



prediction models evaluated the discriminative accuracy in an external independent population or examined

the model calibration.

During the last decades, much effort has been devoted to improving the treatment of ESCC. Yet, the overall
5-year survival rate remains lower than 10-20% (32), which is mainly due to late tumor detection. Earlier
detection at a curable stage would improve the survival (33), but universal endoscopy screening is not cost-
effective and unfeasible in Western populations given the low incidence. Instead, risk prediction models
could be used for risk stratification targeting the absolute high-risk individuals of ESCC. With the
developed prediction model, we suggest that endoscopic screening could be performed above a risk
threshold of 18.9 per 100,000 or with an ESCaScore above 46. The present prediction model may help
policy makers and healthcare to determine public health recommendations and tailor screening strategies

for high-risk individuals of ESCC and may assist clinical decision-making regarding the need for endoscopy.

In conclusion, this study developed and externally validated a readily retrieved risk prediction model for
estimation of the absolute risk of ESCC in two Western cohorts. The model derived from one cohort, based
on the five variables age, sex, tobacco smoking, alcohol consumption, and BMI, showed good
discrimination and calibration, and validated well in an independent external cohort. The model can be used
to inform healthcare aboumdividuals’ risk of developing ESCC and to target primary or secondary

interventions.
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Table 1. Distribution of basic characteristics of study participants in the derivation cohort
(HUNT) and the validation cohort (UK Biobank)

Characteristics at

Derivation cohort

Number of

Validation cohort

Number of

baseline participants (%) Person-years participants (%) Person-years
Total 77,476 (100.0) 1,420,142 477,535 (100.0) 3,033,715
Age (in years)

40-49 35,372 (45.7) 713,678 115,523 (24.2) 737,034

50-59 16,474 (21.3) 355,762 160,358 (33.6) 1,023,607

, 60 25,630 (33.1) 350,701 201,654 (42.2) 1,273,074
Sex

Male 37,260 (48.1) 662,109 218,156 (45.7) 1,386,724

Female 40,216 (51.9) 758,033 259,379 (54.3) 1,646,991
Daily tobacco smoking

Never 27,628 (35.7) 515,794 260,673 (54.6) 1,654,253

Former 18,473 (23.8) 339,304 163,228 (34.2) 1,036,193

Current 21,128 (27.3) 388,592 50,828 (10.6) 325,851

Missing 10,247 (13.2) 176,452 2,806 (0.6) 17,418
Alcohol consumption

<3 times/week 62,083 (80.1) 1,148,488 269,666 (56.5) 1,711,480

,3 times/week 4,938 (6.4) 76,674 206,419 (43.2) 1,313,368

Missing 10455 (13.5) 194,980 1,450 (0.3) 8,868
Body mass index

>25 44,207 (57.1) 788,459 317,659 (66.5) 2,018,957

25 31,445 (40.6) 614,556 156,906 (32.9) 996,300

Missing 1,824 (2.4) 17,127 2,970 (0.6) 18,458
Formal education years

>10 32,480 (41.9) 631,287 225,645 (47.3) 1,426,555

10 35,397 (45.7) 676,014 245,462 (51.4) 1,563,322

Missing 9,599 (12.4) 112,841 6,428 (1.4) 43,838
Cohabitation status

Living with a partner 50,188 (64.8) 978,741 344,812 (72.2) 2,192,614

Living with relatives 5,098 (6.6) 87,377 40,485 (8.5) 255,573

Alone 7,357 (9.5) 104,097 88,054 (18.4) 559,562

Missing 14,833 (19.2) 249,927 4,184 (0.9) 25,966
Physical exercise

,60 minutes/week 13,936 (18.0) 239,230 181,524 (38.0) 1,148,983

<60 minutes/week 53,512 (69.1) 995,892 270,368 (56.6) 1,722,065

Missing 10,028 (12.9) 185,019 25,643 (5.4) 162,667
Employment status

Employed 47,705 (61.6) 966,613 276,946 (58.0) 1,765,536

Unemployed 29,384 (37.9) 449,102 195,167 (40.9) 1,234,490

Missing 38,7 (0.5) 4,426 5,422 (1.1) 33,690

Abbreviation: HUNT, Nord-Trendelag Health Study



Table 2. Number of esophageal squamous cell carcinoma cases, person-years of follow up, and
incidence rates in the derivation cohort (HUNT) and the validation cohort (UK Biobank), overall and
by age and sex

Derivation cohort Validation cohort
Incidence rate per Incidence rate per
Number  Person- 100,000 person-years Number Person- 100,000 person-years

Variables of cases  years (95% CI) of cases years (95% CI)
Overall 53 1,420,142 3.73 (2.85-4.89) 105 3,033,715 3.46 (2.86-4.19)
Age (in years)

40-49 14 713,678  1.96 (1.16-3.31) 6 737,034 0.81 (0.37-1.81)

50-59 14 355,762  3.94 (2.33-6.64) 27 1,023,607 2.64 (1.81-3.85)

,60 25 350,701  7.13 (4.82-10.55) 72 1,273,074 5.66 (4.49-7.13)
Sex

Male 27 662,109  4.08 (2.80-5.95) 46 1,386,724 3.32(2.48-4.43)

Female 26 758,033  3.43 (2.34-5.04) 59 1,646,991 3.58 (2.78-4.62)

Abbreviation: HUNT, Nord-Trendelag Health Study; ClI, confidence interval



Table 3. Risk factors for esophageal squamous cell carcinoma from competing risk modelling in the derivation cohort (HUNT) and
the validation cohort (UK Biobank) 2

Variable at baseline

Derivation cohort

Crude sub-hazard ratio
(95% CI)

Adjusted sub-hazard

ratio (95% CI)

Validation cohort

Crude sub-hazard ratio
(95% CI)

Adjusted sub-hazard
ratio (95% CI)

Age (in years)
40-49
50-59
,60
Sex
Male
Female
Daily tobacco smoking
Never
Former
Current
Alcohol consumption
<3 times/week
,3 times/week
Body mass index
>25
25

1 [Reference]
1.88 (0.89-3.98)
2.06 (1.04-4.08)

1 [Reference]
0.89 (0.52-1.52)

1 [Reference]
1.79 (0.60-5.34)
6.57 (2.73-15.77)

1 [Reference]
1.86 (0.72-4.76)

1 [Reference]
1.74 (1.01-2.99)

1 [Reference]
1.88 (0.84-4.22)
2.68 (1.24-5.77)

1 [Reference]
1.04 (0.55-1.95)

1 [Reference]
1.84 (0.63-5.34)

6.42 (2.70-15.25)

1 [Reference]
1.58 (0.61-4.09)

1 [Reference]
1.66 (0.93-2.97)

1 [Reference]
3.24 (1.34-7.84)
6.93 (3.01-15.95)

1 [Reference]
1.08 (0.74-1.59)

1 [Reference]
1.88 (1.23-2.88)
2.59 (1.51-4.45)

1 [Reference]
1.38 (0.94-2.02)

1 [Reference]
1.42 (0.96-2.10)

1 [Reference]
3.03 (1.24-7.41)
7.06 (3.06-16.34)

1 [Reference]
1.23 (0.83-1.81)

1 [Reference]
1.60 (1.04-2.47)
2.92 (1.70-5.02)

1 [Reference]
1.32 (0.90-1.93)

1 [Reference]
1.50 (1.00-2.24)

Abbreviation: HUNT, Nord-Trendelag Health Studgl, confidence interval

aParticipants with missing values of predictor variables were excluded from the multivariate competing risk regression (n=13,468 in HUNT and n=5,779

in UK Biobank).



Table 4. Performance of a full prediction model for esophageal squamous cell
carcinoma within 5, 10, and 15 years of follow-up in the derivation cohort
(HUNT) and within 5 years in the validation cohort (UK Biobank)

Area under the receiver-
operating characteristic curve

Outcomes (95% CI) Somers' D
Derivation cohort

5 years 0.76 (0.58-0.93) 0.51
10 years 0.74 (0.61-0.88) 0.49
15 years 0.77 (0.66-0.87) 0.53
Internal cross-validation

5years 0.67 (0.45-0.89) 0.35
10 years 0.68 (0.51-0.85) 0.36
15 years 0.73 (0.62-0.85) 0.46
External validation cohort

5 years 0.70 (0.64-0.75) 0.39

Abbreviation: HUNT, Nord-Trendelag Health Study; ClI, confidence interval



Table 5. A scoring system for estimating the 5-year risk of
esophageal squamous cell carcinoma (ESCaScore)

Predictors € estimate Score
Age (in years)

40-49 Reference 0

50-59 0.63 16

.60 0.98 26
Sex

Male Reference 0

Female 0.04 1
Daily tobacco smoking

Never Reference 0

Former 0.61 16

Current 1.86 48
Alcohol consumption

<3 times/week Reference 0

3 times/week 0.45 12
Body mass index

>25 Reference 0

25 0.51 13
Total score ranges 0-100




Table 6. Model performance of the scoring system (ESCaScore) for predicting 5-
year risk of esophageal squamous cell carcinoma in the derivation cohort
(HUNT) and the validation cohort (UK Biobank)

Area under the receiver-operating

Outcomes characteristic curve (95% CI) Somers' D

Derivation cohort 0.76 (0.58-0.93) 0.51
Internal cross-validation 0.71 (0.52-0.90) 0.43
External validation 0.70 (0.64-0.75) 0.39

Abbreviation; HUNT, Nord-Trandelag Health Study; ClI, confidence interval



FIGURE LEGEND

Figure 1. Full model calibration of observed cumulative proportion of esophageal squamous cell
carcinoma (ESCC) and predicted cumulative risk of ESCC within 5, 10, and 15 years of follow-up in the
derivation cohort (HUNT) and within 5 years in the validation cohort (UK Biobank)

Note: a denotes the intercept; b denotes the slope.

Figure 2. Decision curve obtained from plotting the net benefit of detecting esophageal squamous cell

carcinoma (ESCC) at different 5-year absolute risk thresholds in the validation cohort (UK Biobank)
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Supplementary Document. Detailed description of cohort profiles, potential predictors, and

predictor selection methods

Cohort profiles

Derivation cohort:The HUNT is a large population-based cohort initiated in the year 1984 with more than
30 years of follow-up. This longitudinal cohort is based on a series of health surveys of the adult population

of Nord-Trgndelag County, which is representative of the Norwegian population at large (1). Detailed



information about HUNT can be found elsewhere (2, 3). Briefly, all residents in the county over 20 years
of age were invited to participate in this open cohort, and the number of participants was 77,212 in the data
collection in 1984-1986 (HUNT1, 89% participation rate), 65,237 in 1995-1997 (HUNT2, 70%
participation rate), and 50,807 in 2006-2008 (HUNT3, 54% participation rate). At each assessment period,
basic information and a wide range of health-related data were collected through written questionnaires and
in-person clinical and laboratory examinations. Information about cancer and mortality were collected by
linkages to the Norwegian Cancer Registry and the Norwegian Cause of Death Registry, respectively, using
the unique national identity number assigned to each Norwegian resident. Participants aged 40 years or

more were eligible for the current study.

Validation cohort:The UK Biobank includes participants recruited from 22 assessment centers in 2006-
2010. Details of the cohort are presented in previous publications (4, 5). In brief, 9.2 million British
residents aged between 40 and 69 years who lived within 25 English miles of any of the 22 assessment
centers and registered in the National Health Service were invited to participate. Among these, 502,628
(5.5%) participated and provided information regarding their lifestyle, medical history, and physical
measures, and donated biological samples. The participants in the UK Biobank is representative of the
general population in the United Kingdom regarding the distribution of age, sex and ethnicity, but not
regarding lifestyle variables, physical measures, or health-related factssily due to “healthy volunteer”
selection bias (6). Information about cancer incidence and mortality is retrieved by linkages to the national
cancer registries and national death registries in the United Kingdom.

Potential predictors

The study included variables of age (40-49590-0r ,60 years), sex (male or female), tobacco smoking
status (never, former, or current smoker), alcohol consumpti®ror ,3 times/week),years of formal
education (>10 or 10 yeardpMI (>25 or +25), cohabittion status (living with partner, other relatives, or

alone), physical exercise (,60 or <60 minufer week), and employment status (employed or unemployed).



Predictor selection

Except for the predictors in the basic model, the othechwelidate predictors were evaluated by a stepwise
selection methadvhere a variable was considered for inclusion only f¥alue was below 0.5tarting

with the predictor with the lowestyalue, newmodet wereevaluated by addingnepredictorat a time.
This predictor was removed if #éxceeded the threshofsvalue of 0.1 in the new modePotential
interactions betweethe predictors werealso assessed7). Using the likelihood ratio test, eliminated
predictors were rentered ito the final multivariable model one by one to ensure thatenof the
preliminary excludedpredictos statisticallysignificantly improvel the goodness of fi{7). The final

criterion for predictor inclusion ithemodel was based on the Akaike Information CritéBig0).
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Supplementary Table 1. Evaluation of candidate predictor variables in a derivatiocohort (HUNT) and a validation cohort

(UK Biobank)

Questions
Variables HUNT UK Biobank
Age Age when participating in HUNT Age at study entry
Sex Participant's gender Participant's gender

Tobacco smoking

Alcohol consumption

Formal education

Body mass index

Cohabitation status

Physical exercise

Employment status

Re-constructed from reported answatsout current

or previous daily smoking

How often did you drink alcohol (beer, wine or

spirits) during the LAST 14 DAYS? / How many
times a month do you normally drink alcohol? /
About how often in the last 12 months did you drir

alcohol?

What is your highest level of education?

Calculated by the participant's weight in kg/(heighi

meter*height in meter)
Who do you live with?

Reconstructed from questions of "How often do yc
exercise?" and "How long do you exercise each

time?"
Are you currently employed?

S5HFRQVWUXFWHG IURP TXF
smoke tobacco now?" and "In the past, how
often have you smoked tobacco?"

About how often do you drink alcohol?

Which of the following qualifications do you
have?

Calculated by the participant's weight in
kg/(height inmeter*height in meter)

How are people in the household related to t
participant?

Reconstructed from questions of "Number of
days/week of each physical activity 10+
minutes?" and "Duration of each activity?"

Which of the following describes your curren
situation?

Abbreviation: HUNT, Nordlrgndelag Health Study



Supplementary Table 2. Estimated 1%ear cumulative risk of esophageal squamous cell carcinoma (ESCC) per 100,000 pergears
and number need to survey to detect one case, depending on combination of risk factors

Daily tobacco  Alcohol Body mass Cumulative risk of Number need to survey
Sex Age smoking consumption index ESCC to detect one case
Male 40-49 Never No >25 6.5 15,411
Male 50-59 Former Yes >25 35.3 2,829
Male 50-59 Current Yes " 204.8 488
Male . Never No " 28.8 3,469
Male . Current Yes " 291.0 344
Female 40-49 Never No >25 6.7 14,880
Female 50-59 Former Yes >25 36.6 2,731
Female 50-59 Current Yes " 212.1 471
Female . Never No " 29.9 3,350
Female . Current Yes " 301.3 332




Supplementary Table 3. Performance of a basic model for predicting risks of esophageal
squamous cell carcinoma within 5, 10, and 1gears of follow-up in the derivation cohort
(HUNT) and within 5 years in the validation cohort (UK Biobank)

Area under the receiveroperating

Outcomes characteristic curve (95% CI) Somers' D
Derivation cohort

5 years 0.76 (0.590.93) 0.52
10years 0.76 (0.630.88) 0.51
15 years 0.77 (0.680.87) 0.54
Internal cross-validation

5 years 0.69 (0.480.90) 0.38
10 years 0.69 (0.530.84) 0.37
15 years 0.74 (0.630.85) 0.48
External validation cohort

5 years 0.68 (0.620.74) 0.36

Abbreviation: HUNT, Norélrgndelag Health Study; ClI, confidence interval



Supplementary Table 4. Sensitivity, specificity, positive predictive value, and culff evaluation criteria for predicting the risk of esophageal
squamouscell carcinoma (ESCC) within 5 years of followup in the validation cohort (UK Biobank)

Risk Positive
threshold True True False False predictive Sensitivity

ESCa per positive negative positive negative Sensitivit Specificit value, per Youden Distance -specificity
Score 100,000  (count) (count) (count) (count) vy (%) y (%) 100,000 Index to (0,1) equality
100 118.6 2 448,227 1,183 79 2.5 99.7 169 0.02 0.98 0.97

99 114.7 4 446,696 2,714 77 4.9 99.4 147 0.04 0.95 0.94
90 84.4 4 445,264 4,146 77 4.9 99.1 96 0.04 0.95 0.94

89 81.6 6 443,719 5,691 75 7.4 98.7 105 0.06 0.93 0.91
88 78.9 8 442,232 7,178 73 9.9 98.4 111 0.08 0.90 0.89

87 76.2 9 439,777 9,633 72 111 97.9 93 0.09 0.89 0.87

86 73.7 12 436,448 12,962 69 14.8 97.1 92 0.12 0.85 0.82

78 56.1 12 434,568 14,842 69 14.8 96.7 81 0.12 0.85 0.82

77 54.2 13 431,843 17,567 68 16.0 96.1 74 0.12 0.84 0.80

76 52.4 15 428,711 20,699 66 18.5 95.4 72 0.14 0.82 0.77

75 50.6 15 425,841 23,569 66 18.5 94.8 64 0.13 0.82 0.76

74 49.0 15 421,453 27,957 66 18.5 93.8 54 0.12 0.82 0.75

73 47.3 15 420,113 29,297 66 18.5 93.5 51 0.12 0.82 0.75

68 39.9 21 413,673 35,737 60 25.9 92.0 59 0.18 0.74 0.66

67 38.6 25 408,535 40,875 56 30.9 90.9 61 0.22 0.70 0.60
65 36.0 26 405,288 44,122 55 32.1 90.2 59 0.22 0.69 0.58

64 34.8 27 402,237 47,173 54 33.3 89.5 57 0.23 0.67 0.56

62 325 27 400,395 49,015 54 33.3 89.1 55 0.22 0.68 0.56

61 31.4 27 397,858 51,552 54 33.3 88.5 52 0.22 0.68 0.55
60 30.4 27 395,315 54,095 54 33.3 88.0 50 0.21 0.68 0.55
58 28.4 27 389,818 59,592 54 33.3 86.7 45 0.20 0.68 0.53
57 27.4 27 386,952 62,458 54 33.3 86.1 43 0.19 0.68 0.53

56 26.5 30 381,834 67,576 51 37.0 85.0 44 0.22 0.65 0.48
55 25.6 34 369,251 80,159 47 42.0 82.2 42 0.24 0.61 0.40

54 24.8 42 348,622 100,788 39 51.9 77.6 42 0.29 0.53 0.26

52 23.1 44 340,541 108,869 37 54.3 75.8 40 0.30 0.52 0.21
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Supplementary Figure 1.Basic model calibration of the observed cumulativeroportion of
esophageal squamous cell carcinoma (ESCC) and predicted cumulative risk of ESCC within 5, 10,
and 15 years of followup in the derivation cohort (HUNT) and within 5 years in the validation

cohort (UK Biobank)



Supplementary Figure 2 ESCaScore model calibration of observed cumulative proportion of
esophageal squamous cell carcinoma (ESCC) and predicted cumulative risk of ESCC within 5 years

of follow-up in the derivation cohort (HUNT) and the validation cohort UK Biobank)



