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Introduction

Esophageal adenocarcinoma has a 5-year survival rate of <20%,1 making it a lethal
disease. The proportion of patients with metastatic spread at the time of diagnosis has
been increasing,2 potentially contributing to low survival rates. Barrett’s esophagus
(BE), a condition where some of the lining of the distal esophagus undergoes a metaplastic change to resemble tissue similar to that normally found in the intestine,3 is
the only known precursor to esophageal adenocarcinoma.1,4 BE progresses stepwise
via low- and high-grade dysplasia to cancer.5
Screening for BE presents an opportunity to detect individuals with a greater risk
of adenocarcinoma, facilitating targeted endoscopic surveillance potentially resulting in earlier diagnosis of high-grade dysplasia or early cancer, thereby allowing
more effective interventions. Population-level screening for BE has not been shown
to be cost-effective.4,6 Current recommendations are that screening for BE could be
considered for men with chronic gastroesophageal reflux disease and two or more
risk factors including >50 years, central obesity, first-degree family history of BE
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Background: Esophageal adenocarcinoma is a disease that has a high mortality rate, the only
known precursor being Barrett’s esophagus (BE). While screening for BE is not cost-effective at
the population level, targeted screening might be beneficial. We have developed a risk prediction
model to identify people with BE, and here we present the external validation of this model.
Materials and methods: A cohort study was undertaken to validate a risk prediction model
for BE. Individuals with endoscopy and histopathology proven BE completed a questionnaire
containing variables previously identified as risk factors for this condition. Their responses
were combined with data from a population sample for analysis. Risk scores were derived for
each participant. Overall performance of the risk prediction model in terms of calibration and
discrimination was assessed.
Results: Scores from 95 individuals with BE and 636 individuals from the general population
were analyzed. The Brier score was 0.118, suggesting reasonable overall performance. The area
under the receiver operating characteristic was 0.83 (95% CI 0.78–0.87). The Hosmer–Lemeshow statistic was p=0.14. Minimizing false positives and false negatives, the model achieved
a sensitivity of 74% and a specificity of 73%.
Conclusion: This study has validated a risk prediction model for BE that has a higher sensitivity than previous models.
Keywords: Barrett’s esophagus, risk prediction model, screening, validation
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or esophageal adenocarcinoma, a smoking history, and
Caucasian race.7,8 This recommendation would still require
substantial resources if screening were to be widespread.9
Methods to further facilitate targeted screening have not been
evaluated and might be of benefit.
We have previously developed and published a risk
prediction model with internal validation.10 Briefly, a case–
control study was undertaken in 2015 to identify potential
variables that might better predict BE. The resulting risk
prediction model included the variables such as age, gender,
individual history of hypertension, individual history of acid
regurgitation, first-degree family history of reflux, number of
alcoholic drinks per week, and body mass index (BMI). The
model showed good discrimination (area under the receiver
operating characteristic [AUC] 0.82; 95% CI 0.78–0.87)
and calibration (Hosmer–Lemeshow test p=0.67) during
development.10
However, for a model to be clinically applicable, it needs
to be externally validated, as model performance generally decreases when applied to different populations.11 The
purpose of this current study was to externally validate the
accuracy of the previously developed risk prediction tool.10

Materials and methods
This study is reported according to the Transparent Reporting
of a multivariable prediction model for Individual Prognosis Or Diagnosis (TRIPOD) checklist for prediction model
development and validation.12 A cohort study was undertaken
to validate the previously developed model. In November
2016, potential new participants with BE were mailed study
information, a self-reporting questionnaire, and a reply-paid
envelope to return completed questionnaires. After 3 weeks,
those who had not returned the questionnaire received the
information again as a reminder; no further contact was made
following this. Retrospective population data, people without
BE, were obtained from a study undertaken in Queensland
and reported in 2009.13 Participants were recruited from different institutions than the initial development group for the
risk prediction model.

Ethics statement
Ethical approval was granted by the Southern Adelaide
Clinical Human Research Ethics Committee (#433.14),
the University of South Australia Human Research Ethics
Committee (#0000033915), and QIMR Berghofer Medical Research Institute Human Research Ethics Committee
(#P514). For the participants with BE, consent to use data
was implied if the questionnaire was returned.
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Study participants
Potential participants with BE were identified using the
endoscopy database from the Royal Adelaide Hospital, a
major tertiary hospital within South Australia, Australia.
BE definition was the same used in the development of the
model – that is, BE ≥2 cm with intestinal metaplasia (IM).
Histological reports were used to confirm IM.
The population data were provided by QIMR Berghofer
Medical Research Institute in Queensland, Australia. The
data had been collected for a previous study of BE and
the participants had provided written consent for the data
to be used in subsequent studies. These participants lived
in Queensland and had been recruited at random from the
Australian Electoral Roll (voter registration is compulsory in
Australia).13 They did not undergo an endoscopy to exclude
BE, but respondents who answered “yes” to the question
regarding previous BE diagnosis were omitted from this
study (1.24%). This is comparable with the prevalence of
BE within the previous model development group (1.3%)10
and aligns with the suggested prevalence of BE (1.2%–1.6%)
within the general population.3

Questionnaire
The self-reported questionnaire for BE patients consisted of
10 questions, 8 relating to the 7 predictors within the model
(height and weight were collected to calculate BMI) and
2 additional questions to capture participant demographic
characteristics. These questions used in this validation study
were identical to those from the derivation study. Importantly,
the questionnaire items used for this validation study and the
derivation study were based on those used in the Queensland
study,13 which serves as an independent validation here.

Statistical analysis
Returned questionnaire information was entered into the
Stata 14 software package (StataCorp, 2015, Stata Statistical
Software: Release 14; StataCorp LP, College Station, TX,
USA). BMI was then calculated (weight [kg]/Height [m]2).
For BE participants, variables recording an individual’s history of reflux and hypertension were modified to calculate
pre-BE status. For example, those diagnosed with hypertension following the diagnosis of BE were considered not to
have hypertension for analysis, consistent with the process
followed during the development phase.10 This information
was then added to the population sample data.
The Queensland control population dataset contained
all but one of the items required for the prediction equation, namely, family history of reflux. As such, this variable
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was imputed by developing a predictive model for family
history of reflux from the original series of controls from
the development dataset, and then applying this model to
the new Queensland control population. To do this, a bootstrapped aggregated stepwise logistic regression process was
undertaken to reduce the list of 12 potential predictors of
family history of reflux to a smaller set of predictors.14 This
involved taking 1000 bootstrapped samples and selecting
those variables included in the model 500 or more times. Five
variables remained at this stage as the best joint predictors
of a family history of reflux, namely individual acid reflux,
smoking, BMI, height, and history of hernia. Logistic regression, with a family history of reflux as the dependent variable
and the other variables as independent variables, was then
undertaken. A receiver operating characteristic analysis was
performed, and this identified that a cutoff of ≥0.237 in the
predicted value was indicative of a family history of reflux.
The resulting equation from the development population
to obtain the predicted value for a family history of reflux was
then applied to the Queensland population dataset, using the
following formula: predicted = exp(x)/(1 + exp(x)), where x
is the output from the equation for each individual. The 0.237
cutoff was used to convert family history of reflux into a 0
(no)/1 (yes) variable resulting in 80.24% without and 19.76%
with a family history of reflux, which is comparable to the
development population (75.64% without and 24.36% with).

Validation

Risk prediction model for Barrett’s esophagus

Table 1 Scoring of predictors for BE risk prediction model
Risk factor

Measure

Scoring

Age (years)
Gender

Continuous
Female
Male
No
Yes
No
Yes

Continuous
0
1
0
1
0
1

No
Yes
Do not drink
≤4
5–13
14–27
≥28
<25.00
25.00–29.99
≥30.00

0
1
0
1
2
3
4
0
1
2

History of hypertension
(treated with medication)
History of acid regurgitation
(a sour taste from acid rising up
into your mouth or throat)
First-degree family history of
reflux
Alcoholic drinks per week

BMI (kg/m2)

Abbreviations: BE, Barrett’s esophagus; BMI, body mass index.

30 beers per week and his BMI was 28. Other observations
were unremarkable and no other issues were found.
Using the coding in Table 1 and the model formula:
f = −7.003635 + (0.0645714×44) + (0.8431104×1) +
(−0.9861185×0) + (1.051748×1) + (1.186615×1) +
(0.2971902×4) + (0.6125564×1).

The risk prediction model was run to generate participants’
probability of having BE. The formula used is as follows:

The probability of BE=0.67; therefore, this person has a
67% chance of having BE. The bold fonts indicate the score
that has been given for each variable.

Probability of BE = exp(f)/(1 + exp(f))

Assessment

wh e r e “ f ” i s − 7 . 0 0 3 6 3 5 + ( 0 . 0 6 4 5 7 1 4 × a g e ) +
(0.8431104×gender) + (−0.9861185×history of hypertension)
+ (1.051748×history of acid regurgitation) + (1.186615×family history of reflux) + (0.2971902×alcoholic drinks per
week) + (0.6125564×BMI).10 Table 1 provides the different
predictor scorings.

Example of model in use
The following scenario of a BE patient demonstrates the
model in practice: a 44-year-old male reports that he has
been experiencing a sour taste in his mouth at times and he
has been using antacid tablets (Quick-eze®; Nestlé Australia
Ltd, Rhodes, NSW, Australia) for symptom relief. Lately,
they have not been as effective in relieving the symptoms.
His father had suffered from reflux; he drank an average of

Clinical and Experimental Gastroenterology 2018:11

The overall risk prediction model performance was initially
assessed using the Brier score, a test of how well a probability prediction performs, by measuring the mean square
error of the predicted probability of the patient having BE
compared to their actual disease status, and is used for
binomial outcomes. A score of zero (0) represents perfect
performance, while a score of 0.25 represents a 50% chance
of having BE.15 The model was then assessed for discrimination and calibration. Discrimination, the ability of the model
to predict someone with BE or not, was assessed using the
AUC.16 An AUC of 0.5 indicates random chance, the closer
to 1.0, the more accurate the test is at discriminating a case
from a non-case in any pair of individuals,16 in this case
BE. Interpretation of AUC results can be further refined:
0.51–0.69 least accurate, 0.7–0.9 moderately accurate, and
>0.9 highly accurate.17 Calibration, how well the predicted

submit your manuscript | www.dovepress.com

Dovepress

Powered by TCPDF (www.tcpdf.org)

137

Dovepress

Clinical and Experimental Gastroenterology downloaded from https://www.dovepress.com/ by 137.219.202.12 on 17-Aug-2018
For personal use only.

Ireland et al

probabilities align with the observed probability of being an
actual case, was assessed using the calibration curve, where
a slope of 1 equals good alignment and a slope <1 indicates
model overfitting,15 and the Hosmer–Lemeshow goodnessof-fit test, where a larger p-value indicates a better fit1 and
the Lowess smoother calibration plot.

Results
Two hundred seventy-one questionnaires were mailed to BE
patients and 95 were returned (35% response rate). Data were
available from 644 general population sample participants
(58% response rate);13 of these, 8 had indicated a diagnosis
of BE and hence were not included in this analysis, leaving
636 population samples.

Demographics
Mean age for BE patients was 66.8 years (SD 10.5), with
the population sample being 57.9 years (SD 11.3), p<0.001.
No statistical difference was seen in gender of both groups
(70.53% in the BE group and 64.47% in the population
group were male [p=0.30]). Table 2 provides a summary of
the demographic and clinical variables between patients with
BE and the population sample.

Testing of the imputation formula for
family history of reflux
The imputation equation was assessed. The AUC was 0.74
(95% CI 0.67–0.82), Brier score was 0.154, and the calibration curve slope was 0.99 (p<0.001) with an intercept of
4.14e-07 (p=1.0). This indicated that the imputation was
moderately accurate at discriminating family history of
reflux. Overall calibration was also reasonably good; however, there was a slight overprediction at the upper end of
the calibration curve.

Validation
To assess overall risk prediction model performance, the
Brier score was obtained (0.118), which indicated reasonable
overall performance.15 The calibration curve slope was 1.14
(p<0.001) with an intercept of −1.08 (p<0.001), indicating
the model is not overfitted. The Hosmer–Lemeshow statistic
was p=0.14, identifying that the predicted risks are not significantly different from observed risks. The Lowess smoother
calibration plot was derived (Figure 1). This shows the tool
to be well calibrated in predicting those who are at ultrahigh
risk (needing to be investigated) and those who are predicted
to be at low risk (not needing investigation). False positives
will be identified at the upper middle of the prediction range.
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Table 2 Demographic and clinical information
Variables

Barrett’s
esophagus
patients, n=95

Population
sample,
n=636

p-valuea

Age, years, mean (SD)
Gender, n (%)
Male
Female
History of
hypertension, n (%)
Yes
No
Missing
History of acid
regurgitation, n (%)
Yes
No
Missing
First-degree family
history of reflux, n (%)
Yes
No
Missing
Alcoholic drinks per
week, n (%)
Do not drink
≤4
5–13
14–27
≥28
Missing
BMI, kg/m2, n (%)
<25.00
25.00–29.99
≥30.00
Missing

66.8 (10.5)

57.9 (11.3)

<0.001

67 (70.53)
28 (29.47)

410 (64.47)
226 (35.53)

0.30

33 (34.74)
62 (65.26)
0

91 (14.31)
539 (84.75)
6 (0.94)

<0.001

73 (76.84)
22 (23.16)
0

25 (3.93)
555 (87.26)
56 (8.81)

<0.001

54 (56.84)
39 (41.05)
2 (2.11)

113 (17.77)
459 (72.17)
64 (10.06)

<0.001

23 (24.21)
28 (29.47)
35 (36.84)
6 (6.32)
3 (3.16)
0

67 (10.55)
160 (25.16)
191 (30.03)
98 (15.41)
76 (11.94)
44 (6.92)

<0.001

21 (22.11)
36 (37.89)
37 (38.95)
1 (1.05)

230 (36.17)
263 (41.35)
136 (21.38)
7 (1.10)

0.001

Note: ap-values were calculated using t-test for continuous variables and Fisher’s
exact test for categorical variables.
Abbreviation: BMI, body mass index.

The AUC was 0.83 (95% CI 0.78–0.87; Figure 2), with 74%
sensitivity and 73% specificity. To maximize sensitivity and
specificity, the Youden Index was calculated,18 providing the
empirical cut off point (0.317955) to minimize false positives
and false negatives.
Clinical applicability of the model needs to be considered
with any prediction tool. The current study has calculated the
number of patients who would be sent for endoscopy if various probability thresholds were applied. Positive predictive
values (PPV) and negative predictive values (NPV) were also
calculated for each cut off point (Table 3). PPV identifies the
probability of a person whose test results are positive will
actually have the disease, while NPV shows the probability
of the person whose test results are negative will be disease
free.19 These were based on the estimated prevalence of
undiagnosed BE within the general population (1.6%).3 This

Clinical and Experimental Gastroenterology 2018:11

Dovepress

Risk prediction model for Barrett’s esophagus

Observed risk of Barrett’s esophagus
0.2
0.4
0.6
0

Observed
Lowess: observed
Ideal

0

0.2
0.4
0.6
Predicted risk of Barrett’s esophagus

Bandwidth=0.8

0.8

0.50
0.25

Sensitivity

0.75

1.00

Figure 1 Logistic calibration for predicted versus observed risk.

0.00

Clinical and Experimental Gastroenterology downloaded from https://www.dovepress.com/ by 137.219.202.12 on 17-Aug-2018
For personal use only.

Barrett’s esophagus vs population calibration plot

0.00

0.25

0.50
0.75
1–Specificity
Area under receiver operator characteristic curve=0.8252

1.00

Figure 2 Area under the receiver operator characteristic BE patients versus population.
Abbreviation: BE, Barrett’s esophagus.

indicates that the number of false positives will be high, while
the number of false negatives will be negligible.

Discussion
We have validated a risk prediction model for BE, developed
for use within primary health care to identify individuals who
are at potentially higher risk and may benefit from further
investigation.

Clinical and Experimental Gastroenterology 2018:11

Five BE risk prediction tools have been developed over the
last 15 years, with varying results; however, none have been
sufficiently accurate to implement in clinical practice.1,20–23
Three of these models have now been validated (Table 4).1,22,24
These results are on the low end of moderate accuracy at predicting BE.17 It has also been reported that tests with an AUC
≤0.75 have minimal clinical usefulness.25 Therefore, none of
the above mentioned models meet this clinical usefulness
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Table 3 Probability threshold performance in a general population
Probability threshold
for having BE

Sensitivity (%)

Specificity (%)

Patients sent for
endoscopy (%)

Positive predictive
value (%)

Negative predictive
value (%)

≥0.1
≥0.2
0.27a
≥0.3
0.317955b
≥0.4
≥0.5
≥0.6
≥0.7
≥0.8
≥0.9

100
89
77
74
74
64
53
49
30
15
3

26
51
67
71
73
82
88
94
98
100
100

76
51.2
35.1
31
29
19.9
13.6
7.5
3.0
0.5
0.1

0.7
2.9
3.7
4.0
4.3
5.5
6.7
11.7
19.6
100
100

100
99.7
99.4
99.4
99.4
99.3
99.1
99.1
98.9
98.6
98.4

Notes: aEmpirical cutoff from model development to minimize false positives and false negatives. bEmpirical cutoff from validation data to minimize false positives and false
negatives.
Abbreviation: BE, Barrett’s esophagus.

Table 4 Comparison of previous risk prediction models for BE
Author (year)

Country

Sample size
development

Development
AUC

Sample size
validation

Validation AUC

Gerson et al,21 (2001)
Locke et al,20 (2003)
Thrift et al,1 (2012)
Rubenstein et al,23 (2013)a

USA
USA
Australia/USA
USA

517
1009
706
822

0.72
0.76
0.70
0.72

Liu et al,22 (2014)

UK

1603

0.81

NA
NA
593
1: 716
2: 302
3: 256
4: 118
478

Not performed
Not performed
0.61
1: 0.71
2: 0.70
3: 0.72
4: 0.70
0.64

Note: aValidation undertaken by an independent author on four datasets.24
Abbreviations: AUC, area under the receiver operating characteristic; BE, Barrett’s esophagus; NA, not applicable.

criterion. These models used statistical significance to determine the final variables, potentially negating some variables
that could have improved the overall AUC.26,27
Using statistical significance alone (p<0.05) to select
variables could potentially remove important predictors that
have an association with the outcome, especially in small
datasets.26,27 Variables associated with but not necessarily having a causal link to the outcome should also be considered in
the selection process, as these may not always be statistically
significant during the analysis.27
To obtain the best performing predictors within our
model, bootstrapping with stepwise logistic regression
followed by aggregation was used rather than statistical significance. This resulted in the inclusion of three predictors
that have not been included in previous models: history of
hypertension, family history of reflux, and the number of
alcoholic drinks per week. The remaining variables within
our model have been used in various combinations in other
140
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prediction models.1,20–23 This achieved an AUC of 0.83 on
validation, indicating a moderately accurate test that might
be clinically useful.17,25
Selecting a referral cut off point requires a balance
between disease severity and cost. For a disease with a high
mortality rate that could be reduced with early treatment, a
higher sensitivity compared with specificity may be accepted
for screening tests. However, the consequence is more people
being sent for investigation, and a high false-positive rate.
A higher specificity could be acceptable for diseases with
low consequence as not identifying the disease may have
minimal impact.28 While BE is not fatal, it can progress to
adenocarcinoma (which carries a high mortality rate) at a
rate between 0.3% and 0.6% per year.29 As the prevalence
of BE is low within the general population with low adenocarcinoma progression rates,29 a higher specificity and PPV
should be considered to reduce the number of costly and
invasive endoscopies undertaken unnecessarily.
Clinical and Experimental Gastroenterology 2018:11
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If there were an intermediate step between the risk
prediction tool and endoscopy, identifying the 30 out of
100 people who warrant further investigation may be more
acceptable. An example is the cytosponge, currently under
investigation.30 This risk prediction model coupled with the
use of nonendoscopic screening methods for BE (e.g., the
cytosponge) has the potential of being clinically useful.
Current BE screening recommendations suggest that men
with chronic gastroesophageal reflux disease and two or more
risk factors, including >50 years, central obesity, first-degree
family history BE or esophageal adenocarcinoma, a smoking
history, and Caucasian race, should be considered.7,8 Others
have suggested that this be reviewed and the age be lowered
to <50 years of age for males,31 particularly if they have had
gastroesophageal reflux disease symptoms from an early
age.32 If this recommendation was adopted, it would place
further pressure on already limited resources. We contend
that using the proposed screening strategy described earlier
could reduce this.
Potential limitations to this study include that the population sample did not undergo an endoscopy to exclude BE;
however, the prevalence identified is comparable to the
suggested prevalence within the general population. As the
estimated prevalence of BE within the general population is
low,3 the magnitude of this effect would be minimal, with 2
of the 636 participants used as controls potentially having
BE. The population sample had been collected previously
without asking about a family history of reflux, and therefore,
this variable had to be imputed. This may produce different
results compared with having this variable collected at the
time. However, the model without family history of reflux
had a pseudo-R-squared of 0.543, and the addition of this
variable only added another 0.003 to the R-squared, indicating
that a family history of reflux plays only a minor contribution
to the predictive model. The development and validation of
the model occurred within Australia, although from different
geographical locations; thus, the results may vary if undertaken in different countries due to differing sociodemographic
factors. Finally, the low response rate within the BE group
(35%) could potentially introduce a nonresponse bias. Ideally,
a prospective trial should be undertaken to further validate
these results.
In summary, this study externally validated a BE risk
prediction model that shows higher sensitivity than previous
models. These results are promising; however, a prospective
trial should be undertaken to investigate the application of the
model within clinical practice. If the model continues to perform well in prospective trials, it has the potential to improve
the identification of patients at greater risk of having BE.
Clinical and Experimental Gastroenterology 2018:11
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