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Abstract

Barrett’'s esophagus is the only known mucosal precursor for the highly malignant esoph-
ageal adenocarcinoma. Malignant degeneration of non-dysplastic Barrett's esophagus
occurs in < 0.6% per year in Dutch surveillance cohorts. Therefore, it has been proposed to
increase the surveillance intervals from 3 to 5 years, potentially increasing development of
advanced stage interval cancers. To prevent such cases robust biomarkers for more optimal
stratification over longer follow up periods for non-dysplastic Barrett’s patients are required.
In this multi-center study, aberrations for chromosomes 7, 17, and structural abnormalities
forc-MYC, CDKN2A, TP53, Her-2/neu and 20q assessed by DNA fluorescence in situ
hybridization on brush cytology specimens, were used to determine marker scores and to
perform clonal diversity measurements, as described previously. In this study, these genetic
biomarkers were combined with clinical variables and analyzed to obtain the most efficient
cancer prediction model after an extended period of follow-up (median time of 7 years) by
applying Cox regression modeling, bootstrapping and leave-one-out analyses. A total of
334 patients with Barrett’'s esophagus without dysplasia from 6 community hospitals (n =
220) and one academic center (n = 114) were included. The annual progression rate to high
grade dysplasia and/or esophageal adenocarcinoma was 1.3%, and to adenocarcinoma
alone 0.85%. A prediction model including age, Barrett circumferential length, and a clonicity
score over the genomic set including chromosomes 7, 17, 20q and c-MYC, resulted in an
area under the curve of 0.88. The sensitivity and specificity of this model were 0.91 and
0.38. The positive and negative predictive values were 0.13 (95% CI 0.09 to 0.19) and 0.97
(95% CI 0.93 10 0.99). We propose the implementation of the model to identify non-dysplas-
tic Barrett’s patients, who are required to remain in surveillance programs with 3-yearly sur-
veillance intervals from those that can benefit from less frequent or no surveillance.
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Introduction

Barrett’s esophagus (BE) is a detectable precursor lesion that predisposes for the highly malig-
nant esophageal adenocarcinoma (EAC). BE offers the possibility for endoscopic surveillance
and for early diagnosis and treatment of dysplastic changes and EAC.

Depending on the maximum length of the Barrett’s segment following the Prague classifi-
cation [1], the Dutch guideline recently has recommended 5 yearly endoscopic surveillance for
the great majority of BE patients. These patients have no dysplasia and a maximum Barrett
length of < 3cm [2]. Overall, this novel surveillance algorithm may result in better cost effec-
tiveness but against the cost of an increased number of interval cancers with disastrous out-
comes for the affected patients. The yearly risk for developing EAC of patients with non
dysplastic Barrett’s esophagus (NDBE) in endoscopic surveillance series is between 0.3% and
0.6% for developing EAC, and between 0.9 and 1.0% for progression to either HGD or EAC
[3]. Increasing surveillance intervals will likely increase the risk for patients not to adhere to
their acid suppressive therapy. Since acid suppressive therapy decreases the risk on malignant
progression, the progression rate of NDBE patients that are not included in surveillance pro-
grams and not treated by PPIs is likely to be higher [4]. Clearly, it is of high importance to
develop biomarkers able to predict progression to dysplasia or cancer many years before pro-
gression will occur in the low risk Barrett’s patient cohorts. In the future, these biomarkers
could also be critical for the implementation of population screening programs. These pro-
grams are of importance to tackle the problem of the majority of Barrett’s patients not being
diagnosed, because of lack of symptoms and the consequence of 90% of EAC being detected at
late stage. In the near future population screening programs will aim at identifying all BE
patients in high risk populations. As these screening programs will identify thousands of newly
diagnosed BE patients [5], the implementation of biomarkers to improve BE surveillance pro-
grams will be of high importance.

Thus, there is a high need for risk stratifying tools to safely optimize surveillance intervals
for the low risk Barrett’s esophagus patients, and which can be implemented in future screen-
ing programs.

Despite promising predictive values of diverse genomic markers in previous studies and
increasing availability of NGS methods such as whole genome sequencing for the detection of
such markers, in today’s clinical practice the only predictive marker for cancer progression for
BE patients is TP53. TP53 however is a relatively late marker mostly identifying patients that
already have developed low or high-grade dysplasia [6]. Only few prospective studies on bio-
markers for truly NDBE cohorts have been performed [7-13]. Because of the low progression
rate of these patients, these studies are time consuming and therefore difficult to conduct [14,
15]. Based on a set of frequently occurring mutations, we earlier performed several biomarker
studies on a prospective multi-center Dutch cohort of patients with NDBE [7, 8]. In one of
these studies baseline genetic diversity was an important risk predictor [7]. In another analysis
we found a set of frequently occurring genetic abnormalities including CDKN2A loss, c-MYC
gain, and aneusomy to be predictive for progression to HGD and cancer [8].

The concept of diversity measurements has been proposed earlier to assess cancer progres-
sion risk in Barrett’s patients [16]. This concept is based on the assumption that a higher diver-
sity in genomic clones leads to a higher chance of containing or producing a ‘well-adapted’
clone able to drive carcinogenesis [7].

In the current study, we analzyed genetic diversity as a comparison to conventional genetic
abnormalities in a large prospectively followed cohort of NDBE patients after extended follow-
up with a median follow up time of 86 months, compared to a median follow up of 43 months
[7] and 45 months [8] in earlier studies on this cohort. At the end we combined both types of

PLOS ONE | https://doi.org/10.1371/journal.pone.0231419  April 13, 2020

2/17


https://doi.org/10.1371/journal.pone.0231419

PLOS ONE A genomic biomarker model for risk stratification of Barrett's esophagus patients after extended follow up

markers and clinical factors, enabling a direct comparison of the prognostic value of both
types of molecular markers [7, 8], in order to build a model to predict cancer risk over pro-
longed periods of follow up. To this end, diverse Cox regression models were tested.

Materials and methods
Study population

This study was approved by the Medical Ethical Committee of the Academic Medical Center
Amsterdam. All patients that were included provided written informed consent. 334 patients
of a multi-center Dutch BE cohort that were previously included in the two biomarker studies
with baseline biomarker analyses for single markers as well as diversity markers performed
between 2002 and 2013 [7, 8] and who were under routine endoscopic surveillance and pro-
spective follow up were included in this study. All patients were diagnosed with NDBE at
inclusion. Patients who received endoscopic treatment or who had dysplasia in the past or
who progressed within 6 months of follow up were excluded. Baseline was defined by the date
that the cytology specimen for molecular analysis was taken. All patients underwent routine
endoscopic surveillance following the ACG guidelines [17]. Progressors were defined as
patients diagnosed with High Grade Dysplasia (HGD) or Esophageal Adenocarcinoma (EAC)
by at least two pathologists including at least one expert GI pathologist during follow up.

DNA FISH for the assessment of genomic markers

The molecular markers were assessed by DNA fluorescence in situ hybridization (FISH) on
brush cytology specimens as published previously [7, 8]. Briefly, in every patient at least 50
Barrett cells (intestinal metaplastic cells) were investigated for chromosomal aberrations using
locus-specific probes from two panels. We previously found that the variance of most statistics
stabilized when at least 50 cells were scored [7].

Set 1 included markers for CDKN2A (p16), TP53, ERBB2 (HER-2), and centromeric
probes for chromosome 17 (CEP17), and set 2 included centromeric probes for chromosomes
7 (CEP7) and 17 (Abbott Molecular) and markers for 20q and c-MYC. The results of each Bar-
rett cell were individually scored and entered in a database. An “individual marker” score was
defined for each marker, using the percentage of cells representing the individual genetic
abnormalities in a patient as a continuous variable. In addition, aneusomy was defined as the
mean of the percentage of cells with an abnormal CEP17 count in both sets and the percentage
of cells with abnormal CEP7, and was used as a surrogate marker to assess DNA ploidy
changes.

Calculation of diversity scores

For every patient, the number of cells with a particular combination of the genomic abnormal-
ities was defined. This data reflects clone-size abundance and was used for calculating diversity
scores. Several diversity scores were calculated including the Shannon and Simpson (comple-
ment and inverse) indices and normalized clone score as described earlier [8]. The Shannon

. . R . .

index is calculated as: S = Zi:l PiIn(Pi).

R

The Simpson index is calculated as: §' = Z _ PP’

Where Pi is the proportion of cells with clone i divided by the total number of cells, and R is
the number of different clones. And the inverse of and the complement to the Simpson’s index
are given by: Si=1/S/and Sc =1 — S/
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The normalized clone score was calculated by dividing the number of different clones
observed in a sample by the total number of cells in the sample [8]. In contrast to our previous
studies, diversity scores were based on single, two, three or four markers from both marker
sets, to carefully investigate which particular markers should be used for diversity calculations
and potentially increase cost-effectiveness when these markers will be implemented in clinical
practice.

All data underlying results in this manuscript can be found in S4 Table.

Finding of the optimal prediction model based on diversity scores

We performed univariate cox regression with different diversity scores from 1-4 markers.
Diversity score were calculated over clones defined by 1-4 markers either from set 1 with the
markers CDKN2A, TP53, ERBB2 and CEP17 or from set 2 with markers for CEP7, CEP17,
20q and c-MYC.

To determine which model had the best prediction accuracy, we used a bootstrap sampling
technique with 1000 replications by setting a training and test set. For this purpose Akaike
Information Criterion (AIC) and integrated area under the curve (1IAUC) for diverse regres-
sion models were calculated.

We considered the models with the highest median Area Under the Curve value to be the
optimal prediction models for progression to HGD/EAC in this cohort. Hazard ratio’s ratios,
95% confidence interval (CI) and p-values for the best performing models were calculated
with univariate Cox regression analyses. A p-value of the Wald and the more stringent likeli-
hood ratio test < = 0.05 was considered statistically significant. Analysis was performed using
the Survauc package within R statistical software [18].

Univariate models for analysis of the individual genomic markers and
clinical variables

Individual markers and aneusomy were given as the percentages of cells with a particular chro-
mosomal aberration by FISH analysis.

For every marker and each clinical variable, univariate Cox regression models were defined
for calculation of hazard ratios with 95% confidence interval (CI). Variables were considered
to be significantly predictive for progression to HGD/EAC, if the p-value of the Wald test and
the likelihood ratio test was < = 0.05.

Comparison of multivariate Cox regression models based on diversity,
individual genomic marker scores and the clinical variables

Next, we evaluated multivariate Cox regression models, with different combinations of diver-
sity and marker scores and using the clinical variables that were (borderline) significant in the
univariate analyses. Based on the number of progressors (= 32 events), multivariate models
were allowed to include 3 covariates to prevent overfitting of the models. We compared nested
models with and without splines for every covariate (splines were first applied to age, then to
average Barrett circumferential length and then to the third covariate), and performed Anova
testing (Chi-square). In case we found significant differences between the models, we used the
model with the highest log likelihood ratio’s. For each model, we again used bootstrapping
with 1000 replications for calculation of prediction accuracy with the Akaike Information Cri-
terion and integrated Area Under the Curve [18].
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The best performing model was the model with the highest integrated Area Under the
Curve combined with the most acceptable Akaike Information Criterion, to make sure there
was no overfitting.

Leave-one-out analysis

To determine test accuracy of this best performing model, we performed a leave-one-out cross
validation analysis on the entire cohort (n = 334). We trained the Cox prediction model on all
patients except for 1, and calculated a risk score for the 1 patient left out of the training set. We
divided the complete cohort based on the risk scores at different binary cut-offs. Sensitivity and
specificity were calculated, and three cut-off values with increasing sensitivity were selected.
Kaplan Meier analysis and log rank test were performed to compare the high and low risk groups
defined by these three binary cut-offs of risk-scores defined by the model. The positive and nega-
tive predictive values and likelihood ratios of the models using the three cut-offs were calculated.

Results
Patient characteristics and progressors

Of the 428 patients from our earlier analyzed cohort [7], 3 patients were excluded because of a
diagnosis of Low Grade Dysplasia at the date the brush specimen was taken and 91 patients
were excluded because of unavailability of per cell FISH data or too low number of Barrett’s
cells that were analyzed by FISH.

334 patients could be enrolled for the analyses because of the availability of DNA per single
cell FISH scores, which is required for calculating diversity measures. All patients were diag-
nosed with NDBE at inclusion. The majority of patients were male (81%) and the median age
was 60.0 years (interquartile range (IQR) = 15.75) at baseline endoscopy (Table 1). The median
C-Barrett length was 2 cm and the median maximum length (M-Barrett length) was 4 cm,
both measured at baseline. The majority of patients (53%) were long segment BE patients (>3
cm). The median prospective follow-up time of these patients was 86.5 months (IQR 39.7).

Table 1. Cohort characteristics.

Characteristics Entire cohort (n = 334)
Community hospitals (%) 65.9% (n = 220)
Male sex fraction 80.8% (n = 270)
Median age (IQR) 60.0 (15.75)
Median Circumferential segment length (C-Barrett length) in cm (IQR) 2 (4)

longest tongue length > 3 cm (Long Segment Barrett’s esophagus) 53% (n =176)
Median longest tongue length (M-Barrett length) in cm (IQR) 4(4)

Average BMI (+ SD) 272438

Use of proton-pump inhibitors 99.4% (n = 332)
Family history of Barrett’s esophagus versus no family history 11.3% (n = 37)
Family history of esophageal cancer versus no family history 8.3% (n=27)
Smoking (current and former versus no smoking) 70.6% (n = 233)
Progressors 9.6% (n=32)
Median time untill progression months (IQR) 39.9 (55.3)
Median time of follow-up of non progressors months (IQR) 90.2 (39.1)
Median time of follow-up complete cohort in months (IQR) 86.5 (39.7)

IQR, interquartile Range; LSBE, long segment Barrett’s esophagus; BMI, Body Mass Index; SD, standard deviation.

https://doi.org/10.1371/journal.pone.0231419.t001
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Table 2. Outcomes of the best performing clonal diversity score over set 17,

Model Median iAUCA1000 rep Median AICA1000 rep P value Wald* P value likelihood ratio * HR* 95% CI"
3 markers: 0.56 147 0.03 0.07 821491 3.44-1.96e+11
NC TP53/ERBB2/CEP17

"markers CDKN2A/TP53/ERBB2/ CEP17.

A Obtained with bootstrapping.

* Results from univariate Cox proportional hazards models. Bold values indicate statistical significance (P<0.05).

iAUC, integrated Area Under the Curve; AIC, Akaike’s Information Criterion; HR, Hazard Ratio; CI, Confidence Interval; NC, Normalized Clone score.

https://doi.org/10.1371/journal.pone.0231419.t002

95% of the patients had a follow-up time longer than 3 years. A total of 32 (9.6%) of patients
progressed to HGD or EAC (16 to HGD, 16 to EAC) after a median follow up time of 39.9
months (IQR 55.3).

The annual progression rate to HGD and/or EAC of the whole cohort was 1.3%, while pro-
gression to EAC was 0.85% per year.

Prediction of progression by measures of clonal diversity scores

Cox regression models with clonal diversity scores derived from calculations from 1-4 mark-
ers were compared, and the best performing models based on the highest integrated Area
Under the Curve for prediction of HGD/EAC development are shown in S1 and S2 Tables.
Median iAUC and median AIC were comparable between the models using 1-4 markers. The
most significant diversity score from set 1 (markers COKN2A/TP53/ERBB2/CEP17) was the
normalized clone score (NC) over TP53/ERBB2 and CEP17. This was the only significant pre-
dictor in univariate analysis according to the Wald test (Table 2, HR 821491, Wald test

p = 0.03). The normalized clone score over CEP7/ CEP17/20q/c-MYC was the best predictive
diversity score derived from set 2, which showed a trend (Table 3, HR 66.79, Wald test

p = 0.1). Both, the NC of TP53/ERBB2/CEP17 and the NC over the markers CEP7/CEP17/
20q/c-MYC, were entered in multivariate regression analyses.

Univariate regression analysis of the clinical variables

Next, we performed univariate Cox regression analysis to examine the prognostic significance
of the clinical parameters including age, BMI, C-Barrett length and M-Barrett length of the
Barrett’s segment at baseline with respect to progression to HGD/EAC. For all clinical parame-
ters, the continuous variables lead to a higher integrated Area Under the Curves than binary
variables. Age was a significant predictor (Wald test p = 0.00049, likelihood ratio test

p = 0.0002652), with a hazard ratio of 1.1 per gained year (Table 4). C-Barrett length did not
achieve significance, but showed a trend (Wald test p = 0.059, likelihood ratio test p = 0.076),

Table 3. Outcomes of the best performing clonal diversity score over set 2.

Model Median iAUCA1000 rep Median AIC~1000 rep P value Wald* P value likelihood ratio * HR* 95% CI*

4 markers: 0.61 150 0.1 0.2 66.79 0.30-15024
NC CEP7/CEP17/ 20q/c-MYC

"markers CEP7/CEP17/20q/c-MYC.

A Obtained with bootstrapping.

* Results from univariate Cox proportional hazards models.

AUCG, integrated Area Under the Curve; AIC, Akaike’s Information Criterion; HR, Hazard Ratio; CI, Confidence Interval; NC, Normalized Clone score.

https://doi.org/10.1371/journal.pone.0231419.t003
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Table 4. Outcomes from univariate regression analysis of the clinical variables.

Variable Unit P value wald* P value likelihood ratio* HR* 95% CI*
Age per year 0.00049 0.0002652 1.1 (1-1.1)
C-Barrett length per cm 0.059 0.076 1.1 (1-1.2)
M-Barrett’s length per cm 0.079 0.097 1.1 (0.99-1.2)
BMI per kg per m* 0.95 0.945 1 (0.91-1.1)

* Results from univariate Cox proportional hazards models. Bold values indicate statistical significance (P<0.05) and borderline results.
HR, Hazard Ratio; CI, Confidence Interval; BMI, Body Mass Index.

https://doi.org/10.1371/journal.pone.0231419.t004

with a hazard ratio of 1.1 per gained cm Barrett’s segment. Age and C-Barrett length of the
Barrett’s segment were used in the multivariate regression model.

Univariate regression analysis of the individual genomic markers and
aneusomy

The covariates defined by the individual genomic markers scores were analysed in univariate
Cox regression analysis to investigate their predictive value. The results are shown in Table 5.
CEP7 gain was a significant predictor of progression to HGD/EAC according to the Wald test
(p =0.02), with an HR of 1.2 per 1% gain. CEP7 gain was used in the multivariate regression
model.

Multivariate regression analyses using diversity scores, individual
covariates and clinical parameters

A series of models, using splines for those variates that performed better in the model, were
compared using multivariate regression analyses (Fig 1). In these models we included different
combinations of the clinical, diversity and individual covariates that were found to be signifi-
cant in the univariate analyses. Given the number of events, a maximum of 3 variables were
included in each model to prevent overfitting.

A clinical-only model, containing age and C-Barrett length, had a median Akaike Informa-
tion Criterion of 143 (IQR 121-166) and a median integrated Area Under the Curve of 0.76
(IQR 0.72-0.80). We found that the best performing model included a normalized clone score

Table 5. Outcomes from univariate regression analysis of the genomic markers.

Variable Unit Variable type P value Wald* P value likelihood ratio * HR* 95% CI*
CEP7 gain % continuous 0.02 0.0179 1.22 (1.03-1.43)
c-MYC gain % continuous 0.2 0.206 1.12 (0.94-1.33)
CEP17 gain % continuous 0.4 0.395 1.05 (0.94-1.16)
CEP17 loss % continuous 0.5 0.466 0.91 (0.70-1.18)
20q gain % continuous 0.5 0.469 1.08 (0.87-1.34)
CEP7 loss % continuous 0.5 0.475 1.06 (0.91-1.23)
Aneusomy % continuous 0.5 0.497 1.02 (0.96-1.09)
ERBB2 gain % continuous 0.7 0.729 1.02 (0.91-1.15)
CDKN2A loss % continuous 0.7 0.689 0.99 (0.94-1.04)
TP53 loss % continuous 0.9 0.941 1 (0.88-1.3)

* Results from univariate Cox proportional hazards models. Bold values indicate statistical significance (P<0.05).
HR, Hazard Ratio; CI, Confidence Interval.

https://doi.org/10.1371/journal.pone.0231419.t005
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Fig 1. Area under the curve and Akaike Information Criterion of several models with a subset of variables in each
model split up in multiple segments by splines. C, C-Barrett length.

https://doi.org/10.1371/journal.pone.0231419.9001

over markers CEP7, CEP17, 20q and c-MYC and the clinical covariates of age and C-Barrett
length (S3 Table). Plots of splines for age and diversity score of this model are shown in Figs 2
and 3. This model had a median Akaike Information Criterion of 134 (IQR 113-157) and a
median integrated Area Under the Curve of 0.88 (IQR 0.84-0.91). The p-values for all three
overall tests (likelihood p<0.00, Wald p<0.00, and logrank p<0.00) were significant.

Defining risk scores using leave-one-out analysis and Kaplan Meier analysis

Risk scores were calculated for each patient in the cohort with a leave one out validation analy-
sis, using the variables from the best performing model (age, C-Barrett length and normalized
clone score over markers CEP7, CEP17, 20q and c-MYC) as shown in Fig 1. The binary cut-
offs for the risk scores for this best predicting model were chosen based on the increasing sen-
sitivity scores as depicted by the red symbols in Fig 4.

Setting the risk score at 12.6 was associated with the best trade-off between sensitivity and
specificity, 0.75 and 0.69 respectively (Kaplan Meier curve in Fig 5). The negative predictive
value was 0.96% (95% CI 0.93 to 0. 98) and the positive predictive value was 0.21 (95% CI 0.14
to 0. 29). At this cut off, the annual progression rate was 0.5% in the low risk group versus
3.2% in the high risk group. 8 out of 217 patients versus 24 out of 117 patients progressed in
the low risk and the high risk group. Patients in the high risk group have an positive and nega-
tive likelihood ratio of 2.44 (95% CI 1.87 to 3.16) and 0.36 (95% CI 0.20 to 0.66) respectively.

Using an intermediate risk score at 8.1, the sensitivity increased to 0.84 and specificity was
0.55 (Kaplan Meier curve in Fig 6). The annual progression rate was 2.51% in high risk group
versus 0.36% low risk group. In the low risk group 5 out of 172 patients progressed versus 27
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Fig 2. Plots of splines for age in the best performing multivariate model predicting progression in leave-one-out analysis.

https://doi.org/10.1371/journal.pone.0231419.g002

out of 162 patients in the high risk group. The negative predictive value was 0.97 (95% CI 0.93
t0 0.99) and the positive predictive value was 0.17 (95% CI 0.11 to 0.23). The positive and nega-
tive likelihood ratio for progression were 1.89 (95%

CI 1.55 t0 2.29) and 0.28 (95% CI 0.13 to 0.64).

However, for application of this model as a tool to adjust screening intervals in order not to
miss interval cancers, a high sensitivity and negative predictive value are of higher importance.
Setting the cut-off of the risk scores at 3.93, resulted in a higher sensitivity of 0.91 and specific-
ity of 0.38 for prediction of progression. This divided the cohort in high and low risk progres-
sors as seen in the Kaplan Meier analysis in Fig 7 (logrank test, p-value <0. 0005). The
negative predictive value and positive predictive value were 0.97 (95% CI 0.93 to 0.99) and 0.13
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progression in leave-one-out analysis.

https://doi.org/10.1371/journal.pone.0231419.9003

(95% CI 0.09 to 0.19) respectively. In this model, NDBE patients with a high risk score, have a
positive and negative likelihood ratio of 1.46 (95% CI 1.26 to 1.68) and 0.25 (95% CI 0.08 to
0.74). In the low risk group, 3 out of 117 patients progressed, in the high-risk group 29 out of
217 progressed. The annual progression risk to HGD/EAC in the low risk group was 0.31%
versus 1.92% in the high risk group.

Discussion

One of the aims of this study was to investigate the accuracy of genomic and clinical predictive
biomarkers in a Dutch cohort of NDBE patients, as there is an unmet need for such biomark-
ers to increase the efficacy of surveillance programs. To decrease costs, endoscopic screening
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Fig 4. Sensitivity and specificity scores for different cut-offs for the final model with Age + C-Barrett length + normalized clone score over markers
CEP7, CEP17, 20q and c-MYC. The red symbols indicate the cut-off risk scores to stratify in a high and low risk group as plotted in the Kaplan Meier curves in
Figs 5-7.

https://doi.org/10.1371/journal.pone.0231419.9004

of the majority of NDBE patients have been prolonged to 5-yearly intervals, increasing the risk
for interval advanced stage cancers. The aim of this study was to specifically address this prob-
lem by determining if biomarkers are able to predict progression over longer time intervals
and as such can be used to improve patient stratification. These biomarkers include individual
marker scores and clonacity measurements.

In this cohort of NDBE patients with a median follow-up time of 86.5 months (IQR 39.7),
we found that the model, which included the diversity measure defined as the normalized
clone score over the FISH markers CEP7, CEP17, 20q and c-MYC and the clinical variables of
age and C-Barrett length, was superior to other models with regard to predicting progression
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Fig 5. Kaplan Meier curves showing progression to HGD/EAC resulting from binary cut offs of the risk score at 12.6. Patients with a low risk score are
depicted by the orange curves, patients with high risk scores are depicted by the blue curves.

https://doi.org/10.1371/journal.pone.0231419.9005

to HGD/EAC. The purpose of this model was to be able to improve the surveillance algorithm
of NDBE patients. This requires to more safely extend surveillance intervals for those with the
lowest risk to progress to cancer and to diminish the risk on advanced stage interval cancers of
those who are at higher risk to develop cancer. When choosing a relatively low risk score of 3.93
as a cut off to select for high and low risk patients, the model yields a sensitivity of more than
90% and a negative predictive value of almost 98%. This is highly beneficial for the safety of the
at-risk patients, and of patients that would test negative for the test. The down side is that the
low specificity (around 40%) leads to many cases which will falsely test positively. Despite the
low risk for cancer, these patients will undergo more frequent surveillance, which is associated
with higher costs. Therefore, the decision on the exact ‘test positive value’ of the model will
greatly depend on the amount that one is willing to spend per life year gained. Such a cost effec-
tiveness study would be the next step before the clinical implementation of the model.
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https://doi.org/10.1371/journal.pone.0231419.9006

The prediction performance in univariate analyses of the variables reported here, are in line
with earlier studies on this cohort, in which the same diversity variable, namely the normalized
clone score over markers CEP7, CEP17, 20q (20q13.2) and c-MYC (8q24.12) was the most sig-
nificant predictor of progression [7]. Similarly, increased clonal abundancy was found to be
associated with an increased risk of progression.

Earlier, we hypothesized that it is essential to carefully choose the particular markers that
should be used for diversity calculations, as some genetic aberrations are of more importance
for malignant progression than others, and also to increase cost-effectiveness when imple-
menting these biomarkers in clinical practice. Previously, we found that diversity measure-
ments on clones defined by c-MYC and clones defined by cep7 were more prognostic than
others [7]. In the current analysis, we also found that normalized clone score calculated over
clones defined by the 3 markers TP53/ERBB2/Cepl7 was a good predictor in univariate
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Fig 7. Kaplan Meier curve showing progression to HGD/EAC resulting from binary cut offs of the risk score at
3.93. Patients with a low risk score are depicted by the orange curves, patients with high risk scores are depicted by the
blue curves.
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analysis. However, in multivariate analyses, the model with age, C-Barrett length and the NC
over markers CEP7, CEP17, 20q and c-MYC proved to be superior, while a model including
C-Barrett length, age and the NC score of 3 markers TP53/ERBB2/Cep17 was the second-best
performing model based on the median integrated Area Under the Curve. The median inte-
grated area under the curve increased from 0.76 to 0. 88 when comparing a clinical-only
model to the superior multivariate model.

In the current and previous analyses of this cohort and studies on other BE cohorts, age and
C-Barrett length were found to be (borderline) significant predictors of progression in univari-
ate analyses [7, 8] [19-21]. The individual marker scores, that previously showed good predic-
tion performance in a multivariate model containing age, C-Barrett length and markers
CDKN2A, c-MYC and aneusomy with an area under the curve of 0.76 (95% CI 0.66 to 0.86),
were inferior to diversity measurements added to clinical characteristics in multivariate
modeling in the current study after extended follow up.

The strength of our study is that our analyses are performed on a cohort of patients that
was prospectively followed over an extended period of time. The median follow period was
86.5 months with an interquartile range of 39.7. The consequence of our prospective approach
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is that we had a relatively low number of progressors. This was to be expected given the low
progression rate of NDBE patients. The downside is that the relatively low number of progres-
sors (32) restricted the multivariate model to include no more than 3 variables in order to pre-
vent overfitting of the model. A larger cohort with more progressors would be needed to
investigate models with more than three markers. For example a model with all (borderline)
significant variables in univariate analyses including age, C-Barrett length, Cep7 gain and clo-
nicity scores from the both marker sets would require at least 50 events (progressors) and thus
amuch larger cohort of NDBE patients.

This study is also unique, as the patients participating in this prospective study represented
a NDBE population at baseline, resembling 95% of the Barrett’s surveillance population.
Besides our study, there are no large prospective biomarker studies focusing solely on these
NDBE patients. After our previous studies, most of the patients in this cohort were still under
active endoscopic surveillance. We report an annual progression risk of 1.3% to HGD/EAC
and 0.85% to EAC, which seems to be higher as compared to the general literature. Since a
large amount of our patients were included in a tertiary referral center, our cohort is biased
towards patients with longer Barrett segments (C-Barrett length median 2.0 cm, IQR 4.0
M-Barrett length median 4.0 cm, IQR 4.0). Progression rates of longer BE segments to EAC
are notably higher and have found to be between 0.62% to 0.93%, which is in line with our
data [22-25].

For now, the studied genomic characteristics seem suitable predictive biomarkers for pro-
gression risk in NDBE patients, as they remain invariant over time [7]. Based on the results
from this study, we propose to stratify patients with NDBE into a low risk and a high risk for
progression. This would allow to perform a cost-benefit analysis and to more exactly decide
which risk score to use for more efficient stratification of patients in different surveillance
arms. Current surveillance regimens which are relatively intense (once per 3 years) should be
maintained in the patients with a high risk for progression, to prevent an increase of advanced
stage interval cancers due to relaxation of surveillance intervals of the entire group of BE.
Patients with a low risk of progression will benefit from undergoing less burdensome surveil-
lance endoscopies. Finally, implementation of these markers in clinical practice will enable
increasing surveillance intervals without consequent increase of advanced stage EAC incidence
associated with a dismal prognosis, thereby optimizing patient management and improving
cost-effectiveness of our current surveillance strategies [26].

Supporting information

§1 Table. Outcomes of the best performing clonal diversity scores for 1, 2, 3 and 4 markers
fromset 17.
(PDF)

$2 Table. Outcomes of the best performing clonal diversity scores for 1, 2, 3 and 4 markers
from set 27,
(PDF)

$3 Table. Multivariate prediction model including age, C-Barrett length and Normalized
Clones over a set of markers according to a leave-one-out analysis.
(PDF)

$4 Table. Data set underlying results in this manuscript.
(XLSX)

PLOS ONE | https://doi.org/10.1371/journal.pone.0231419  April 13, 2020 15/17


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0231419.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0231419.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0231419.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0231419.s004
https://doi.org/10.1371/journal.pone.0231419

PLOS ONE

A genomic biomarker model for risk stratification of Barrett's esophagus patients after extended follow up

Author Contributions

Conceptualization: S. J. M. Hoefnagel, K. K. Krishnadath.
Data curation: M. R. Timmer.

Formal analysis: S. . M. Hoefnagel, N. Mostafavi, C. T. Lau.
Funding acquisition: K. K. Krishnadath.

Investigation: S. J. M. Hoefnagel, C. T. Lau.
Methodology: S. J. M. Hoefnagel, K. K. Krishnadath.
Project administration: S. ]. M. Hoefnagel.

Supervision: N. Mostafavi, K. K. Krishnadath.
Visualization: S. J. M. Hoefnagel.

Writing - original draft: S. J. M. Hoefnagel.

Writing - review & editing: N. Mostafavi, M. R. Timmer, C. T. Lau, S. L. Meijer, K. K. Wang,
K. K. Krishnadath.

References

1. Sharma P, DentJ, Armstrong D, Bergman JJ, Gossner L, Hoshihara Y, et al. The development and vali-
dation of an endoscopic grading system for Barrett's esophagus: the Prague C & M criteria. Gastroen-
terology. 2006; 131(5):1392-9. https://doi.org/10.1053/j.gastr0.2006.08.032 PMID: 17101315

2. Maag-Darm-Leverartsen NVv. RICHTLIJN BARRETT-OESOFAGUS.

Schoofs N, Bisschops R, Prenen H. Progression of Barrett's esophagus toward esophageal adenocar-
cinoma: an overview. Annals of gastroenterology. 2017; 30(1):1-6. https://doi.org/10.20524/a09.2016.
0091 PMID: 28042232

4. Jankowski JAZ, de Caestecker J, Love SB, Reilly G, Watson P, Sanders S, et al. Esomeprazole and
aspirin in Barrett’'s oesophagus (AspECT): a randomised factorial trial. Lancet (London, England).
2018; 392(10145):400-8.

5. Offman J, Muldrew B, O’Donovan M, Debiram-Beecham |, Pesola F, Kaimi |, et al. Barrett’'s oESopha-
gus trial 3 (BEST3): study protocol for a randomised controlled trial comparing the Cytosponge-TFF3
test with usual care to facilitate the diagnosis of oesophageal pre-cancer in primary care patients with
chronic acid reflux. BMC cancer. 2018; 18(1):784. https://doi.org/10.1186/s12885-018-4664-3 PMID:
30075763

6. Davelaar AL, Calpe S, Lau L, Timmer MR, Visser M, Ten Kate FJ, et al. Aberrant TP53 detected by
combining immunohistochemistry and DNA-FISH improves Barrett’'s esophagus progression predic-
tion: a prospective follow-up study. Genes, chromosomes & cancer. 2015; 54(2):82—-90.

7. Martinez P, Timmer MR, Lau CT, Calpe S, Sancho-Serra Mdel C, Straub D, et al. Dynamic clonal equi-
librium and predetermined cancer risk in Barrett’s oesophagus. Nature communications. 2016;
7:12158. https://doi.org/10.1038/ncomms 12158 PMID: 27538785

8. Timmer MR, Martinez P, Lau CT, Westra WM, Calpe S, Rygiel AM, et al. Derivation of genetic biomark-
ers for cancer risk stratification in Barrett’s oesophagus: a prospective cohort study. Gut. 2016; 65
(10):1602—10. https://doi.org/10.1136/gutjnl-2015-309642 PMID: 26104750

9. Murray L, Sedo A, Scott M, McManus D, Sloan JM, Hardie LJ, et al. TP53 and progression from Bar-
rett’'s metaplasia to oesophageal adenocarcinoma in a UK population cohort. Gut. 2006; 55(10):1390—
7. https://doi.org/10.1136/gut.2005.083295 PMID: 16682429

10. van Olphen SH, Ten Kate FJ, Doukas M, Kastelein F, Steyerberg EW, Stoop HA, et al. Value of cyclin A
immunohistochemistry for cancer risk stratification in Barrett esophagus surveillance: A multicenter
case-control study. Medicine. 2016; 95(47):€5402. https://doi.org/10.1097/MD.0000000000005402
PMID: 27893678

11.  Stachler MD, Camarda ND, Deitrick C, Kim A, Agoston AT, Odze RD, et al. Detection of Mutations in
Barrett’'s Esophagus Before Progression to High-Grade Dysplasia or Adenocarcinoma. Gastroenterol-
ogy. 2018; 155(1):156—67. https://doi.org/10.1053/j.gastro.2018.03.047 PMID: 29608884

PLOS ONE | https://doi.org/10.1371/journal.pone.0231419  April 13, 2020 16/17


https://doi.org/10.1053/j.gastro.2006.08.032
http://www.ncbi.nlm.nih.gov/pubmed/17101315
https://doi.org/10.20524/aog.2016.0091
https://doi.org/10.20524/aog.2016.0091
http://www.ncbi.nlm.nih.gov/pubmed/28042232
https://doi.org/10.1186/s12885-018-4664-3
http://www.ncbi.nlm.nih.gov/pubmed/30075763
https://doi.org/10.1038/ncomms12158
http://www.ncbi.nlm.nih.gov/pubmed/27538785
https://doi.org/10.1136/gutjnl-2015-309642
http://www.ncbi.nlm.nih.gov/pubmed/26104750
https://doi.org/10.1136/gut.2005.083295
http://www.ncbi.nlm.nih.gov/pubmed/16682429
https://doi.org/10.1097/MD.0000000000005402
http://www.ncbi.nlm.nih.gov/pubmed/27893678
https://doi.org/10.1053/j.gastro.2018.03.047
http://www.ncbi.nlm.nih.gov/pubmed/29608884
https://doi.org/10.1371/journal.pone.0231419

PLOS ONE

A genomic biomarker model for risk stratification of Barrett's esophagus patients after extended follow up

12

13.

14.

15.

16.

17.

18.
19.

20.

21.

22,

23.

24,

25.

26.

Eluri S, Klaver E, Duits LC, Jackson SA, Bergman JJ, Shaheen NJ. Validation of a biomarker panel in
Barrett's esophagus to predict progression to esophageal adenocarcinoma. Diseases of the esopha-
gus: official journal of the International Society for Diseases of the Esophagus. 2018; 31(11).

Lao-Sirieix P, Lovat L, Fitzgerald RC. Cyclin Aimmunocytology as a risk stratification tool for Barrett's
esophagus surveillance. Clinical cancer research: an official journal of the American Association for
Cancer Research. 2007; 13(2 Pt 1):659-65.

Li X, Galipeau PC, Paulson TG, Sanchez CA, Arnaudo J, Liu K, et al. Temporal and spatial evolution of
somatic chromosomal alterations: a case-cohort study of Barrett’s esophagus. Cancer prevention
research (Philadelphia, Pa). 2014; 7(1):114-27.

Merlo LM, Shah NA, Li X, Blount PL, Vaughan TL, Reid BJ, et al. A comprehensive survey of clonal
diversity measures in Barrett's esophagus as biomarkers of progression to esophageal adenocarci-
noma. Cancer prevention research (Philadelphia, Pa). 2010; 3(11):1388-97.

Li X, Paulson TG, Galipeau PC, Sanchez CA, Liu K, Kuhner MK, et al. Assessment of Esophageal Ade-
nocarcinoma Risk Using Somatic Chromosome Alterations in Longitudinal Samples in Barrett's Esoph-
agus. Cancer prevention research (Philadelphia, Pa). 2015; 8(9):845-56.

Shaheen NJ, Falk GW, lyer PG, Gerson LB. ACG Clinical Guideline: Diagnosis and Management of
Barrett’'s Esophagus. The American journal of gastroenterology. 2016; 111(1):30-50; quiz 1. https://doi.
org/10.1038/ajg.2015.322 PMID: 26526079

Potapov S. Estimators of prediction accuracy for time-to-event data.

Desai TK, Krishnan K, Samala N, Singh J, Cluley J, Perla S, et al. The incidence of oesophageal adeno-
carcinoma in non-dysplastic Barrett's oesophagus: a meta-analysis. Gut. 2012; 61(7):970-6. https://
doi.org/10.1136/gutjnl-2011-300730 PMID: 21997553

Fitzgerald RC, di Pietro M, Ragunath K, Ang Y, Kang JY, Watson P, et al. British Society of Gastroenter-
ology guidelines on the diagnosis and management of Barrett’s oesophagus. Gut. 2014; 63(1):7-42.
https://doi.org/10.1136/gutjnl-2013-305372 PMID: 24165758

Spechler SJ. Barrett esophagus and risk of esophageal cancer: a clinical review. Jama. 2013; 310
(6):627-36. https://doi.org/10.1001/jama.2013.226450 PMID: 23942681

Bani-Hani K, Sue-Ling H, Johnston D, Axon AT, Martin IG. Barrett’'s oesophagus: results from a 13-year
surveillance programme. European journal of gastroenterology & hepatology. 2000; 12(6):649-54.

Macdonald CE, Wicks AC, Playford RJ. Final results from 10 year cohort of patients undergoing surveil-
lance for Barrett's oesophagus: observational study. BMJ (Clinical research ed). 2000; 321
(7271):1252-5.

Ortiz A, Martinez de Haro LF, Parrilla P, Morales G, Molina J, Bermejo J, et al. Conservative treatment
versus antireflux surgery in Barrett’s oesophagus: long-term results of a prospective study. The British
journal of surgery. 1996; 83(2):274-8. PMID: 8689188

Schoenfeld P, Johnston M, Piorkowski M, Jones DM, Eloubeidi M, Provenzale D. Effectiveness and
patient satisfaction with nurse-directed treatment of Barrett's esophagus. The American journal of
gastroenterology. 1998; 93(6):906—10. https://doi.org/10.1111/j.1572-0241.1998.00274.x PMID:
9647016

Carrasco E. How Efficacious is Ziverel® for Symptomatic Relief of Acute Radiation-Induced Esophagi-
tis? Retrospective Study of Patients Receiving Oncologic Treatment. Cancer Therapy & Oncology Inter-
national Journal. 7(5).

PLOS ONE | https://doi.org/10.1371/journal.pone.0231419  April 13, 2020 17/17


https://doi.org/10.1038/ajg.2015.322
https://doi.org/10.1038/ajg.2015.322
http://www.ncbi.nlm.nih.gov/pubmed/26526079
https://doi.org/10.1136/gutjnl-2011-300730
https://doi.org/10.1136/gutjnl-2011-300730
http://www.ncbi.nlm.nih.gov/pubmed/21997553
https://doi.org/10.1136/gutjnl-2013-305372
http://www.ncbi.nlm.nih.gov/pubmed/24165758
https://doi.org/10.1001/jama.2013.226450
http://www.ncbi.nlm.nih.gov/pubmed/23942681
http://www.ncbi.nlm.nih.gov/pubmed/8689188
https://doi.org/10.1111/j.1572-0241.1998.00274.x
http://www.ncbi.nlm.nih.gov/pubmed/9647016
https://doi.org/10.1371/journal.pone.0231419

