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Abstract

Objectives

The current surveillance strategy in Barrett’s esophagus (BE) uses only histological findings

of the last endoscopy to assess neoplastic progression risk. As predictor values vary across

endoscopies, single measurements may not be an accurate reflection. Our aim was to

explore the value of using longitudinal evolutions (i.e. successive measurements) of histo-

logical findings (low-grade dysplasia (LGD)) and immunohistochemical biomarkers (p53

and SOX2) by investigating the association with Barrett’s progression.

Methods

In this proof-of-principle study of a longitudinal dynamic risk estimation model with a multi-

center cohort design, 631 BE patients from 15 Dutch hospitals who were under surveillance

were included. Longitudinal dynamic values of LGD, p53, and SOX2 were included in a mul-

tivariate joint model to estimate the risk of high-grade dysplasia (HGD)/esophageal adeno-

carcinoma (EAC).

Results

Longitudinal evolutions of aberrant expression of p53 (HR 1.26, p<0.01) and SOX2 (HR

1.43, p<0.01) were associated with an increased HGD/EAC risk. We also found weak evi-

dence of an association with the longitudinal evolution of the presence of LGD (HR 1.02, p =

0.12). The performance of the model was good (AUC 0.80–0.88). Using this model, for each

future BE patient the probability of aberrant expression of biomarkers based on multiple lon-

gitudinal observations can be estimated. This probability is translated in progression risk,

expressed as HR.
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Conclusions

This study provides solid ground to further explore a paradigm shift from currently recom-

mended fixed intervals towards personalized surveillance, in which tailored risk estimations

and corresponding surveillance intervals can be updated at every FU endoscopy for individ-

ual BE patients.

Introduction

Barrett’s esophagus (BE) is a premalignant condition of esophageal adenocarcinoma (EAC).

Progression is expected to be stepwise: from no dysplasia (NDBE) to low-grade dysplasia

(LGD), eventually to high-grade dysplasia (HGD) and EAC. In the natural history EAC is usu-

ally detected in a more advanced stage due to the late onset of symptoms, which causes high

mortality [1]. Surveillance by upper endoscopy was introduced to detect neoplasia in an earlier

(asymptomatic) and endoscopically treatable stage, which is likely to reduce EAC related mor-

bidity and mortality [2–5].

To date, studies show conflicting results about the effectiveness of surveillance [6–9]. The

main predictor to identify an increased risk of developing neoplasia is the presence of LGD in

biopsy specimens, as sampled during surveillance endoscopy. If present, the surveillance inter-

val is shortened.

However, the discriminative power between patients with low and high risk of neoplastic

progression is limited: only an estimated 15% of patients in whom LGD was detected will

develop HGD/EAC [10]. Consequently, the majority of patients with a supposedly increased

risk are having surveillance endoscopies too frequently. Current approaches only use the most

recent available assessment of histological diagnosis to estimate the neoplastic progression risk

[11, 12]. As a result, this strategy does not account for the fact that the presence or absence of

LGD can change dynamically over time within one patient. Previously, persistent LGD was

estimated to be associated with a higher neoplastic progression risk than a single measurement

of LGD. However, in those models it was used as a single dichotomous parameter [13, 14].

Therefore, these previous models may be inaccurate.

There is a need for an alternative strategy to improve risk stratification. First of all, longitu-

dinal evolutions (successive measurements within the same patient) of the histological diagno-

sis over time can provide additional information in estimating neoplasia risk [15], rather than

single measurements or multiple measurements defined a dichotomous parameter. This strat-

egy allows for an updated (dynamic) personalized risk estimation at every follow-up (FU)

endoscopy, thereby including the history of the individual BE patient. Personalized (and

potentially longer) surveillance intervals can be initiated, as well as termination of surveillance

in case of very low risk. Secondly, besides histological assessment, other biomarkers need to be

implemented in risk estimations for neoplastic progression. For two immunohistochemical

biomarkers strong potential has been shown: p53 [10, 16] and SOX2 [17].

The aim of this proof-of-principle study was to explore the value of using these longitudinal

profiles of histological diagnosis, p53, and SOX2 by investigating the association with neoplas-

tic progression. If present, this may cause a shift of paradigm in BE surveillance from fixed sur-

veillance intervals based on only the most recent measurement of histological diagnosis

towards personalized surveillance based on longitudinal evolutions of three biomarkers with a

more precise and reliable risk estimation.
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Materials and methods

Study design

The design of this multicenter cohort study has been described previously [17]. In summary,

consecutive BE patients from 15 Dutch hospitals (three university hospitals and 12 general

hospitals) were included between September 2003 and December 2004. At index endoscopy

demographic information, such as age and gender, was collected. Before every FU endoscopy,

patients were asked to fill out a questionnaire, concerning weight, length, gastro-esophageal

reflux symptoms, use of medication, smoking, and alcohol use. During endoscopies landmarks

were identified, as well as the presence of visible abnormalities, and the presence of esophagitis

[18]. Surveillance intervals were according to the guideline of the American College of Gastro-

enterology, and biopsies were sampled randomly as stated by the Seattle protocol. The end-

point of the study was the detection of HGD/EAC.

Study population

Inclusion criteria were histologically confirmed intestinal metaplasia in biopsies obtained

from columnar lined epithelium in the esophagus, Barrett segment�2 cm, and absence of a

history of HGD/EAC. To exclude prevalent cases of neoplasia at baseline, only BE patients

with�6 months of FU in the study without HGD/EAC development were selected for this

analysis. Therefore, results concerning median FU time and the incidence rate of (HGD/)EAC

were based on total FU time minus six months per patient. Immunohistochemistry results

were obtained from biopsies of each endoscopy of patients who had eventually developed

HGD/EAC and from one random endoscopy of patients without HGD/EAC. Although some

patients had only one measurement per biomarker, it is possible to take into account the longi-

tudinal profile based on all patients. If there was no paraffin material available of any endos-

copy, patients were excluded.

Histology and immunohistochemistry

The histological diagnosis and the expression of p53 and SOX2 immunohistochemistry was

assessed by at least two experienced investigators in the biopsy specimens as sampled during

surveillance endoscopy. The working experience of pathologist 1 (KB) after graduation was 12

years, with a BE caseload of 8 up to 10 weekly; pathologist 2 was working 8 years after gradua-

tion, assessing 8 up to 10 BE cases weekly as well. The highest degree of abnormality in a

biopsy set was reported (S1 Appendix).

Ethics

The institutional review board of Erasmus MC University Medical Center Rotterdam, The

Netherlands, and the board of all participating centres approved the study protocol. Written

informed consent was gained from patients at inclusion.

Statistical analysis

Neoplastic progression was defined as the development of HGD/EAC. The biomarkers investi-

gated were all considered dichotomous and either normal or aberrant: NDBE vs LGD, normal

vs aberrant staining of p53 (overexpression or loss of expression), and normal vs loss of expres-

sion of SOX2. To investigate the association between biomarkers and the development of neo-

plasia a multivariate joint model was used [19]. In this model, longitudinal data of the risk of

aberrant measurements of a biomarker are combined with the risk of neoplastic progression.
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First, the risk of showing LGD or aberrant expression of p53 or SOX2 was modelled for

each of the three biomarkers separately with mixed-effects logistic regression models, based on

the course of longitudinal evolutions. We assumed results of indefinite for dysplasia as missing

values of histopathology. For all three longitudinal models (LGD, p53, SOX2) in the fixed part

the baseline variables age and gender, and the time-varying covariates time, esophagitis, and

BE length were included. Age was standardized. Esophagitis was considered dichotomous, to

be either present or absent. BE length was also considered dichotomous with short-segment

BE<3 cm and long-segment BE�3 cm. In the random-effects part for each model only ran-

dom intercepts were used. Secondly, these models were combined with a time-varying Cox

proportional hazards model in the framework of a multivariate joint model, to estimate the

dynamic risk of neoplastic progression. Both the Cox model and the multivariate joint model

were adjusted for baseline values age and gender, and time-varying dichotomous covariates

BE length and esophagitis.

To estimate the predictive performance the area under the receiver operating characteristic

curve (AUC) was determined for neoplastic progression risk predictions within three years at

time point year one, two, three, four, five, and six. Internal validation using the Bootstrap

method with 100 replications was performed to adjust for optimism.

Odds ratios (OR) >1 of the mixed-effects logistic regression models are associated with an

increased risk of aberrant expression of biomarkers. Hazard ratios (HR) >1 of the multivariate

joint model are associated with an increased risk of neoplastic progression. P-values<0.05

were considered statistically significant. Analysis was done with R [20], version 3.4.1, using

package JMbayes [21].

Sensitivity analysis

To compare the estimates to more conventional analysis, a static Cox proportional hazards

model was estimated using the same data and variables. Further details can be found in the S1

Appendix.

Results

Patient characteristics

Out of 728 patients meeting the inclusion criteria, 631 (87%) were included (S1 Fig), in whom

3276 endoscopies were performed. For the 97 (13%) patients excluded there were no results

available of any FU moment for LGD, p53, and SOX2 (Table 1).

The mean number of measurements per biomarker for patients who had eventually devel-

oped HGD/EAC was for LGD 4.1 (SD 2.2), for p53 3.8 (SD 2.1), and for SOX2 3.7 (SD 2.0). In

patients who had not developed HGD/EAC in the study this mean number of measurements

was for LGD 5.0 (SD 1.7), for p53 2.2 (SD 2.0), and for SOX2 2.2 (SD 2.0).

4475 person-years were observed in patients included; 54 patients developed HGD/EAC.

The average incidence rate was 1.2 (95% CI 0.9–1.5) for HGD/EAC and 0.4 (95% CI 0.2–0.6)

for EAC per 100 person-years. The median FU time was 6.8 years (IQR 4.9–9.8), with a

median age of 60 years (IQR 53–69). Predominantly males were included (73%) and 76% of

patients had a BE segment of�3 cm.

Risk estimation of aberrant measurements of biomarkers

The longitudinal evolutions of histological diagnosis and immunohistochemistry were esti-

mated based on measurements of multiple successive endoscopies within the same patient

(Table 2). The risk of detection of LGD, instead of NDBE, was increased due to older age (OR
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1.58, p<0.01) and male gender (OR 0.55, p<0.01 (ref. males)). The risk of aberrant expression

of p53 increased in time (OR 1.17, p<0.01), with older age (OR 1.82, p<0.01), and male gender

(OR 0.23, p<0.01 (ref. male)), but also with a long segment BE (OR 2.77, p<0.01). Loss of

SOX2 expression was not influenced by any of these factors. Absolute measurements of the

variability between normal and aberrant expression can be found in S2 and S3 Tables.

Risk estimation of neoplastic progression

The risk of neoplastic progression was estimated based on the longitudinal evolution of LGD,

p53, and SOX2 (Table 3). For the results of the biomarkers of the multivariate joint model the

value (representing the current risk of neoplastic progression, based on all previous measure-

ments) and the accumulated effect of this biomarker (representing the overall risk of neoplastic

progression, based on the history of the measurements of biomarkers) are reported. In clinical

Table 1. Baseline characteristics.

Variables Patients included (n = 631) Patients excluded (n = 97) p-value

FU time (median, IQR) 6.8 years (4.9–9.8) 8.0 years (2.4–10.9) 0.95

n˚ of FU (median, IQR) 4.0 (3.0–6.0) 4.0 (2.0–5.0) <0.01
Age (median, IQR) 60 years (53–69) 62 years (53–70) 0.60

Male gender (%) 463 (73%) 68 (70%) 0.58

GERD (%) 192 (30%) 30 (31%) 1.00

PPI use (%) 565 (90%) 91 (94%) 0.29

NSAID use (%) 32 (5.1%) 3 (3.1%) 0.55

Smoking (%) current 133 (21%) 14 (14%)

ever 287 (45%) 43 (44%)

never 199 (32%) 40 (41%) 0.12

Alcohol (%) current 488 (77%) 66 (68%)

ever 58 (9.2%) 8 (8.2%)

never 73 (12%) 23 (24%) <0.01
BMI (median, IQR) 26.6 kg/m2 (24.6–29.2) 26.3 kg/m2 (24.0–29.7) 0.84

HGD/EAC 54 (8.6%) 3 (3.1%) 0.10

Length of BE�3 cm (%) 478 (76%) 60 (62%) <0.01
Esophagitis present (%) 61 (10%) 14 (14%) 0.20

BMI = body mass index. BE = Barrett’s esophagus. FU = follow-up. GERD = gastro-esophageal reflux disease. HGD = high-grade dysplasia. NSAID = non-steroidal

anti-inflammatory drug. PPI = proton pump inhibitor. EAC = esophageal adenocarcinoma.

https://doi.org/10.1371/journal.pone.0267503.t001

Table 2. Risk of aberrant expression of biomarker. Longitudinal models: ORs and 95% CI of the risk of having

LGD, aberrant expression of p53, or SOX2 in time, adjusted for age, gender (at baseline), length of BE, and esophagitis

(time-varying covariates). OR>1 indicate an increased probability of LGD or aberrant expression of p53 or SOX2 if

the mentioned characteristic is present.

LGD p53 SOX2

OR (95% CI) OR (95% CI) OR (95% CI)

Time 1.00 (0.96; 1.04) 1.17 (1.06; 1.29) 1.09 (1.00; 1.19)

Age 1.58 (1.31; 1.91) 1.82 (1.21; 2.72) 1.28 (0.98; 1.67)

Gender (female) 0.55 (0.36; 0.82) 0.23 (0.09; 0.58) 0.84 (0.47; 1.49)

Length of BE (�3 cm) 1.19 (0.84; 1.67) 2.77 (1.38; 5.56) 1.13 (0.67; 1.90)

Esophagitis (present) 1.08 (0.63; 1.87) 0.45 (0.16; 1.28) 0.76 (0.32; 1.79)

BE = Barrett’s esophagus. LGD = low-grade dysplasia. OR = odds ratio.

https://doi.org/10.1371/journal.pone.0267503.t002
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practice, this difference is irrelevant and the interpretation of the results is comparable; in both

risk estimations, all biomarker measurements of each patient are included. However, the

mathematical approach is different. Consequently, both value and the accumulated effect can

be used in estimating the neoplastic progression risk.

An increased risk of developing HGD/EAC during surveillance was associated with aber-

rant expression of p53 (HR value 1.26, p<0.01) or SOX2 (HR value 1.43, p<0.01). The results

of LGD (HR value 1.02, p = 0.78 & HR accumulated effect 1.02, p = 0.12) were not statistically

significant. Consequently, there may be an association with an increased risk of neoplastic pro-

gression and LGD, but the association with aberrant expression of p53 or SOX2 is considerably

larger. This indicates that multiple successive aberrant measurements of p53 or SOX2 increase

the risk of developing HGD/EAC.

The HRs in Table 3 represent the probability of HGD/EAC in a patient with only normal

measurements of that specific biomarker, compared to a patient with only aberrant measure-

ments. In practice, these measurements will differ across endoscopies; one individual patient

will not have only normal or only aberrant measurements. Therefore, first the probability of

having LGD or aberrant expression of p53 or SOX2 has to be estimated based on the longitudi-

nal evolution (i.e. successive measurements) (Table 2). This will provide an individual propor-

tion of the total estimated HGD/EAC risk (Table 3). For example, the risk of aberrant

expression of p53 is ~20% in case of five measurements: four normal, one aberrant. The HGD/

EAC risk of that individual patient at that time point based on only p53 is 0.2�1.26 = HR 0.25.

If the model will be used in an online application, it will include all demographic and clinical

variables of that individual patient, as well as the longitudinal evolutions of histological diagno-

sis, p53, and SOX2 to estimate the neoplastic progression risk. The risk estimations can be

updated at every surveillance endoscopy, based on new additional measurements of histologi-

cal diagnosis and immunohistochemistry. This results in dynamic risk estimations for each

patient, according to its individual patient characteristics (Figs 1 and 2). These risks for the

development of HGD/EAC gradually evolve from low risk to high risk. Each risk will have its

consequence in surveillance, for example for low risk the interval can be chosen to remain

long (e.g. three years), for medium risk the interval could be shortened (e.g. towards one year),

and for high risk patients endoscopic eradication therapy (EET) may be applied.

Table 3. Risk of neoplastic progression. For every biomarker normal expression is the reference category. HR>1 is

associated with an increased risk; HRs of joint model represent the HGD/EAC risk if the risk of aberrant expression in

the longitudinal course of a biomarker changes with 10%, HRs of the Cox model represent the HGD/EAC risk if aber-

rant expression is present at baseline.

Joint model Cox model

HR (95% CI) HR (95% CI)

Age 1.00 (0.98; 1.05) 1.19 (0.86; 1.63)

Gender (female) 1.00 (0.90; 1.02) 0.77 (0.37; 1.58)

Length of BE (�3 cm) 1.02 (0.94; 1.03) 1.04 (0.54; 2.03)

Esophagitis (present) 1.03 (0.75; 1.02) 3.38 (1.67; 6.85)

LGD Value 1.02 (0.47; 1.50) 3.57 (2.01; 6.34)

Accumulated effect 1.02 (1.00; 1.06) n.a.

P53 (aberrant expression) Value 1.26 (1.13; 1.80) 6.63 (3.55; 12.4)

Accumulated effect 1.00 (1.00; 1.00) n.a.

SOX2 (aberrant expression) Value 1.43 (1.26; 3.23) 2.20 (1.12; 4.34)

Accumulated effect 1.02 (1.00; 1.05) n.a.

BE = Barrett’s esophagus. HGD = high-grade dysplasia. HR = hazard ratio. LGD = low-grade dysplasia.

EAC = esophageal adenocarcinoma.

https://doi.org/10.1371/journal.pone.0267503.t003
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Predictive performance

Optimism-adjusted estimates of the AUC were between 0.80 and 0.88 at different time

points, indicating good performance of the model. Since the estimates before adjustment

for optimism did not deviate much from those afterwards, there were no signs of overfit-

ting (Table 4).

Fig 1. Personalized HGD/EAC risk estimations for a BE surveillance patient, based on age, gender, esophagitis, and

BE length. Additionally, at every follow-up markers LGD, p53, and SOX2 are tested, and HGD/EAC risk estimations

within three years are updated, based on all measurements of that patient. Based on these dynamic risk estimations the

interval can be either shortened, or endoscopic eradication therapy can be applied. BE = Barrett’s esophagus.

HGD = high-grade dysplasia. LGD = low-grade dysplasia. EAC = esophageal adenocarcinoma.

https://doi.org/10.1371/journal.pone.0267503.g001
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Fig 2. Neoplastic progression risk estimation of an exemplary BE patient (black bars, 95% CI) within three years at different FU

moments (1, 3, 7), based on: 1) baseline variables (gender, age, esophagitis, BE length); 2) dynamic variables (red points represent

measurements of three biomarkers, blue lines represent the probability of aberrant measurements in time). The difference between

HGD/EAC risk estimations based on the dynamic and static model are displayed. In the static model the risk is only based on the last

measurement. However, for the dynamic model the risk can be adjusted to all measurements; if there are more normal biomarker
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Sensitivity analysis

In the static model the presence of LGD, aberrant expression of p53 and SOX2 were associated

with an increased risk of neoplastic progression (HR LGD 3.57, p<0.01, HR p53 6.63, p<0.01;

HR SOX2 2.20, p = 0.04) and the presence of esophagitis (HR 3.38, p<0.01). The estimates of

the AUC at different time points were all lower than those of the main analysis (0.72–0.78,

Table 4). If in the same static model only baseline LGD was included and not p53 and SOX2,

there was a statistically significant association with an increased risk of neoplastic progression

(HR 3.40, p<0.01). Further details can be found in the S1 Appendix and S1 Table.

Discussion

In this first ‘proof-of-principle’ study the value of using longitudinal profiles of biomarkers to

estimate the risk of Barrett’s progression was shown. Successive measurements of aberrant

expression of p53 and SOX2 were associated with an increased risk; the longitudinal evolution

of the presence of LGD may also be associated. Demographic and clinical variables as age, gen-

der, and BE length are involved as well. The predictive performance of this dynamic model

was shown to be higher than the static model. Consequently, this study provides solid ground

to further explore a potential shift of paradigm from the current guideline-recommended

intervals, which are fixed, towards personalized surveillance. These tailored risk estimations,

based on an individuals’ longitudinal measurements, can be used to predict the neoplastic pro-

gression risk of each BE patient to schedule their next endoscopy. This interval can vary per

patient, but also per endoscopy within the same patient if new biomarker measurements are

included and the neoplastic progression risk is updated.

There are two important benefits of this model. First of all, all successive measurements of

every single patient were used. Consequently, biomarkers could be used in the model as if they

were measured continuously. Since it is known that measurements of biomarkers can vary

within one patient across endoscopies, this reduces the influence of an incorrect histological

diagnosis. This is most likely to be caused by misinterpretation, as concurrent inflammatory

changes are difficult to distinguish from LGD due to reactive atypia. Other contributing factors

are the influence of artifacts as well as sampling error. Although the latter is unlikely to play an

important role if endoscopists adhere to the biopsy protocol, e.g. the Seattle protocol, as rec-

ommended by guidelines. Another option is that instead of having false-negative or false-

measurements, the probability of developing HGD/EAC settles (e.g. in FU3). BE = Barrett’s esophagus. FU = follow-up. HGD = high-grade

dysplasia. EAC = esophageal adenocarcinoma.

https://doi.org/10.1371/journal.pone.0267503.g002

Table 4. Validation personalized risk estimation model: 1) area under the curve (AUC) of the dynamic model (=

joint model), 2) AUC of the dynamic model, adjusted for optimism, 3) AUC of the static model (= Cox model).

All estimates were measured at time points year 1, 2, 3, 4, 5, and 6.

Year AUC dynamic model AUC dynamic model adjusted for optimism AUC static model

1 0.89 0.88 0.78

2 0.84 0.80 0.75

3 0.88 0.84 0.78

4 0.87 0.84 0.78

5 0.88 0.87 0.76

6 0.87 0.86 0.72

AUC = area under the receiver operating characteristic curve.

https://doi.org/10.1371/journal.pone.0267503.t004
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positive results for the presence of low-grade dysplasia due to the previously mentioned rea-

sons, actual regression and progression of the grade of dysplasia is a possibility. Although

heavily discussed in the literature, the general opinion is that regression is unlikely to play a

role [22, 23]. Secondly, since this model provides more information about longitudinal evolu-

tions of biomarkers; it allows the inclusion of the history of the patient and its cumulative neo-

plastic progression risk. Due to these benefits, the intended model is likely to provide a better

representation of the relevant findings over time and we expect it to be more accurate: in our

study the AUC of the dynamic model was better than the AUC of the static model.

Currently, in BE surveillance guidelines the recommended interval is shortened if LGD is

determined in biopsy specimens [2]. These recommendations are in line with a recent meta-

analysis, which showed that the HGD/EAC risk was increased more than four times in case of

LGD detection [24]. However, only a minority of patients with LGD will eventually develop

HGD/EAC [10]. The latter patients, who are false-positive for high neoplastic progression risk,

have to undergo many unnecessary endoscopies, or even EET. A static model based on our

data with only baseline LGD included, also showed an increased HGD/EAC risk of almost

four times. However, in our risk estimation model, including longitudinal evolutions of bio-

markers, with the same data, having LGD was not as strongly associated with an increased

neoplastic progression risk. These findings support the impact of misclassification of the histo-

logical diagnosis, leading to an erroneously estimated increased risk. If LGD is detected multi-

ple times, the likelihood of a true-positive measurement for LGD and its predictive value for

neoplasia is likely to be higher [25].

Nowadays, patients with HGD or early EAC are treated with EET. However, there is a

trend towards EET for patients with LGD [23]. If all LGD patients would be having EET, the

patient burden of treatment would be unnecessary for approximately 70% of the patients [26].

Targeted treatment to only high-risk patients based on personalized surveillance seems appro-

priate, to which the model in this study may contribute. Besides, this model may have a benefi-

cial effect on the number of endoscopies needed per patient. Eventually the cost-effectiveness

of BE surveillance could improve with a reduced healthcare burden.

Apart from the fact that in this model we have used longitudinal evolutions, immunohisto-

chemical biomarkers that have already shown promising results in the literature have been

included. P53 is expected to play an early role in the progression of BE towards neoplasia, as

mutations are already noted in biopsies showing no dysplasia. Its role in neoplastic progression

is assumed to be due to inactivation of tumor suppression, but probably mostly due to genome

doubling ending up in oncogenic amplifications [27]. In a meta-analysis containing 1340 BE

patients the odds of neoplastic progression were estimated to be three times higher if p53 was

expressed aberrantly, compared to the wild-type [16]. Although SOX2 is not as extensively

researched as p53, a case-control study by our group using the same data showed a relative risk

of almost five in case of loss of expression of SOX2 compared to normal expression [17]. SOX2

is a transcription factor with an important role for a stem cell to remain pluripotent and conse-

quently in esophageal differentiation; mutations in SOX2 indicate dedifferentiation with a

higher risk of malignant transformations as a consequence [28]. These results are in line with

our findings, as the longitudinal trajectories of aberrant expression of both p53 and SOX2

were associated with increased risk of the development of neoplasia. There are also practical

benefits to the additional use of these biomarkers. Since they can be analysed from formalin

fixed biopsy specimens, no alternative procedures are necessary to process the material,

besides staining. Therefore, the additional costs and extra efforts are likely to be small and not

time consuming. Furthermore, the interobserver rate to define p53 expression was estimated

to be rather good, with a κ-value of 0.71, compared to 0.24 in the same study for LGD [29].

Also, p53 has been shown to improve interpretation of histological diagnosis by pathologists, if
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it were to be used as an ancillary study [30]. In the future, it may even be possible to determine

the expression of p53 automatically, as is currently evaluated in other fields of research [31].

There are several strengths and limitations to this study. Because of the use of longitudinal

evolutions of biomarkers, these measurements seem to be measured continuously. Conse-

quently, the influence of missing data is lower than if only single measurements were used.

Besides, for that same reason the influence of patients dropping out for a reason related to a

higher risk of neoplastic progression is reduced. For example, if a patient drops out due to

increased age, this patient may have developed neoplasia, but it was not observed. Since the

longitudinal evolutions of biomarkers are modelled, the longitudinal course can be extrapo-

lated and the event can be ‘observed’ anyway. There is, however, a difference in the mean num-

ber of measurements per biomarker between those patients who eventually show neoplastic

progression and those patients who do not. This may be a potential cause of bias. Due to lack

of availability of the tissue of the biopsy specimens it was not possible to collect more data. We

have included all available information, since we believe the increment of the power of the

model is higher if we do use all data available than the potential risk of bias if we would not

have used them. Besides, the model itself adjusts for this potential risk. In cases of patients with

more biomarker measurements, the model recognizes an increased risk, which is incorporated

in the estimations of the hazard of developing neoplastic progression [32]. Data were collected

in a multicenter design, in both university and general hospitals. Therefore, this cohort is likely

to be representative to clinical practice. All biopsy specimens were reviewed by two patholo-

gists experienced in gastroenterology, which is likely to reduce the influence of misclassifica-

tion. However, since the first data were collected in 2003 and since the expertise of assessing

histological diagnosis has improved along the years, some results may be outdated. Also, due

to the low incidence of neoplasia, in our cohort 54 events were observed. Although this is a

unique cohort of BE patients including many endoscopies and even more biopsies, for statisti-

cal modelling this still represents a limited number of events. In the model, adjustments were

made to prevent it from overfitting. Consequently, more information (confounders, variable

risks in time) was left out, that could have improved the quality of the model.

In conclusion, longitudinal evolutions of immunohistochemical biomarkers and, to a lesser

extent, histological diagnosis are of great value in risk stratification to predict Barrett’s progres-

sion. The next phase will be to make a prediction model based on these associations to be able

to provide tailored intervals for each individual BE patient in the framework of a personalized

surveillance program. A ready-to-use tool in an online web application in which all measure-

ments from a patient are entered, will provide an instant (updated) personalized risk predic-

tion with corresponding surveillance interval.

Supporting information

S1 Appendix.

(DOCX)

S1 Fig. Flow chart of patients included. EAC = esophageal adenocarcinoma. LGD = low-

grade dysplasia. HGD = high grade dysplasia.

(DOCX)

S1 Table. Risk of neoplastic progression. For every biomarker normal expression is the refer-

ence category. HR >1 is associated with an increased risk; HRs of joint model represent the

HGD/EAC risk if the risk of aberrant expression in the longitudinal course of a biomarker

changes with 10%, HRs of the Cox model represent the HGD/EAC risk if aberrant expression

is present at baseline. BE = Barrett’s esophagus. HGD = high-grade dysplasia. HR = hazard

PLOS ONE Dynamic risk estimation Barrett’s esophagus

PLOS ONE | https://doi.org/10.1371/journal.pone.0267503 April 27, 2022 11 / 14

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0267503.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0267503.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0267503.s003
https://doi.org/10.1371/journal.pone.0267503


ratio. LGD = low-grade dysplasia. EAC = esophageal adenocarcinoma.

(DOCX)

S2 Table. Absolute measurements of the variability between normal and aberrant expres-

sion, not related to individual patients.

(DOCX)

S3 Table. Absolute measurements of the variability between normal and aberrant expres-

sion for SOX2, not related to individual patients.

(DOCX)

Acknowledgments

The authors would like to thank the other members of the ProBar study group: J. Alderliesten,

G. van Ingen, F.T.M. Peters, A. Karrenbeld, F. ter Borg, M. Louwen, P.C.J. ter Borg, M.A. den

Bakker, A. Alkhalaf, F.C.P. Moll, J.J. Kolkman, J. van Baarlen, J.P.W. Burger, J.W.R. Meijer, A.

J.P. van Tilburg, H. van der Valk, M.J.L. Romberg-Camps, W. Vos, R.J.F. Felt, and T.J. Tang

for their role in the data collection and the critical revision of the manuscript for intellectual

content. Icons in Fig 2 were made by Those Icons (esophagitis), Freepik (gender & age), and

Iconnice (ruler) from www.flaticon.com.

Author Contributions

Conceptualization: Carlijn A. M. Roumans, Manon C. W. Spaander, Ewout W. Steyerberg,

Dimitris Rizopoulos.

Data curation: Carlijn A. M. Roumans, Manon C. W. Spaander.

Formal analysis: Carlijn A. M. Roumans, Ewout W. Steyerberg, Dimitris Rizopoulos.

Funding acquisition: Ewout W. Steyerberg.

Investigation: Carlijn A. M. Roumans, Ewout W. Steyerberg, Dimitris Rizopoulos.

Methodology: Carlijn A. M. Roumans, Manon C. W. Spaander, Iris Lansdorp-Vogelaar,

Katharina Biermann, Marco J. Bruno, Ewout W. Steyerberg, Dimitris Rizopoulos.

Project administration: Carlijn A. M. Roumans, Manon C. W. Spaander.

Software: Dimitris Rizopoulos.

Supervision: Manon C. W. Spaander, Iris Lansdorp-Vogelaar, Katharina Biermann, Marco J.

Bruno, Ewout W. Steyerberg, Dimitris Rizopoulos.

Validation: Dimitris Rizopoulos.

Visualization: Carlijn A. M. Roumans, Dimitris Rizopoulos.

Writing – original draft: Carlijn A. M. Roumans, Manon C. W. Spaander, Katharina Bier-

mann, Dimitris Rizopoulos.

Writing – review & editing: Iris Lansdorp-Vogelaar, Marco J. Bruno, Ewout W. Steyerberg.

References
1. Pohl H, Welch HG. The role of overdiagnosis and reclassification in the marked increase of esophageal

adenocarcinoma incidence. J Natl Cancer Inst. 2005; 97(2):142–6. https://doi.org/10.1093/jnci/dji024

PMID: 15657344.

PLOS ONE Dynamic risk estimation Barrett’s esophagus

PLOS ONE | https://doi.org/10.1371/journal.pone.0267503 April 27, 2022 12 / 14

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0267503.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0267503.s005
http://www.flaticon.com/
https://doi.org/10.1093/jnci/dji024
http://www.ncbi.nlm.nih.gov/pubmed/15657344
https://doi.org/10.1371/journal.pone.0267503


2. Shaheen NJ, Falk GW, Iyer PG, Gerson LB. ACG Clinical Guideline: Diagnosis and Management of

Barrett’s Esophagus. Am J Gastroenterol. 2016; 111(1):30–50. https://doi.org/10.1038/ajg.2015.322

PMID: 26526079.

3. Rice TW, Blackstone EH, Goldblum JR, DeCamp MM, Murthy SC, Falk GW, et al. Superficial adenocar-

cinoma of the esophagus. J Thorac Cardiovasc Surg. 2001; 122(6):1077–90. https://doi.org/10.1067/

mtc.2001.113749 PMID: 11726882.

4. 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.

5. American Gastroenterological Association Spechler SJ, Sharma P Souza RF, Inadomi JM Shaheen

NJ. American Gastroenterological Association medical position statement on the management of Bar-

rett’s esophagus. Gastroenterology. 2011; 140(3):1084–91. https://doi.org/10.1053/j.gastro.2011.01.

030 PMID: 21376940.

6. Fountoulakis A, Zafirellis KD, Dolan K, Dexter SP, Martin IG, Sue-Ling HM. Effect of surveillance of Bar-

rett’s oesophagus on the clinical outcome of oesophageal cancer. Br J Surg. 2004; 91(8):997–1003.

https://doi.org/10.1002/bjs.4591 PMID: 15286961.

7. van Sandick JW, van Lanschot JJ, Kuiken BW, Tytgat GN, Offerhaus GJ, Obertop H. Impact of endo-

scopic biopsy surveillance of Barrett’s oesophagus on pathological stage and clinical outcome of Bar-

rett’s carcinoma. Gut. 1998; 43(2):216–22. https://doi.org/10.1136/gut.43.2.216 PMID: 10189847.

8. Kastelein F, van Olphen SH, Steyerberg EW, Spaander MC, Bruno MJ, ProBar-study g. Impact of sur-

veillance for Barrett’s oesophagus on tumour stage and survival of patients with neoplastic progression.

Gut. 2015. Epub 2015/04/24. gutjnl-2014-308802 [pii] https://doi.org/10.1136/gutjnl-2014-308802

PMID: 25903690.

9. Lindblad M, Bright T, Schloithe A, Mayne GC, Chen G, Bull J, et al. Toward More Efficient Surveillance

of Barrett’s Esophagus: Identification and Exclusion of Patients at Low Risk of Cancer. World J Surg.

2017; 41(4):1023–34. https://doi.org/10.1007/s00268-016-3819-0 PMID: 27882416.

10. Kastelein F, Biermann K, Steyerberg EW, Verheij J, Kalisvaart M, Looijenga LH, et al. Aberrant p53 pro-

tein expression is associated with an increased risk of neoplastic progression in patients with Barrett’s

oesophagus. Gut. 2013; 62(12):1676–83. https://doi.org/10.1136/gutjnl-2012-303594 PMID:

23256952.

11. Brown CS, Lapin B, Goldstein JL, Linn JG, Talamonti MS, Carbray J, et al. Predicting Progression in

Barrett’s Esophagus: Development and Validation of the Barrett’s Esophagus Assessment of Risk

Score (BEAR Score). Ann Surg. 2017. PubMed PMID: 28230661.

12. Thrift AP, Kendall BJ, Pandeya N, Vaughan TL, Whiteman DC, Study of Digestive H. A clinical risk pre-

diction model for Barrett esophagus. Cancer Prev Res (Phila). 2012; 5(9):1115–23. https://doi.org/10.

1158/1940-6207.CAPR-12-0010 PMID: 22787114.

13. Wani S, Falk GW, Post J, Yerian L, Hall M, Wang A, et al. Risk factors for progression of low-grade dys-

plasia in patients with Barrett’s esophagus. Gastroenterology. 2011; 141(4):1179–86, 86 e1. https://doi.

org/10.1053/j.gastro.2011.06.055 PMID: 21723218.

14. Duits LC, van der Wel MJ, Cotton CC, Phoa KN, Ten Kate FJ, Seldenrijk CA, et al. Patients With Bar-

rett’s Esophagus and Confirmed Persistent Low-Grade Dysplasia Are at Increased Risk for Progression

to Neoplasia. Gastroenterology. 2017; 152(5):993–1001 e1. https://doi.org/10.1053/j.gastro.2016.12.

008 PMID: 28012849.

15. Rizopoulos D, Taylor JM, Van Rosmalen J, Steyerberg EW, Takkenberg JJ. Personalized screening

intervals for biomarkers using joint models for longitudinal and survival data. Biostatistics. 2016; 17

(1):149–64. https://doi.org/10.1093/biostatistics/kxv031 PMID: 26319700.

16. Janmaat VT, van Olphen SH, Biermann KE, Looijenga LHJ, Bruno MB, Spaander MCW. Use of immu-

nohistochemical biomarkers as independent predictor of neoplastic progression in Barrett’s oesopha-

gus surveillance: A systematic review and meta-analysis. PLoS One. 2017; 12(10):e0186305. https://

doi.org/10.1371/journal.pone.0186305 PMID: 29059206.

17. van Olphen S, Biermann K, Spaander MC, Kastelein F, Steyerberg EW, Stoop HA, et al. SOX2 as a

novel marker to predict neoplastic progression in Barrett’s esophagus. Am J Gastroenterol. 2015; 110

(10):1420–8. https://doi.org/10.1038/ajg.2015.260 PMID: 26323187.

18. DiBaise JK. The LA classification for esophagitis: a call for standardization. Am J Gastroenterol. 1999;

94(12):3403–4. https://doi.org/10.1111/j.1572-0241.1999.01660.x PMID: 10606290.

19. Rizopoulos D. Joint Models for Longitudinal and Time-to-Event Data, with Applications in R.: Boca

Ratopn: Chapman and Hall/CRC; 2012.

20. R Core Team (2017). R: A language and environment for statistical computing R Foundation for Statis-

tical Computing, Vienna, Austria. Available from: https://www.R-project.org/.

PLOS ONE Dynamic risk estimation Barrett’s esophagus

PLOS ONE | https://doi.org/10.1371/journal.pone.0267503 April 27, 2022 13 / 14

https://doi.org/10.1038/ajg.2015.322
http://www.ncbi.nlm.nih.gov/pubmed/26526079
https://doi.org/10.1067/mtc.2001.113749
https://doi.org/10.1067/mtc.2001.113749
http://www.ncbi.nlm.nih.gov/pubmed/11726882
https://doi.org/10.1136/gutjnl-2013-305372
http://www.ncbi.nlm.nih.gov/pubmed/24165758
https://doi.org/10.1053/j.gastro.2011.01.030
https://doi.org/10.1053/j.gastro.2011.01.030
http://www.ncbi.nlm.nih.gov/pubmed/21376940
https://doi.org/10.1002/bjs.4591
http://www.ncbi.nlm.nih.gov/pubmed/15286961
https://doi.org/10.1136/gut.43.2.216
http://www.ncbi.nlm.nih.gov/pubmed/10189847
https://doi.org/10.1136/gutjnl-2014-308802
http://www.ncbi.nlm.nih.gov/pubmed/25903690
https://doi.org/10.1007/s00268-016-3819-0
http://www.ncbi.nlm.nih.gov/pubmed/27882416
https://doi.org/10.1136/gutjnl-2012-303594
http://www.ncbi.nlm.nih.gov/pubmed/23256952
https://doi.org/10.1158/1940-6207.CAPR-12-0010
https://doi.org/10.1158/1940-6207.CAPR-12-0010
http://www.ncbi.nlm.nih.gov/pubmed/22787114
https://doi.org/10.1053/j.gastro.2011.06.055
https://doi.org/10.1053/j.gastro.2011.06.055
http://www.ncbi.nlm.nih.gov/pubmed/21723218
https://doi.org/10.1053/j.gastro.2016.12.008
https://doi.org/10.1053/j.gastro.2016.12.008
http://www.ncbi.nlm.nih.gov/pubmed/28012849
https://doi.org/10.1093/biostatistics/kxv031
http://www.ncbi.nlm.nih.gov/pubmed/26319700
https://doi.org/10.1371/journal.pone.0186305
https://doi.org/10.1371/journal.pone.0186305
http://www.ncbi.nlm.nih.gov/pubmed/29059206
https://doi.org/10.1038/ajg.2015.260
http://www.ncbi.nlm.nih.gov/pubmed/26323187
https://doi.org/10.1111/j.1572-0241.1999.01660.x
http://www.ncbi.nlm.nih.gov/pubmed/10606290
https://www.R-project.org/
https://doi.org/10.1371/journal.pone.0267503


21. Rizopoulos D. The R Package JMbayes for Fitting Joint Models for Longitudinal and Time-to-Event

Data Using MCMC. Journal of Statistical Software. 2016; 72(7):1–45.

22. Gurski RR, Peters JH, Hagen JA, DeMeester SR, Bremner CG, Chandrasoma PT, et al. Barrett’s

esophagus can and does regress after antireflux surgery: a study of prevalence and predictive features.

J Am Coll Surg. 2003; 196(5):706–12; discussion 12–3. https://doi.org/10.1016/S1072-7515(03)00147-

9 PMID: 12742201.

23. Phoa KN, van Vilsteren FG, Weusten BL, Bisschops R, Schoon EJ, Ragunath K, et al. Radiofrequency

ablation vs endoscopic surveillance for patients with Barrett esophagus and low-grade dysplasia: a ran-

domized clinical trial. Jama. 2014; 311(12):1209–17. https://doi.org/10.1001/jama.2014.2511 PMID:

24668102.

24. Krishnamoorthi R, Singh S, Ragunathan K, Visrodia K, Wang KK, Katzka DA, et al. Factors Associated

with Progression of Barrett’s Esophagus: A Systematic Review and Meta-analysis. Clin Gastroenterol

Hepatol. 2017. https://doi.org/10.1016/j.cgh.2017.11.044 PMID: 29199147.

25. Krishnamoorthi R, Lewis JT, Krishna M, Crews NJ, Johnson ML, Dierkhising RA, et al. Predictors of

Progression in Barrett’s Esophagus with Low-Grade Dysplasia: Results from a Multicenter Prospective

BE Registry. Am J Gastroenterol. 2017; 112(6):867–73. https://doi.org/10.1038/ajg.2017.84 PMID:

28374813.

26. Klaver E, Phoa KN, Van Vlisteren FG, Weusten BL, Bisschops R, Schoon EJ, et al. Long-term follow-up

results of a randomized trial comparing radiofrequency ablation versus endoscopic surveillance in Bar-

rett’s esophagus patients with low-grade dysplasia. Gastrointestinal Endoscopy. 2018; 87(6, Supple-

ment):AB83.

27. Stachler MD, Taylor-Weiner A, Peng S, McKenna A, Agoston AT, Odze RD, et al. Paired exome analy-

sis of Barrett’s esophagus and adenocarcinoma. Nat Genet. 2015; 47(9):1047–55. https://doi.org/10.

1038/ng.3343 PMID: 26192918.

28. Barros R, Pereira D, Calle C, Camilo V, Cunha AI, David L, et al. Dynamics of SOX2 and CDX2 Expres-

sion in Barrett’s Mucosa. Dis Markers. 2016; 2016:1532791. https://doi.org/10.1155/2016/1532791

PMID: 27766003.

29. Lorinc E, Jakobsson B, Landberg G, Veress B. Ki67 and p53 immunohistochemistry reduces interob-

server variation in assessment of Barrett’s oesophagus. Histopathology. 2005; 46(6):642–8. https://doi.

org/10.1111/j.1365-2559.2005.02139.x PMID: 15910595.

30. van der Wel MJ, Duits LC, Pouw RE, Seldenrijk CA, Offerhaus GJA, Visser M, et al. Improved diagnos-

tic stratification of digitised Barrett’s oesophagus biopsies by TP53 immunohistochemical staining. His-

topathology. 2018. https://doi.org/10.1111/his.13462 PMID: 29314176.

31. Brianezi G, Minicucci EM, Marques ME, Miot HA. Evaluation epidermal p53 immunostaining by digital

image analysis. Skin Res Technol. 2013; 19(1):e108–12. https://doi.org/10.1111/j.1600-0846.2012.

00616.x PMID: 22672779.

32. Tsiatis AA, Davidian M. Joint modeling of longitudinal and time-to-event data: An overview. Statistica

Sinica. 2004; 14:809–34.

PLOS ONE Dynamic risk estimation Barrett’s esophagus

PLOS ONE | https://doi.org/10.1371/journal.pone.0267503 April 27, 2022 14 / 14

https://doi.org/10.1016/S1072-7515%2803%2900147-9
https://doi.org/10.1016/S1072-7515%2803%2900147-9
http://www.ncbi.nlm.nih.gov/pubmed/12742201
https://doi.org/10.1001/jama.2014.2511
http://www.ncbi.nlm.nih.gov/pubmed/24668102
https://doi.org/10.1016/j.cgh.2017.11.044
http://www.ncbi.nlm.nih.gov/pubmed/29199147
https://doi.org/10.1038/ajg.2017.84
http://www.ncbi.nlm.nih.gov/pubmed/28374813
https://doi.org/10.1038/ng.3343
https://doi.org/10.1038/ng.3343
http://www.ncbi.nlm.nih.gov/pubmed/26192918
https://doi.org/10.1155/2016/1532791
http://www.ncbi.nlm.nih.gov/pubmed/27766003
https://doi.org/10.1111/j.1365-2559.2005.02139.x
https://doi.org/10.1111/j.1365-2559.2005.02139.x
http://www.ncbi.nlm.nih.gov/pubmed/15910595
https://doi.org/10.1111/his.13462
http://www.ncbi.nlm.nih.gov/pubmed/29314176
https://doi.org/10.1111/j.1600-0846.2012.00616.x
https://doi.org/10.1111/j.1600-0846.2012.00616.x
http://www.ncbi.nlm.nih.gov/pubmed/22672779
https://doi.org/10.1371/journal.pone.0267503

