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BACKGROUND & AIMS: Low-grade dysplasia (LGD) is associ-
ated with an increased risk of progression in Barrett’s esoph-
agus (BE); however, the diagnosis of LGD is limited by
substantial interobserver variability. Multiple studies have
shown that an objective tissue systems pathology test (Tis-
sueCypher Barrett’s Esophagus Test, TSP-9), can effectively
predict neoplastic progression in patients with BE. This study
aimed to compare the risk stratification performance of the
TSP-9 test vs benchmarks of generalist and expert pathology.
METHODS: A blinded cohort study was conducted in the
screening cohort of a randomized controlled trial of patients
with BE with community-based LGD. Biopsies from the first
endoscopy with LGD were assessed by the TSP-9 test and
independently reviewed by 30 pathologists from 5 countries
per standard practice. The accuracy of the test and the di-
agnoses in predicting high-grade dysplasia (HGD) and esopha-
geal adenocarcinoma (EAC) were compared. RESULTS: A total
of 154 patients with BE (122 men), mean age 60.9 ± 9.8 years
were studied. Twenty-four patients progressed to HGD/EAC
within 5 years (median time of 1.7 years) and 130 did not
progress to HGD/EAC within 5 years (median 7.8 years follow-
up). The TSP-9 test demonstrated higher sensitivity (71% vs
mean 63%, range 33%–88% across 30 pathologists), than the
pathology review in detecting patients who progressed (P ¼
.01186). CONCLUSIONS: The TSP-9 test outperformed the
pathologists in risk stratifying patients with BE with LGD. Care
guided by the test can provide an effective solution to variable
pathology review of LGD, improving health outcomes by
upstaging care to therapeutic intervention for patients at high
risk for progression, while reducing unnecessary interventions
in low-risk patients.
Keywords: Barrett’s Esophagus; Esophageal Adenocarcinoma;
High-Grade Dysplasia; TissueCypher; Tissue Systems Pathology
test (TSP-9).
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WHAT YOU NEED TO KNOW
arrett’s esophagus (BE) is a premalignant condition
BACKGROUND AND CONTEXT

The optimal clinical management of Barrett’s esophagus
with low-grade dysplasia is hindered by biopsy sampling
errors and pathologists’ variations in histologic evaluation.

NEW FINDINGS

The tissue systems pathology test provides an objective
risk stratification of community-based low-grade
dysplasia, outperforming pathologists in terms of
sensitivity, and can be used in conjunction with
pathology to provide an effective solution to the
subjective and variable pathology review.

LIMITATIONS

Analyses were completed retrospectively, although the
included patients were part of a prospectively enrolled
study population, and some patients were excluded
because of a lack of availability of biopsy tissue and/or
clinical data.

CLINICAL RESEARCH RELEVANCE

Care guided by the tissue systems pathology test can
provide an effective solution to variable pathology
review of low-grade dysplasia, improving health
outcomes by upstaging care to therapeutic intervention
for patients at high risk for progression, while reducing
unnecessary interventions in low-risk patients.

BASIC RESEARCH RELEVANCE

The higher sensitivity of the tissue systems pathology test
was due to the test’s ability to identify 43% of the
progressors who were downstaged to nondysplastic
Barrett’s esophagus by the pathologists, indicating the
test’s ability to detect molecular and cellular changes
associated with progression that precede morphologic
changes that can be observed by traditional histology.
Risk stratification by the tissue systems pathology test
can provide an objective solution to subjective and
variable pathology review in the diagnosis of low-grade
dysplasia and can improve health outcomes for these
patients.
Bcharacterized by the conversion of the esophageal
squamous epithelium into metaplastic columnar epithelium.
Although the risk of malignant progression of BE is low, if
left untreated, it can develop into esophageal adenocarci-
noma (EAC) with a 5-year survival rate of less than 20%.1,2

Current gastrointestinal (GI) society guidelines for the
management of BE recommend endoscopic surveillance
with biopsies and histologic review to identify dysplasia and
EAC at early, treatable stages. However, this approach to
endoscopic surveillance is ineffective because of the random
biopsy sampling that can miss dysplastic areas and the
significant interobserver variability between pathologists in
the diagnosis of grades of dysplasia. Current practice
guidelines recommend that community-based low-grade
dysplasia (LGD) diagnoses be reviewed by a GI subspecialist
(“expert”) pathologist. If LGD is confirmed, the recom-
mended management strategy is endoscopic eradication
therapy (EET) to prevent progression or endoscopic sur-
veillance every 6 to 12 months for close disease monitoring
due to the increased risk for neoplastic progression in these
patients.3,4 Although confirmed LGD is a strong predictor of
progression to high-grade dysplasia (HGD)/EAC, adherence
to the recommended expert review is poor and both
generalist pathologists and expert pathologists are prone to
significant interobserver variability, making the clinical
management of LGD very challenging. LGD is frequently
overdiagnosed in the community setting. Studies of
community-based cohorts of BE have shown that 73% to
85% of LGD cases are downgraded to a diagnosis of non-
dysplastic (ND) or indefinite dysplasia (IND) after expert GI
pathologist review.5 Randomized control trials have shown
that 22% to 28% of patients with LGD confirmed by an
expert GI pathologist appear to regress to NDBE during
surveillance without EET.3,6 It is difficult to determine
whether the resolution of these dysplastic changes is due to
true histological regression, sampling error, or initial over-
diagnosis. Underdiagnosis of LGD also occurs, and a subset
of patients who are downstaged to NDBE following expert
diagnosis remains at high risk for neoplastic progression
and will develop HGD/EAC during their surveillance
period.5,7,8 Because management decisions for LGD involve
considering the benefits and risks of intervention with EET
vs surveillance, objective risk stratification is needed to
identify high-risk patients who will benefit from early EET
to prevent progression. Endoscopic eradication therapies
are minimally invasive and have been shown to be both safe
and highly effective in reducing the risk of progression from
NDBE or LGD to EAC by 3.8- to 7.4-fold, leading to improved
health outcomes for patients.9,10 It is also critical to identify
low-risk patients who can avoid unnecessary therapy and be
managed by a surveillance-only approach, enabling
increased quality of life for patients. Health care resources
should be targeted at the subset of patients with BE who are
at high risk for progression while avoiding overtreatment
and overuse of endoscopy in patients who will not benefit
from EET.
The TissueCypher Barrett’s Esophagus Test is an ob-
jective tissue systems pathology test (TSP-9) that was spe-
cifically designed to predict the risk of progression of BE
to HGD and EAC and has been extensively validated in
various multi-institutional studies.11–15 This test uses a
spatialomics-based, multiplexed fluorescent imaging plat-
form to automatically and objectively quantify 9 protein-
based biomarkers and nuclear morphology in the context
of tissue architecture. The quantitative image analysis is
linked to a risk prediction algorithm that integrates 15
quantitative image analysis features to produce a risk score
ranging from 0 to 10, which then classifies patients into
high, intermediate, and low risk for progression to HGD/
EAC within 5 years.16 The aim of this study was to compare
the risk stratification performance of this objective TSP-9
test vs benchmarks of community/generalist and expert
pathology in the United States, the Netherlands, Germany,
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Belgium, and the United Kingdom in patients with BE with a
community-based diagnosis of LGD.

Methods
Population and Setting

The screening cohort for the SURveillance vs Radio-
Frequency ablation (SURF) trial consists of patients with BE
with a community-based diagnosis of LGD from 9 BE treatment
centers and their referring institutions in Europe.3

Study Cohort and Design
The study cohort included all patients with BE with a

community-based diagnosis of LGD who underwent screening
for the SURF trial and in whom the natural history of
community-based LGD could be followed (ie, patients ran-
domized to the SURF surveillance arm and patients down-
graded to NDBE or IND by an expert pathologist leading to
exclusion from the SURF trial). Patients were enrolled between
June 2007 and June 2011. Follow-up was completed for each
patient in December 2018 by contacting the attending hospital.
Endoscopic follow-up of the patients downstaged to NDBE or
IND and excluded from the SURF trial was guided by the his-
tological diagnosis per standard of care. Patients with short-
segment (<3 cm) NDBE underwent endoscopic follow-up
every 5 years, and patients with long-segment (�3 cm) NDBE
underwent endoscopic follow-up every 3 years. In case of IND,
patients underwent endoscopic follow-up after 1 year. In case
of HGD/EAC during follow-up, this diagnosis was confirmed by
at least 1 expert pathologist from the panel. All endoscopies
were performed according to the Seattle protocol (4-quadrant
biopsies every 1–2 cm BE).3

Patients were excluded if informed consent was declined, if
the natural outcome was unavailable due to EET, formalin-fixed
paraffin-embedded tissue blocks were unavailable, or less than
3 years of disease-free follow-up was available for non-
progressors after the first reviewed diagnosis of LGD. Data el-
ements collected were age, sex, segment length, original
diagnosis, presence/absence of hiatal hernia, worst histologic
diagnosis during follow-up, and HGD/EAC-free surveillance
time. The TSP-9 test was run in a blinded manner on all
available specimens from the first LGD endoscopy and test
results were reported to a statistician who performed the sta-
tistical analyses following a prespecified plan. The Institutional
Biobank Review Committee of the Academic Medical Center
approved the ReBus biobank.

Pathology Review
Hematoxylin and eosin (H&E) staining (2 slides) and p53

immunohistochemistry (IHC) (1 slide) were performed on
sections adjacent to those on which TSP-9 testing was per-
formed to ensure direct comparison between pathology review
and TSP-9 risk stratification. One researcher (N.F.) sectioned
slides from all available tissue. Without reviewing the slides,
consecutive sections were randomly selected for TSP-9 testing.
Digital slides were made available to pathologists via a web-
based review platform (Concentriq for Research) with stan-
dard diagnosis categories of ND, IND, LGD, HGD, and EAC per
the Vienna Classification, and a category of “other” for use when
a diagnosis of BE could not be made. The 14 expert pathologists
(3 from the Netherlands, 3 from the United States, 3 from
Germany, 3 from the United Kingdom, and 2 from Belgium) and
16 community-based, generalist pathologists (3 from the
Netherlands, 3 from the United States, 4 from Germany, 3 from
the United Kingdom, and 3 from Belgium) independently
reviewed H&E slides from all available biopsy levels per their
standard practice. To create a pathology panel that reflects
pathology review in the Western world, we included 2 to 3
expert pathologists and 3 community pathologists from 5
different Western countries. The pathologists were aware that
each case had an initial community-based diagnosis of LGD but
were blinded to clinical data, outcomes, and the TSP-9 test
results. US pathologists reviewed only H&E slides per their
standard practice, and the pathologists from Europe reviewed
H&E slides and p53 IHC slides that were used adjunctively in
rendering diagnoses, as per their respective standard practices.
For cases with multiple biopsy parts, all parts were evaluated
and diagnoses were recorded separately for each part.17

Pathologists were considered experts if they had a special
interest in the field of BE for more than 10 years with a min-
imum case load of 5 to 10 mainly dysplastic cases per week,
were considered experts by their international peers, co-
authored more than 10 peer-reviewed publications in the
field, and had been actively involved in pathology training in
BE. The community-based generalist pathologists lacked sub-
specialty expertise and were referring dysplastic BE cases to an
expert pathologist for review per society guidelines.

The TissueCypher Barrett’s Esophagus Test (the tissue
systems pathology test, “TSP-9”) was run on sections from each
specimen at Castle Biosciences’ Clinical Laboratory Improve-
ment Amendments–certified laboratory (Pittsburgh, PA) ac-
cording to established standard operating procedures. All test
parameters, including the 9 biomarkers, image analysis fea-
tures, risk prediction algorithm, and cut points were pre-
specified and locked, as previously defined.11,12 Test results
were reported as high, intermediate (int), or low risk for pro-
gression to HGD/EAC within 5 years.

Statistical Analyses
Kaplan-Meier curves were used to determine the risk of

progression to HGD/EAC as a combined endpoint of the risk
classes determined by the test and pathologic diagnoses. Pro-
gression was defined as a subsequent diagnosis of HGD/EAC
within 5 years. The logrank test was used to evaluate the
equality of progression curves of the risk classes and diagnostic
groups from the Kaplan-Meier analysis. The rate of progression
was similar in the int and high-risk groups of patients, and
therefore, the test was evaluated as a binary classifier (int/high
risk combined vs low risk, as described previously).15 Perfor-
mance metrics for the TSP-9 test were sensitivity (% of pro-
gressors scored int/high risk), specificity (% of nonprogressors
scored low risk), negative predictive value (NPV, % of patients
scored low risk who did not progress), and positive predictive
value (PPV, % of patients scored int/high risk who progressed
to HGD/EAC) within 5 years with lost-to-follow-up patients
analyzed with their last observation carried forward. For
evaluation of predictive performance of pathology diagnoses, 2
strategies were used: (1) the pathology reviews were catego-
rized as high risk if IND/LGD/higher and low risk if NDBE, or
(2) as high risk if LGD/higher and low risk if NDBE/IND, as
specified in the results. When evaluated as IND/LGD/high vs
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NDBE, the performance metrics for the pathologists’ diagnoses
were sensitivity (% of progressors with a diagnosis of IND/
LGD/higher), specificity (% of nonprogressors with a diagnosis
of NDBE), PPV (% of patients with a diagnosis of IND/LGD/
higher who progressed), and NPV (% of patients with a diag-
nosis of NDBE who did not progress). When evaluated as LGD/
higher vs NDBE/IND, the performance metrics for the pathol-
ogists’ diagnoses were sensitivity (% of progressors with a
diagnosis of LGD/higher), specificity (% of nonprogressors with
a diagnosis of NDBE/IND), PPV (% of patients with a diagnosis
of LGD/higher who progressed), and NPV (% of patients with a
diagnosis of NDBE/IND who did not progress). The predictive
performance metrics of the various pathologists were summa-
rized as mean and range because a Shapiro-Wilk test indicated
that the sensitivity values of the 30 pathologists were normally
distributed. Annual progression rates were estimated from 5-
year NPV and PPV. The progression rates in this cohort were
consistent with reported progression rates in other European
BE patient cohorts. However, lower progression rates have
been observed in US cohorts, and thus the NPV and PPV of the
TSP-9 test and the pathologists were adjusted for prevalence
using progression rates to HGD/EAC described in published
meta-analysis and population-based studies.4,18 The prevalence
adjustment assumed that the sensitivity and specificity of the
test and pathologists’ diagnoses are independent of disease
prevalence. The percentage of progressors in the cohort after 5
years of follow-up was adjusted to match the expected per-
centage based on the published progression rates, and then the
predictive accuracy of the test and pathologists’ diagnoses were
calculated. For cases with multiple parts, all parts were evalu-
ated separately and the overall result for the case was based on
the highest scoring part by the TSP-9 test and the highest
diagnosis per the pathologists. One-sample Wilcoxon rank-sum
test was performed to compare the point estimate of the pre-
dictive performance of the test vs the pathologists, and subsets
of pathologists. A Wilcoxon paired-sample test was used to
compare pathologist sensitivities with and without the TSP-9
test adjunct. All analyses were performed using R Statistical
Software (v4.1.3; R Core Team 2022).

Interobserver agreement was calculated using the Fleiss’
kappa statistic. A kappa of 0 indicates that there is no more
agreement than expected by chance alone, whereas a kappa of
1 indicates perfect agreement. Kappa values <0.2 represent
poor agreement, 0.21 to 0.40 represent fair agreement, 0.41 to
0.60 represent moderate agreement, and values >0.60 repre-
sent good agreement.19 Fleiss’ kappa scores with 95% confi-
dence intervals (CIs) were reported.
Prevalence Adjustment of NPV and PPV
The NPV and PPV for the TSP-9 test and pathology re-

viewers were adjusted by calculating the number of pro-
gressors that would be expected in the US Barrett’s patient
population based on published estimates of progression rates
to HGD/EAC of 0.63% per year for patients with NDBE and
1.7% per year for patients with LGD/IND.4,18 The adjusted
calculations are therefore based on estimating the number of
progression events that would have occurred in the sample
given the prevalence, and the True/False Positives/Negatives
were then calculated using the observed sample Sensitivity/
Specificity as shown in the following. Finally, the adjusted NPV
and PPV follow logically from the standard formulas shown as
follows. Note adj means prevalence-adjusted:

Progressorsadj ¼ Prevalence � ncases

TruePositiveadj ¼ Progressorsadj � Sensitivity

TrueNegativeadj ¼ Specificity � �ncases � Progressorsadj
�

FalsePositiveadj ¼ ncases � Progressorsadj � TrueNegativeadj

FalseNegativesadj ¼ Progressorsadj � TruePositiveadj

PPVadj ¼ TruePositiveadj
TruePositiveadj þ FalsePositiveadj

NPVadj ¼ TrueNegativeadj
TrueNegativeadj þ FalseNegativeadj
Results
Patient Characteristics

A total of 154 patients met the inclusion criteria out of
which 24 progressed, 130 did not progress to HGD/EAC
during a 5-year follow-up, 20 had been enrolled into the
SURF trial surveillance arm, and 134 were screened but not
enrolled in the SURF trial (Table 1, Supplementary
Figure 1). Progression was defined as a diagnosis of HGD/
EAC within 5 years. Eight patients were diagnosed with
HGD/EAC less than 1 year after the baseline endoscopy
(prevalent cases), and 16 patients were diagnosed with
HGD/EAC between 1 and 5 years after the baseline endos-
copy (incident progressors). Progression to HGD/EAC
occurred at a median of 1.7 years (interquartile range [IQR],
0.6–2.5) after the baseline endoscopy, whereas non-
progressors had a median HGD/EAC-free follow-up of 7.8
years (IQR, 5.8–10.1), and 110 of the 130 nonprogressors
had more than 5 years of follow-up. The median follow-up
for the 20 censored patients was 3.78 years (IQR, 3.4–4.3
years). Patients had a median age of 61 ± 10 years and had a
median segment length of 5 cm (IQR, 3.0–6.3) and 4 cm
(IQR, 3.0–5.5) for progressors and nonprogressors, respec-
tively. Twenty of 24 progressors (83.3%) and 102 of 130
nonprogressors (78.5%) were men, which is consistent with
other studies. There were no significant differences in age,
sex, and segment length between progressors and
nonprogressors.

Risk Stratification Performance of the TSP-9 Test
and Pathology Diagnoses

The TSP-9 test scored 45 (29.2%) patients as int/high
risk, and 109 (70.8%) patients as low risk for progression to



Table 1.Patient Characteristics

Characteristics Progressors Nonprogressors P value

All patients (n ¼
154)

n 24 130 na
Male (%) 20 (83.3%) 102 (78.5%) nsa

Age, y, mean ± SD 63.5 ± 9.5 61.0 ± 10.4 nsb

Barrett’s segment length,
cm, median (IQR)

5.0 (3.0–6.3) 4.0 (3.0–5.5) nsc

HGD/EAC-free surveillance
time,d y, median (IQR)

1.7 (0.6–2.5) 7.8 (5.8–10.1) na

Patients screened
and enrolled in
SURF RCT
surveillance arm
(n ¼ 20)

n 6 14 na
Male (%) 5 (83.3%) 13 (93.9%) nsa

Age, y, mean ± SD 58.0 ± 9.5 61.8 ± 9.6 nsb

Barrett’s segment length,
cm, median (IQR)

5.0 (3.5–5.0) 3.5 (2.3–4.0) nsc

HGD/EAC-free surveillance
time, y, median (IQR)

1.6 (1.1–1.8) 7.7(6.7–9.4) na

Patients screened
but not enrolled
in SURF RCT
surveillance arm
(n ¼ 134)

n 18 116 na
Male (%) 15 (83.3%) 89 (76.7%) nsa

Age, y, mean ± SD 65.3 ± 9.0 60.9 ± 10.6 nsb

Barrett’s segment length,
cm, median (IQR)

5.0 (3.0–6.8) 4.0 (3.0–6.0) nsc

HGD/EAC-free surveillance
time, y, median (IQR)

1.9 (0.5–3.0) 7.9 (5.6–10.1) na

na, not applicable; ns, nonsignificant; RCT, randomized controlled trial; SD, standard deviation.
aChi-squared test.
bTwo-sample t test performed after verifying normality with Shapiro-Wilk test.
cWilcoxon rank sum test (equivalent to the Mann-Whitney test) performed after violation of normality confirmed by Shapiro-
Wilk test.
dTime between acquisition of biopsy tested and endoscopy with HGD or EAC (progressors) or last follow-up (nonprogressors).
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HGD/EAC within 5 years (Supplementary Figure 2). The
pathologists confirmed a mean of 19% of cases (range 8%–
41%) to be LGD/higher and downstaged a mean of 13%
(range 0%–75%) to IND and a mean of 68% (range 12%–
88%) to NDBE (Supplementary Figure 3A and B). Annual
progression rates were 9.2% per year for patients with
confirmed LGD/higher, 3% per year for patients down-
staged to IND, and 1.7% per year for patients downstaged to
NDBE.

Interobserver agreement among the pathologists was
assessed using a Fleiss’ kappa score. The interobserver
agreement was fair to moderate with an overall kappa of
0.39 (95% CI, 0.31–0.45) when evaluating IND/LGD/higher
combined vs NDBE (Supplementary Figure 3C). The expert
pathologists agreed slightly more (kappa of 0.43; 95% CI,
0.34–0.50) than the generalists (kappa of 0.34; 95% CI,
0.26–0.4). Similar results were observed when IND and
NDBE cases were grouped (Supplementary Figure 3C).
The TSP-9 Test Demonstrated Higher Sensitivity
Than Pathology Review in Risk Stratifying
Patients With BE With LGD

The diagnoses were first evaluated as IND/LGD/higher
vs NDBE. The TSP-9 test demonstrated higher sensitivity
than the average pathologist (P ¼ .01186). The test detected
70.8% of patients who progressed within 5 years, whereas
the pathologists detected a mean of 63.2% (P ¼ .01186),
and a wide range of sensitivity (33%–88%) was observed
across the 30 pathologists (Figures 1A and 2A). The speci-
ficity of the TSP-9 test was 78.5% and a mean of 73.5%
(range 12%–95%) for the pathologists. There was no sta-
tistically significant difference between the sensitivity (P ¼
.07) or specificity (P ¼ .16) of the expert and generalist
pathologists in predicting the risk of progression. Similar
results were observed when the 8 prevalent cases were
excluded from the analysis (Figure 2C). Seven of the 8
prevalent cases were scored TSP-9 high or intermediate
risk, indicating that the test has a sensitivity of 87.5% in
detecting the presence of prevalent HGD/EAC. The pathol-
ogists’ diagnoses were also evaluated as LGD/higher vs ND/
IND, which resulted in lower sensitivity of the dysplasia
diagnosis (mean sensitivity 50.9%, range 25%–71%) and
increased specificity (mean 86.7%, range 62%–96%)
(Figure 2B and D, Supplementary Figure 4). The TSP-9 test
demonstrated higher sensitivity than all 30 pathologists
when only LGD/higher was considered as a true positive
diagnosis (Figure 2B and D, Supplementary Figure 4).

The TSP-9 test demonstrated higher NPV (93.6%) when
compared with the pathologists (mean 91.4%, range 84%–
95%, P ¼ .00002), and the TSP-9 PPV was 37.8% vs mean
35.4% with range 16% to 63% for the pathologists
(Figure 1A). No statistically significant differences in the
predictive value of the expert and generalist pathologist



Figure 1. The TSP-9 test finds more progressors than pathologists. (A) Prediction metrics for combined use of pathology
diagnoses and the TSP-9 test. (B) Comparison of diagnoses (IND/LGD/higher vs NDBE) and TSP-9 test results in the subset of
patients who progressed to HGD/EAC within 5 years (n ¼ 24). Green segments represent patients who scored low risk by the
test. (C) Comparison of diagnoses (IND/LGD/higher vs NDBE) and TSP-9 test results in patients who did not progress within 5
years (n ¼ 130). Red segments represent patients who scored high/int-risk by the test. Mean and [range] are shown. 1TSP-9
prediction metrics were calculated in the subset for which each pathologist rendered a BE diagnosis, which ranged from 141 to
154 patients as 5 pathologists scored a subset of cases as non-BE or not reportable. 2Patients with a TSP-9 low-risk result and
a pathology diagnosis of NDBE were considered low risk, and patients with a TSP-9 intermediate/high-risk result or a pa-
thology diagnosis of IND/LGD/higher were considered high risk (see Methods). 3TSP-9 prediction metrics in the highest
scoring case-part from all 154 patients. 4NPV and PPV were adjusted for prevalence as described in Methods.
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diagnoses were observed (PPV, P ¼ .532; NPV, P ¼ .399).
Patients diagnosed asNDBE progressed at a rate of 1.72%per
year, whereas patientswho scored TSP-9 low risk progressed
at a lower rate of 1.28% per year (P ¼ .000004), indicating
that the test may downstage the risk of progression in pa-
tients who are typically managed by surveillance only. Pa-
tients diagnosed as IND/LGD/higher and patientswho scored
TSP-9 int/high risk progressed at a similar rate (7.1% per
year and 7.6% per year, respectively, P ¼ .1978), indicating
that the test’s int/high-risk results are clinically actionable.

The rate of progression in patients diagnosed with NDBE
was 1.72% per year, which is higher than published esti-
mates of progression rates for patients with NDBE, which
may be because of the higher prevalence of HGD/EAC di-
agnoses in the evaluated cohort.18 To address this, the NPV
and PPV values were also adjusted for prevalence (see
Methods) to estimate the predictive performance of the TSP-
9 test and the pathologist diagnoses in the US BE population
in which lower progression rates have been observed
compared with European populations. The prevalence-
adjusted PPV of the int/high-risk test result and the pa-
thologists’ diagnoses of IND/LGD/higher for predicting
progression within 5 years were similar (23.7% for the test
compared with a mean of 22.6% [range 9%–47%] for the
pathologists) (Figure 1A). The prevalence-adjusted NPV of
the low-risk test result and the pathologists’ diagnosis of
NDBE were similar. No differences were observed in the
prevalence-adjusted PPV and NPV between the expert and
generalist pathologist diagnoses. Similar results were ob-
tained when the pathologists’ diagnosis was evaluated as
IND/LGD/higher vs NDBE (Supplementary Figure 4).
The Accuracy of Both Expert and Generalist
Diagnoses Showed Significant Interobserver
Variability

Thepredictive accuracy of the generalists’diagnosesvaried
widely, and although the experts’ diagnoses demonstrated
slightly less variability, the overall predictive accuracywas not
significantly higher than the generalists’ diagnoses (Figures 2A
and C). A subset of both the generalist and expert pathologists
tended to overdiagnose dysplasia with relatively high sensi-
tivity, but clinically unacceptable specificity. Another subset
tended to underdiagnose dysplasia, demonstrating high



Figure 2. The TSP-9 test provides
objective risk stratification that out-
performs most pathologists. Predictive
accuracy was evaluated using a receiver
operating characteristic–like plot
showing the point estimates of sensi-
tivity and 1-specificity of the risk classes
produced by the TSP-9 test and di-
agnoses from the pathologists: (A) TSP-
9 and pathology diagnoses evaluated as
IND/LGD/higher vs NDBE in non-
progressors, incident progressors, and
prevalent cases (n ¼ 154); (B) TSP-9 and
pathology diagnoses evaluated as LGD/
higher vs NDBE/IND in nonprogressors,
incident progressors, and prevalent
cases (n ¼ 154); (C) TSP-9 and pathol-
ogy diagnoses evaluated as IND/LGD/
higher vs NDBE in nonprogressors and
incident progressors (prevalent cases
excluded (n ¼ 146); (D) TSP-9 and pa-
thology diagnoses evaluated as LGD/
higher vs. NDBE/IND in nonprogressors
and incident progressors (prevalent
cases excluded (n ¼ 146).
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specificity but relatively low sensitivity. The predictive accu-
racy of the diagnoses demonstrated less variability when IND
cases were grouped with the NDBE cases (Figure 2B and D).
When evaluated as LGD/higher vs NDBE/IND, most patholo-
gists tended toward underdiagnosis of dysplasia.

Comparison of Pathologic Diagnoses by the
Pathologists From the United States and Europe

We compared the predictive performance of diagnoses
from the pathologists in Europe who reviewed both p53 IHC
and H&E slides vs the pathologists in the United States who
only had access to H&E slides per their standard practice
(Supplementary Table 2). The US pathologists had slightly
higher sensitivity in detecting progressors as compared with
the European pathologists (mean 68.8%, range 54%–88%US/
H&E only vs mean 61.8%, range 33%–81% for Europe/both
H&E and p53, P ¼ .284). The pathologists evaluating p53
adjunctively had a marginally higher specificity (mean 75.5%,
range 36%–95% vs mean 65.5%, range 12%–89%, P ¼ .533,
Supplementary Table 2). It should be noted that the European
pathologists had access to the p53 IHC slides to use adjunc-
tively per their standard practice, but they did not use a stan-
dardized scoring system and did not record p53 IHC scores.

The TSP-9 Test Increases the Detection of
Progressors and Reduces Overdiagnosis of
Nonprogressors by the Pathologists

The complement and intersect of the TSP-9 test and the
pathologists’ diagnoses were evaluated. Prediction metrics
for the test were calculated in the subset of patients for which
each pathologist rendered a BE diagnosis, which ranged from
141 to 154 patients, as 5 pathologists scored a subset of cases
as not reportable or not containing BEmucosa. The TSP-9 test
scored 71.4% (range 71%–81%, depending on which
pathologist scored the slides, as 5 pathologists did not render
BE diagnoses for all cases) of the progressors as int/high risk,
and the pathologists diagnosed amean of 63.2% (range 33%–
88%) of the progressors as IND/LGD/higher and downstaged
a mean of 36.8% (range 13%–67%) of progressors to NDBE
(Figure 1B), demonstrating that the test detects more pro-
gressors. Although therewas some overlap in the progressors
detected by both methods, the higher sensitivity of the test
was due to its ability to detect progressors that the patholo-
gists downstaged from LGD to NDBE. Nine percent (range
0%–20%) of the progressors were scored TSP-9 low risk but
IND/LGD/higher by the pathologists, suggesting that the
combination of the test with pathology may further increase
the detection of progressors. A subset of progressors (mean
19.5%, range 8%–29%)was scoredNDBEandTSP-9 low risk.
In nonprogressors, the pathologists diagnosed a mean of
73.5% (range 12%–95%) as NDBE and a mean of 26.5%
(range 5%–88%) as IND/LGD/higher, demonstrating over-
diagnosis of dysplasia by a subset of pathologists. The TSP-9
test scored 78.4% (range 77%–79% depending on which
pathologist reviewed the slides) of the nonprogressors as low
risk, indicating that the test has a lower overall rate of over-
scoring than pathology. A subset of patients (9.5%)whowere
overscored by TSP-9 were also overdiagnosed as IND/LGD/
higher by pathology (Figure 1C).
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When the TSP-9 test was assessed in conjunction with
pathology, the sensitivity of the pathologists’ diagnoses of
IND/LGD/higher increased from a mean of 63.2% (range
33%–88%) to 80.4% (range 71%–92%) (P ¼ .00000176),
indicating that the test can increase the early detection of
progressors when used with pathology (Figure 1A and
Supplementary Table 3). For the pathologists in the lowest
10th percentile in terms of sensitivity, addition of TSP-9
increased sensitivity from 33%–46% to 71%–79%. The
prevalence-adjusted NPV of the NDBE diagnosis increased
from a mean of 95.4% (range 91%–97%) to 97% (range
94%–98%) when the TSP-9 test was used as an adjunct.
However, the combined predictor had lower specificity and
PPV than the test alone and demonstrated significant vari-
ability depending on which pathologist reviewed the slides,
indicating that the test alone provides overall higher accu-
racy and reliability in clinical use.
The TSP-9 Test Identifies Progressors in the
Subset of Patients Who Were Downstaged From
LGD to NDBE or NDBE/IND Upon Pathology
Review

The test was evaluated in the subsets of patients
downstaged to NDBE or NDBE/IND by the individual pa-
thologists. The number of patients in these downstaged
subsets varied widely among the pathologists. The test
detected a mean of 43% (range 17%–69%) of the pro-
gressors downstaged to NDBE and a mean of 54.4% (range
29%–69%) of the progressors downstaged to NDBE/IND by
the pathologists (Table 2 and Supplementary Table 4). The
test demonstrated higher sensitivity with a mean of 45.9%
(range 17%–69%) in the subset of patients downstaged to
NDBE by the expert pathologists as compared with a mean
of 40.4% (range 25%–58%) in the subset downstaged by
the generalists. This is consistent with the results described
previously and prior literature showing that the expert pa-
thologists tend to downstage more patients than the
generalist pathologists.7 The PPV of the test in patients
downstaged to NDBE was a mean of 21.4% (range 9%–
50%), indicating that the test identifies a subset of missed
progressors who progressed at a similar rate to patients
with confirmed LGD. Similar results were obtained when the
test was evaluated in the subset of patients downstaged to
NDBE by at least 15 pathologists, demonstrating that the
test detects progressors who are missed by most patholo-
gists (Table 2).
Discussion
This study focused on comparing the performance of an

objective tissue systems pathology test (TSP-9) vs bench-
marks of generalist and expert pathology in stratifying pa-
tients with BE with a community-based diagnosis of LGD for
risk of progression to HGD/EAC. The TSP-9 test objectively
risk-stratified LGD patients with overall higher sensitivity in
detecting progressors than benchmarks of generalist and
expert pathologists from 5 different countries. Although this
study confirmed the predictive value of confirmation of
dysplasia by pathology review, the ranges of confirmation vs
downstaging, and the resulting wide ranges in progression
rates associated with each diagnosis highlighted the signif-
icant interobserver variability in the review of community-
based LGD. Although the expert pathologists showed
slightly less interobserver variability than the generalist
pathologists, which is consistent with previous studies, the
overall predictive accuracy of the diagnoses made by the
expert pathologists was not significantly higher when
compared with diagnoses from the generalist pathologists.
The availability of p53 IHC along with the review of H&E
slides by pathologists did not show a different predictive
accuracy compared with the pathologists who only evalu-
ated H&E slides. However, the practices of the pathologists
in Europe and the United States may differ in ways that are
independent of use of p53, and those differences were not
evaluated in this study.

A subset of both generalist and expert pathologists
tended to overdiagnose dysplasia, which can lead to un-
necessary therapeutic intervention. Another subset of pa-
thologists tended to downstage a significant proportion of
patients to NDBE, which can lead to undertreatment or
delayed treatment, as a subset of the downstaged patients
will progress to HGD/EAC during a 3- to 5-year surveillance
interval. Only a small subset of the 30 pathologists (2 gen-
eralists and 1 expert) demonstrated similar overall predic-
tive accuracy to the TSP-9 test. The higher sensitivity of the
TSP-9 test was due to the test’s ability to identify 43% of the
progressors who were downstaged to NDBE by the pa-
thologists. This is a high-risk subset of patients who may be
missed by pathology review but can be detected by the TSP-
9 test enabling therapeutic intervention or close surveil-
lance. The TSP-9 test also demonstrated higher specificity
and a higher NPV than the panel of pathologists, indicating
that the low-risk class provided by the test may improve
confidence in a surveillance-only management approach for
a subset of patients with BE with community-based LGD.

Current guidelines recommend that the diagnosis of BE
with LGD should be confirmed by an expert pathologist to
better risk-stratify patients and to guide management de-
cisions accordingly.3,20–22 However, “expert pathology” is
not well defined, and confirmation of LGD is challenging,
which limits real-world adherence to expert review. One of
the main challenges is interobserver variability,23 which
was confirmed in the current study with only moderate
agreement (kappa coefficient of 0.43) even among expert
pathologists, which limits the effectiveness of the LGD
diagnosis to identify patients whose progression risk war-
rants EET. With all these caveats, a patient’s management
plan and health outcomes are largely dependent on which
pathologist reviews the patient’s H&E slides. For example, if
reviewed by a pathologist who tends to underdiagnose
dysplasia, a subset of patients will be downstaged to NDBE
and develop HGD/EAC during their next surveillance in-
terval, which may lead to poor health outcomes. However, if
reviewed by a pathologist who tends to overdiagnose, a
subset of patients may get EET without being at risk for
progressing to HGD/EAC at the expense of adverse events,
most commonly esophageal stenosis (15%), post-



Table 2.Predictive Performance of the TSP-9 Test in Patients Downstaged From LGD to NDBE

Prediction metric

TSP-9 Performance in patients who were downstaged to NDBE by:

Individual pathologistsa At least 15 pathologists

All Experts Generalists All Experts Generalists

% of progressors who
were downstaged to
NDBE and scored high/
int risk by the test
(sensitivity)

43.0 [17–69] 45.9 [17–69] 40.4 [25–58] 37.5 37.5 28.6

% of nonprogressors who
were downstaged to
NDBE and scored low
risk by the test
(specificity)

84.5 [79–94] 83.5 [79–91] 85.5 [80–94] 84.3 83.9 83.5

aMean [range].
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procedural bleed (4%), and perforation (0.8%).24,25 The
TSP-9 test was specifically designed to stratify patients with
BE for risk of progression to HGD/EAC, whereas pathology
review provides a diagnosis, which in turn has implications
for risk of progression and management of patients with BE.
The TSP-9 test provides an effective solution to variable
pathology review by objectively detecting more progressors
and downstaging more nonprogressors than pathology re-
view as demonstrated in this study. Although the primary
aim of the study was to compare the predictive performance
of TSP-9 and benchmarks of pathology review, the results
demonstrated that the 2 methods can be used in conjunction
to improve sensitivity for detection of progressors from
50.9% to 62.3% (depending on whether IND is considered a
high-risk diagnosis) up to 80.4% of progressors with a
range of 71% to 92%, depending on which pathologist
reviewed the slides. In addition to providing risk stratifi-
cation results to physicians and patients, the TSP-9 test may
also provide pathologists with objective information to
standardize review of biopsies.

Based on the results of this study, we propose a guide for
how the TSP-9 test can be used to improve the management
of patients with BE with an initial, community-based diag-
nosis of LGD (Figure 3). The TSP-9 test may be used after
pathology review to further risk-stratify and guide care,
enabling clinicians to devise effective strategies aimed at
increasing the percentage of progressors whose care is
upstaged to EET or short interval surveillance, as well as to
increase the percentage of nonprogressors who are
managed by surveillance every 3 to 5 years, potentially
leading to improved health outcomes. For patients who
receive a low-risk score by the TSP-9 test, the optimal
clinical management strategy may be surveillance in less
than 12 months for patients with a pathology review diag-
nosis of LGD or IND, and surveillance every 3 to 5 years for
patients who have been downstaged to NDBE. For patients
who receive a high- or intermediate-risk score by the test,
an effective management strategy may be EET to prevent
progression to HGD/EAC or surveillance in 6 to 12 months
regardless of whether the review diagnosis is LGD, IND, or
NDBE (Figure 3). However, given the finding of equivalent
overall accuracy between expert and generalist pathologists
in this study, this TSP-9 test that objectively risk stratifies
with higher overall accuracy may be a logical tool for proper
risk stratification of patients with BE with LGD rather than
using the test as an adjunct to pathology review. The test
can provide a practical solution to observer variability in the
diagnosis of LGD and to the challenges in accessing expert
reviews in some settings.

The TSP-9 test offers multiple advantages over IHC-
based evaluation of biomarkers such as p53 and Asper-
gillus oryzae lectin, as these IHC-based methodologies are
limited by qualitative and subjective estimation of single
biomarkers per slide.26,27 The TSP-9 test automatically and
objectively quantifies multiple predictive biomarkers
without the need for any interpretation by a human, and
produces an individualized risk score for progression to
HGD/EAC within 5 years. Various other molecular ap-
proaches requiring digestion of tissue for risk prediction
have been evaluated; however, these result in loss of tissue
morphology and spatial relationships that have predictive
value, and none have been independently validated so far
for risk prediction in BE.28,29

The main strengths of this study include the cohort study
design derived from the screening cohort of a randomized
controlled trial with long-term outcome data.3,30 In addition,
the study includes blinded testing in a Clinical Laboratory
Improvement Amendments–certified laboratory and inde-
pendent blinded review by benchmarks of generalist and
expert pathologists from 5 different countries. Furthermore,
H&E and p53 IHC staining were performed on sections adja-
cent to those onwhich the TSP-9 test was performed such that
the morphology reviewed by the pathologists was as close as
possible to what was assessed by the test. The limitations are
the exclusion of some patients due to lack of availability of
biopsymaterial and/or clinical data, and although the patients



Figure 3. Proposed use of the TSP-9 test to aid the management of patients with BE with a community-based diagnosis of
LGD. Adjunctive use of the TSP-9 test results with expert pathology review to guide management decisions.
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were followed prospectively as part of the prior study, the
analyses were completed retrospectively. However, large
prospective studies are very challenging in BE because of the
low rate of malignant progression. Although the progression
rates reported here are higher than some other reports of
clinically observed progression rates, this was corrected for by
adjusting the NPV and PPV for both the TSP-9 test and pa-
thology results to the expected prevalence in the general BE
population in the United States. Although use of p53 IHC did
not appear to increase thepredictive accuracyof thepathologic
diagnoses, the p53 IHC slideswereprovided for adjunctiveuse,
and this study did not implement a standardized p53 IHC
scoring system or enforce review of those slides by the
pathologists.

In conclusion, the TSP-9 test provides objective risk
stratification in patients with BE with community-based
LGD and outperforms even expert pathologists on average
in identifying patients who progress to HGD/EAC. The TSP-9
test is not subject to observer variation and can thus offer
an objective solution to the subjective and variable pathol-
ogy grading. This test can increase the early detection of
patients at high risk for progression, while also reducing
unnecessary interventions in patients at low risk for pro-
gression. The superior predictive accuracy and consistency
of the TSP-9 test may allow physicians to make more
informed management decisions for their patients that may
lead to improved health outcomes.
Supplementary Material
Note: To access the supplementary material accompanying
this article, visit the online version of Gastroenterology at
www.gastrojournal.org, and at https://doi.org/10.1053/
j.gastro.2023.07.029.
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Supplementary Figure 1. Flowchart of the included progressor and nonprogressor patients from the SURF screening cohort.

Supplementary Figure 2. Risk stratifi-
cation by TSP-9. (A) Kaplan-Meier (KM)
analysis of probability of progression to
HGD/EAC in patients with BE stratified
low- and intermediate/high-risk classes
by the TSP-9 test (n ¼ 154). (B) Numbers
of progressors and nonprogressors
scoring TSP-9 low risk and intermedi-
ate/high risk.
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Supplementary Figure 3. Pathology review demonstrated significant interobserver variability. (A) Mean and range of per-
centage of cases diagnosed as NDBE, IND, or LGDþ by all 30 pathologists, 14 expert pathologists, and 16 generalist pa-
thologists. (B) Percentage of cases diagnosed as NDBE, IND, or LGD by expert pathologists (red) and generalist pathologists
(blue). (C) Interobserver agreement was calculated using a Fleiss’ kappa coefficient.
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Supplementary Figure 4. The TSP-9 test finds more progressors than pathologists when the diagnosis is evaluated as LGD/
higher vs NDBE and IND combined. (A) Prediction metrics for combined use of pathology diagnoses and the TSP-9 test. (B)
Comparison of diagnoses (LGD/higher vs NDBE/IND) and TSP-9 test results in the subset of patients who progressed to HGD/
EAC within 5 years (n ¼ 24). (C) Comparison of diagnoses (LGD/higher vs NDBE/IND) and TSP-9 test results in patients who
did not progress within 5 years (n ¼ 130). 1TSP-9 prediction metrics were calculated in the subset for which each pathologist
rendered a BE diagnosis, which ranged from 141–154 patients as 5 pathologists scored a subset of cases as non-BE or not
reportable. 2Patients with TSP-9 low-risk result and pathology diagnosis of NDBE/IND were considered low risk, and patients
with TSP-9 intermediate/high-risk result or a pathology diagnosis of LGD/higher were considered high-risk (see Methods).
3TSP-9 prediction metrics in the highest scoring case-part from all 154 patients. 4NPV and PPV were adjusted for prevalence
as described in Methods.
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Supplementary Table 1.Predictive Performance of TSP-9 and Pathologists

Predictor Country Sensitivity [95% CI] Specificity [95% CI] PPV [95% CI] NPV [95% CI]

TSP-9 na 0.71 [0.54–0.88] 0.78 [0.72–0.85] 0.38 [0.29–0.49] 0.94 [0.90–0.97]

Expert US 0.71 [0.50–0.88] 0.81 [0.74–0.87] 0.40 [0.31–0.51] 0.94 [0.90–0.97]

Expert US 0.54 [0.33–0.75] 0.89 [0.84–0.94] 0.48 [0.34–0.65] 0.91 [0.88–0.95]

Expert US 0.54 [0.33–0.75] 0.80 [0.73–0.87] 0.33 [0.22–0.46] 0.90 [0.87–0.94]

Generalist US 0.88 [0.71–1.00] 0.12 [0.07–0.18] 0.16 [0.13–0.18] 0.84 [0.67–1.00]

Generalist US 0.79 [0.62–0.96] 0.52 [0.43–0.60] 0.23 [0.18–0.28] 0.93 [0.88–0.98]

Generalist US 0.67 [0.46–0.83] 0.79 [0.72–0.86] 0.37 [0.28–0.49] 0.93 [0.89–0.96]

Expert Netherlands 0.75 [0.58–0.92] 0.57 [0.48–0.65] 0.24 [0.19–0.30] 0.92 [0.88–0.97]

Expert Netherlands 0.71 [0.50–0.88] 0.61 [0.53–0.70] 0.25 [0.19–0.32] 0.92 [0.87–0.96]

Expert Netherlands 0.67 [0.46–0.83] 0.78 [0.72–0.85] 0.36 [0.27–0.48] 0.93 [0.89–0.96]

Generalist Netherlands 0.81 [0.62–0.95] 0.60 [0.51–0.69] 0.26 [0.20–0.32] 0.95 [0.90–0.99]

Generalist Netherlands 0.79 [0.62–0.96] 0.36 [0.28–0.45] 0.19 [0.15–0.22] 0.90 [0.83–0.98]

Generalist Netherlands 0.64 [0.45–0.82] 0.78 [0.71–0.85] 0.33 [0.24–0.44] 0.93 [0.89–0.96]

Expert Belgium 0.62 [0.42–0.83] 0.79 [0.72–0.86] 0.36 [0.26–0.48] 0.92 [0.88–0.96]

Expert Belgium 0.58 [0.38–0.79] 0.88 [0.82–0.93] 0.47 [0.33–0.62] 0.92 [0.88–0.96]

Generalist Belgium 0.79 [0.62–0.96] 0.57 [0.48–0.65] 0.25 [0.20–0.31] 0.94 [0.89–0.99]

Generalist Belgium 0.67 [0.46–0.83] 0.78 [0.70–0.85] 0.36 [0.26–0.46] 0.93 [0.89–0.96]

Generalist Belgium 0.54 [0.33–0.75] 0.89 [0.84–0.94] 0.48 [0.33–0.65] 0.91 [0.88–0.95]

Expert Germany 0.50 [0.29–0.71] 0.95 [0.91–0.98] 0.63 [0.44–0.83] 0.91 [0.88–0.95]

Expert Germany 0.50 [0.29–0.71] 0.80 [0.73–0.87] 0.32 [0.21–0.44] 0.90 [0.86–0.94]

Expert Germany 0.40 [0.25–0.67] 0.83 [0.77–0.89] 0.33 [0.21–0.48] 0.89 [0.86–0.93]

Generalist Germany 0.71 [0.50–0.88] 0.85 [0.79–0.91] 0.47 [0.36–0.61] 0.94 [0.90–0.97]

Generalist Germany 0.67 [0.46–0.83] 0.88 [0.82–0.93] 0.50 [0.37–0.64] 0.93 [0.90–0.97]

Generalist Germany 0.67 [0.46–0.83] 0.82 [0.75–0.88] 0.41 [0.30–0.53] 0.93 [0.89–0.97]

Generalist Germany 0.50 [0.29–0.71] 0.88 [0.82–0.94] 0.44 [0.29–0.62] 0.91 [0.87–0.94]

Expert UK 0.79 [0.62–0.96] 0.58 [0.50–0.67] 0.26 [0.21–0.32] 0.94 [0.89–0.99]

Expert UK 0.50 [0.29–0.71] 0.88 [0.82–0.94] 0.44 [0.30–0.62] 0.91 [0.87–0.94]

Expert UK 0.33 [0.17–0.54] 0.90 [0.85–0.95] 0.38 [0.20–0.58] 0.88 [0.85–0.91]

Generalist UK 0.67 [0.46–0.83] 0.75 [0.67–0.82] 0.33 [0.24–0.42] 0.92 [0.88–0.96]

Generalist UK 0.62 [0.46–0.83] 0.47 [0.38–0.55] 0.18 [0.13–0.23] 0.87 [0.81–0.93]

Generalist UK 0.33 [0.17–0.54] 0.92 [0.86–0.96] 0.42 [0.23–0.65] 0.88 [0.85–0.91]

na, not applicable.
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Supplementary Table 2.Predictive Performance of European and US Pathologist Diagnoses (IND/LGD/higher vs NDBE)

European vs US pathologist performancea

All pathologists Expert pathologists Generalist pathologists

Prediction metric European US European US European US

Sensitivity (%) 61.8 [33–81] 68.8 [54–88] 58.3 [33–79] 59.7 [54–71] 64.7 [33–81] 78.0 [67–88]

Specificity (%) 75.5 [36–95] 65.5 [12–89] 77.9 [57–95] 83.3 [80–89] 73.5 [36–92] 47.7 [12–79]

PPV (%) 36.1 [18–63] 32.8 [16–48] 36.7 [24–63] 40.3 [33–48] 35.5 [18–50] 25.3 [16–37]

NPV (%) 91.6 [87–95] 90.8 [84–94] 91.3 [88–94] 91.7 [90–94] 91.8 [87–95] 90.0 [84–93]

PPV adj.b (%) 23.1 [10–49] 20.6 [9–32] 23.6 [14–49] 26.1 [20–32] 22.7 [10–35] 15.1 [9–23]

NPV adj.b (%) 95.5 [93–97] 95.1 [91–97] 95.3 [93–97] 95.6 [95–97] 95.6 [93–97] 94.6 [91–96]

aUS pathologists had access to H&E slides while European pathologists had additional access to p53-stained IHC slides to
use adjunctively consistent with their respective standard practices.
bNPV and PPV were adjusted for prevalence ad described in Methods.

Supplementary Table 3.Predictive Performance of Pathology Diagnoses and TSP-9 Risk Results Combined

Prediction metrics mean
[range]

TSP-9 þ pathology diagnosis
IND/LGDþ vs NDBEa

TSP-9 þ pathology diagnosis
LGDþ vs NDBE/INDb

Sensitivity 80.4 [71–92] 78.3 [71–86]

Specificity 62.7 [13–75] 71.9 [57–78]

PPV 29.8 [16–37] 34.5 [25–39]

NPV 94.5 [89–96] 94.7 [93–96]

PPV adj.c 18.0 [9–23] 21.3 [15–26]

NPV adj.c 97.0 [94–98] 97.2 [96–98]

aPatients with TSP-9 low risk result and pathology Dx of NDBE were considered low risk, and patients with TSP-9 interme-
diate/high-risk result or a pathology Dx of IND/LGD/higher were considered high risk (see Methods).
bPatients with TSP-9 low-risk result and pathology Dx of NDBE/IND were considered low risk, and patients with TSP-9 in-
termediate/high-risk result or a pathology Dx of LGD/higher were considered high risk (see Methods).
cNPV and PPV were adjusted for prevalence as described in Methods.
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Supplementary Table 4.Predictive Performance of the TSP-9 Test in Patients Downstaged From LGD to NDBE/IND

Prediction Metric

TSP-9 performance in patients who were downstaged to NDBE/IND by:

Individual pathologistsa At least 15 pathologists

All Experts Generalists All Experts Generalists

% of progressors
who were
downstaged to
NDBE/IND and
scored high/int-
risk by the test
(sensitivity)

54.4 [29–69] 54.0 [29–69] 54.8 [33–67] 54.5 61.5 54.5

% of
nonprogressors
who were
downstaged to
NDBE/IND and
scored low-risk
by the test
(specificity)

82.1 [79–88] 81.6 [79–85] 82.4 [80–88] 81.8 81.7 82.6

aMean [range].
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