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Abstract

Background Barrett’s esophagus (BE) is the precursor to esophageal adenocarcinoma (EAC).
Guidelines recommend endoscopic surveillance for BE patients to enable early detection and
treatment of dysplasia and EAC. The tissue systems pathology test (TissueCypher, TSP-9) has been
validated for the risk stratification of BE patients for progression to high-grade dysplasia (HGD)/
EAC. The purpose of this study was to use decision modeling to evaluate the utility of the TSP-9
test to enable risk-aligned clinical management for patients with BE.

Methods Patients diagnosed with BE who had known progression outcomes were evaluated,
including 392 patients with diagnoses of non-dysplastic BE (NDBE), 63 patients indefinite for
dysplasia, and 244 with low-grade dysplasia. Patient management decisions were simulated based
on clinical practice, with or without guidance from TSP-9 risk results. Appropriate management
decisions were calculated based on known progression outcomes.

Results TSP-9-guided management resulted in a significant increase in appropriate management for
patients with BE, including patients with NDBE and short-segment BE who are considered clinically
to be at lower risk (P<0.001). In patients with NDBE who progressed to HGD/EAC, the use of TSP-9
increased the percentage of patients receiving short-interval surveillance or endoscopic eradication
therapy (EET) from 30.4% (95% confidence interval [CI] 22-40) to 56.9% (95%CI 47-67; P<0.001).

Conclusions TSP-9-guided management significantly improved the likelihood of receiving
appropriate management for patients with NDBE. TSP-9 demonstrated significant clinical utility,
enabling more progressors to be appropriately managed with short-interval surveillance or EET,
which are highly effective strategies to improve patient health outcomes for patients with BE.
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Barrett’s esophagus (BE) is a pre-malignant condition
that can progress to esophageal adenocarcinoma (EAC) [1].
Despite extensive BE surveillance programs and the availability
of endoscopic eradication therapy (EET), which is highly
effective at eradicating BE and preventing EAC, there has
been no significant reduction in the incidence or mortality
of EAC in decades. The histologic grading of biopsies taken
during endoscopy is the main factor used in making clinical
management decisions for patients with BE. The grades are
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non-dysplastic BE (NDBE), indefinite for dysplasia (IND)
and low-grade dysplasia (LGD), and have population-based
progression rates to high-grade dysplasia (HGD)/EAC of
0.63%, 1.5% and 1.73% per year, respectively [2-4]. However,
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risk assessment based on histopathology alone is known to
miss many patients with BE who harbor high-risk biology that
cannot be observed on histology slides, and there is significant
interobserver variation among pathologists in the histologic
grading of BE [5,6]. This uncertainty about progression risk
can lead to significant variability in management decisions
for patients with BE, as well as the overuse of endoscopy and
EET [7,8].

Clinicopathologic factors have limited ability to predict
which patients with BE will progress to EAC, and patients with
clinically lower risk factors, such as NDBE, short-segment BE
or female sex, can progress to HGD/EAC during guideline-
recommended surveillance intervals. Furthermore, up to 25%
of EACs are missed at the initial endoscopy from which BE is
diagnosed, delaying diagnosis and treatment [9,10]. To identify
high-risk patients who will benefit from intervention to reduce
the incidence and mortality of EAC, a risk stratification test
is needed for patients with BE. The tissue systems pathology
test (TissueCypher, TSP-9) is a commercially available test
that analyzes esophageal tissue biopsies obtained from
patients diagnosed with NDBE, IND or LGD to predict a
patient’s risk of progression to HGD/EAC. The test integrates
quantitative data from 15 spatialomic features derived from 9
protein biomarkers, together with nuclear morphology, into a
locked risk-prediction algorithm that generates a risk report
containing a patient’s risk score (0.0-10.0), risk class (low,
intermediate, high), and 5-year probability of progressing to
HGD/EAC.

The TSP-9 test has been validated in multiple clinical
studies to objectively predict the progression of BE to HGD/
EAC, independently of clinical and pathology variables [11-
18]. These studies have shown that the TSP-9 test identifies a
subset of high-risk patients with NDBE who progress at similar
rates to patients with confirmed LGD, for whom guidelines
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recommend intervention with short-interval surveillance or
EET. These findings are clinically impactful as these high-risk
patients with NDBE are missed by the current standard of care,
and due to the size of the NDBE population, may represent at
least half of the patients who develop EAC during guideline-
recommended surveillance intervals each year in the US.

The clinical utility of the TSP-9 test in guiding risk-
aligned management decisions for patients with BE with
community-based diagnoses of LGD has recently been
reported [19]. However, the impact of the test in guiding risk-
aligned management decisions has not yet been modeled in
the broader BE population. This study evaluated the clinical
utility of the TSP-9 test using clinical decision modeling
in all patients for whom the test is intended (patients with
NDBE, IND or LGD) to assess the utility of TSP-9 to escalate
management decisions to short-interval surveillance or EET
for patients with BE who are at high risk for progression, and
to reduce the overuse of care in patients with BE at low risk
for progression, in a large, diverse cohort of patients with
known clinical outcomes.

Patients and methods
Study design

Patients with BE who had known progression/non-
progression outcomes (n=699) from 5 independent clinical
validation studies [11-15] were evaluated; these included
392 patients with an original diagnosis of NDBE, 63 patients
with IND and 244 with LGD (Table 1, Supplementary Tables 1,2).
The original diagnoses, provided by a mix of generalist and
expert gastrointestinal (GI) pathologists at 5 clinical centers
in the United States (US) and Europe, based on biopsies from
the baseline endoscopy, were abstracted from electronic health
records. The same specimens were independently reviewed in
a blinded manner by expert GI pathologists as a component
of the original research studies. Each specimen was also tested
using TSP-9. All data were derived from datasets reported in
open access, peer-reviewed, published studies, which had been
approved by the relevant institutional review boards at each
institution [11-14], or were exempted from review [15] by the
relevant institutional ethics committee.

TSP-9 testing

The TSP-9 test was run on each specimen in a blinded
manner at Castle Biosciences’ Clinical Laboratory
Improvement Amendments-certified College of American
Pathologists-accredited laboratory (Pittsburgh, PA, USA). All
test parameters, including the 9 biomarkers, image analysis
features, risk prediction algorithm and cut points, were
prespecified and locked, as previously defined [11]. The TSP-
9 test results were reported as a continuous risk score (0-10),
a categorical risk class (low-, intermediate-, high-risk), and
probability for progression to HGD/EAC within 5 years.



Table 1 Patient characteristics

Modeling TSP-9 use in clinical decision-making

Characteristic Non-progressors' Progressors® All patients
n (%) 509 (72.8) 190 (27.2) 699
Age, median (IQR) 61 (53-69) 63.0 (56.0-69.1) 61.0 (53.1-69.1)
HGD/EAC-free surveillance time, 6.7 (5-9) 2.6 (1.2-4.2) 5.8 (3.5-8.2)
median years’ (IQR)
Sex, n (%)
Male 385 (75.6) 164 (86.3) 549 (78.5)
Female 124 (24.4) 26 (13.7) 150 (21.5)
Segment length, n (%)
Long (>3 cm) 311 (61.1) 148 (77.9%) 459 (65.7)
Short (<3 cm) 148 (29.1) 36 (18.9%) 184 (26.3)
Unknown 50 (9.8) 6 (3.2%) 56 (8.0)
Original* diagnosis, n (%)
NDBE 290 (57.0) 102 (53.7) 392 (56.1)
IND 51 (10.0) 12 (6.3) 63 (9.0)
LGD 168 (33.0) 76 (40.0) 244 (34.9)
TSP-9 risk class, n (%)
High-risk 32(6.3) 80 (42.1) 112 (16.0)
Intermediate-risk 61 (12.0) 35 (18.4) 96 (13.7)
Low-risk 416 (81.7) 75 (39.5) 491 (70.2)

'Patients without progression to HGD/EAC during follow-up period
*Patients who received a diagnosis of HGD/EAC during follow-up period

*Time to subsequent diagnosis of HGD/EAC (for progressors) or last follow-up (for non-progressors)

*Original pathology diagnosis abstracted from electronic health records

EAC, esophageal adenocarcinoma; HGD, high-grade dysplasia; IND, indefinite for dysplasia; IQR, interquartile range; LGD, low-grade dysplasia; NDBE,

non-dysplastic Barrett’s esophagus; TSP-9, tissue systems pathology test

Clinical decision models and management simulations

A decision-tree model was used to simulate the clinical
course of patient care and outcomes, with and without the
use of TSP-9 results in BE disease management decisions,
using known patient progression outcomes data from 5
clinical validation studies. For both simulations (with and
without TSP-9), appropriate management for each patient was
determined based on alignment between the management
decision (long-interval surveillance in 3-5 years, short-interval
surveillance within 1 year, or EET) and disease progression.
Short-interval surveillance (i.e., surveillance within 1 year) or
EET was considered appropriate if a patient had documented
progression to HGD/EAC, and long-interval surveillance was
considered appropriate if available outcome data showed no
progression to HGD/EAC. The HGD/EAC-free surveillance
time for this model was defined as the time between the
endoscopy at which biopsies were tested with TSP-9, and either
the subsequent diagnosis of HGD/EAC (for progressors) or
last follow-up (for non-progressors).

For simulated management without TSP-9 testing,
management decisions depended on the original and/or expert
pathological diagnosis (Fig. 1A). Patients with an original
pathology diagnosis of NDBE were managed with long-interval
surveillance, while patients with a diagnosis of IND were
managed with short-interval surveillance. Patients with an
original pathology diagnosis of LGD or higher were assumed
to have their specimen reviewed by an expert pathologist per
guidelines. Patients with an expert pathology diagnosis of

NDBE were managed with long-interval surveillance, while a
diagnosis of IND was managed with short-interval surveillance.
If the expert pathologist diagnosis was LGD or higher, the
patient underwent EET, in accordance with guidelines that
suggest EET over surveillance for management of confirmed
LGD [1,20]. The simulation included an additional clause, given
the documented overtreatment of patients with NDBE reported
in the clinical setting [21-24]. Wani et al reported that 30% of
patients with NDBE received a surveillance endoscopy earlier
than the long-interval 3-year time point [22]. Additionally, the
use of EET has been reported in patients with NDBE (0.5%),
according to commercial claims and encounters databases and
peer-reviewed literature [25-27]. Therefore, in the simulated
management, 30% of patients with an original pathology
diagnosis of NDBE received short-interval surveillance, while
0.5% underwent EET (Fig. 1A, Supplementary Tables 3,4).

For simulated management that included TSP-9 testing
and guidance, management decisions depended on a
combination of original and/or expert pathological diagnosis
and the TSP-9 result (Fig. 1B). If the original diagnosis
was NDBE or IND, and the TSP-9 result was low-risk,
management was long-interval surveillance. If the original
diagnosis was LGD, it was assumed that slides were reviewed
by an expert pathologist. If the expert pathology diagnosis
was NDBE, management was long-interval surveillance
if the TSP-9 result was low-risk, and short-interval
surveillance if the TSP-9 result was intermediate/high-risk.
If the expert pathology diagnosis was IND, management was
long-interval surveillance for patients with a TSP-9 low-risk
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Figure 1 (A and B) Clinical decision model and management simulation scheme, with and without TSP-9-guided risk stratification. A decision-
tree model was used to simulate the clinical course of patient care and outcomes with and without including TSP-9 results in BE management.
Management decisions depended on the original and/or expert pathology diagnoses, with consideration of real-world over-surveillance and
overuse of EET incorporated into the model for patients with NDBE. Within the simulation model, appropriate management for each patient was
determined based on alignment between the management decision (long-interval surveillance in 3-5 years, short-interval surveillance in 1 year,
or EET) and progression to HGD/EAC, or lack of progression, during follow-up. Short-interval surveillance or EET was considered appropriate if
a given patient had documented progression to HGD/EAC, and long-interval surveillance was considered appropriate if no progression to HGD/

EAC was reported during available follow-up

BE, Barretts esophagus; EET, endoscopic eradication therapy; EAC, esophageal adenocarcinoma; HGD, high-grade dysplasia; NDBE, non-dysplastic
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result, and EET for patients with intermediate-/high-risk
TSP results. Finally, if the expert pathology diagnosis was
LGD, management was short-interval surveillance if the
TSP9 result was low-risk, and EET if intermediate-/high-
risk (Fig. 1B, Supplementary Tables 3,4). The intermediate-
and high-risk classes were combined in the model, based
on the previously reported finding that both risk classes are
at statistically significantly higher risk of developing HGD/
EAC compared to patients with low-risk results (hazard ratio
[HR] 7.1, 95% confidence interval [CI] 4.8-11.2 for high- vs.
low-risk, P<0.001, and HR 2.6, 95%CI 1.3-4.7, P=0.003 for
intermediate- vs. low-risk).

While additional factors, such as patient preferences and
physician/site-specific practices, can factor into management
decisions, these were not evaluated in this model, since
the aim was to evaluate the impact of TSP-9 guidance on
risk-aligned management decisions for patients with BE;
hence these other factors were kept constant. This study
was reported in alignment with guidelines provided by the
Standards for Quality Improvement Reporting Excellence 2.0
(Supplementary Table 5) [28].

Statistical analysis

Appropriate or inappropriate management for each
patient was determined based on alignment between clinical
management and the known progression outcomes. Short-
interval surveillance or EET was considered appropriate if a
given patient had documented disease progression to HGD/
EAC, and long-interval surveillance was considered appropriate
if no disease progression to HGD/EAC was reported during
the available follow-up. The primary measure of interest was
the percentage of appropriately managed patients for each
simulation (TSP-9 guided and unguided) for all patients, and
for each clinically-relevant subset of patients. Confidence
intervals (95%CIs, 2-tailed) were calculated for the percentage
of management decisions that were scored as appropriate
per the known patient outcomes for each simulation for
each subset of interest, by bootstrap resampling the final
management results (with replacement x10,000 iterations to
maximize the precision of P-values, and no constraints placed
on the proportion of progressors or non-progressors for
resampling). Non-overlapping CIs between TSP-9 guided and
unguided simulations indicate a significant difference in patient
management (0=0.05/number of family-wise comparisons).
P-values for bootstrap tested data were determined by the
empirical cumulative distribution function method. Family-
wise alpha was adjusted when progressors and non-progressors
were tested separately using the conservative Bonferroni method
(0=0.05/2 = 0.025). All clinical management simulations and
statistical analyses were performed using custom-written
software and open-source packages in R v4.1.3. Independent
oversight and verification of the data were carried out by the
lead author (LCD), who had full access to the raw data and
analysis code and reports no conflicts of interest.

Modeling TSP-9 use in clinical decision-making

Results
Patient characteristics

Six hundred ninety-nine patients with BE from 5 published
clinical validation studies were included, of whom 190 (27.2%)
were subsequently diagnosed with HGD/EAC, whereas
509 (72.8%) did not progress to HGD/EAC during follow-
up [11-15] (Table 1, Supplementary Tables 1,2). The median
age of patients in this cohort was 61 years (interquartile range
[IQR] 53.1-69.1), while the majority of patients were male
(78.5%) and had long-segment BE (65.7%). In this cohort of
patients with BE, 392 patients had an original diagnosis of
NDBE, 63 had IND and 244 had LGD.

TSP-9 and appropriate management

To evaluate the utility of TSP-9 in guiding clinical management
decisions for patients with BE, the percentage of appropriate
management decisions was calculated with and without guidance
from the TSP-9 risk results. Management decision simulations
showed that use of the TSP-9 test results in combination with
pathology diagnoses significantly increased the percentage of
patients who received appropriate management from 59.8%
(95%CI 56-63%) to 75.3% (95%CI 72-78%) (P<0.001) (Fig. 2A).
In patients with BE who progressed to HGD/EAC, use of the
TSP-9 test significantly increased the percentage of patients
receiving EET or short-interval surveillance from 50.5%
(95%CI 43-58%) to 66.3% (95%CI 59-73%) (P=0.008) (Fig. 2A).
Overall, use of the TSP-9 test led to a 31.9% decrease in the
undertreatment of progressors (P=0.008) and a 41.7% decrease
in the overtreatment of non-progressors (P<0.001) (Fig. 2B,C).
These results demonstrate the clinical utility of the TSP-9 test in
increasing early detection of progressors, enabling escalation of
management to prevent progression to HGD/EAC.

TSP-9 in patients who progress from NDBE to HGD/EAC

Of the 392 patients with original diagnoses of NDBE,
102 (26.0%) were subsequently diagnosed with HGD/EAC,
while 290 (74.0%) did not progress to HGD/EAC during
follow-up (Table 1). HGD/EAC-free surveillance times in
progressors had a median of 3.3 years (IQR 2-5) after the
baseline endoscopy, whereas non-progressors had a median
HGD/EAC-free follow-up of 6.4 years (IQR 5-9). Additional
baseline demographic features can be found in Supplementary
Table 1. The median age of patients with NDBE was 61 years
(IQR 53-69), 40.8% of patients were 265 years of age (eligible
for Medicare), 77.8% of patients were males, and 69.1% had
long-segment BE (=3 cm). Eighty-six of 102 progressors
(84.3%) and 219 of 290 non-progressors (75.5%) were males,
and 82.4% of progressors had long-segment BE (>3 cm),
compared to 64.5% of non-progressors. The TSP-9 test scored
26.3% of patients with NDBE as intermediate/high-risk for
progression, and 73.7% as low-risk for progression to HGD/
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Figure 2 TSP-9-guided management increases the likelihood of appropriate management decisions in patients with BE. Likelihood of receiving
appropriate management per known progression/non-progression outcome using BE management without TSP-9 vs. TSP-9-guided management.
(A) All patients with BE (NDBE, IND and LGD, n=699), patients with BE who were subsequently diagnosed with HGD/EAC (progressors, n=190),
or patients with BE without progression (non-progressors, n=509). (B) Percentage of progressors who received management decisions resulting
in undertreatment, considering the known clinical outcome. (C) Percentage of non-progressors who received management decisions resulting in
overtreatment, considering the known clinical outcome. Error bars indicate 2-tailed 95% confidence intervals. Comparisons between progressors

and non-progressors used a family-wise alpha of 0.05/2 tests = 0.025

BE, Barrett’s esophagus; EAC, esophageal adenocarcinoma; HGD, high-grade dysplasia; IND, indefinite for dysplasia; LGD, low-grade dysplasia;
NDBE, non-dysplastic Barrett’s esophagus; TSP-9, tissue systems pathology test
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Figure 3 TSP-9-guided management increases the likelihood of
appropriate management decisions in patients with pathology
diagnoses of NDBE. Likelihood of receiving appropriate management
per known progression/non-progression outcome using BE
management without TSP-9 vs. TSP-9-guided management in patients
with original pathology diagnosis of NDBE (n=392), patients with
original pathology diagnosis of NDBE who progressed to HGD/EAC
(n=102), and patients with original pathology diagnosis of NDBE
without progression (n=290). Original pathology diagnoses were
abstracted from electronic health records, which were provided by a
mix of generalists and expert gastrointestinal pathologists at 5 sites.
Error bars indicate 2-tailed 95% confidence intervals. Comparisons
between progressors and non-progressors used a family-wise alpha of
0.05/2 tests = 0.025

BE, Barrett’s esophagus; EAC, esophageal adenocarcinoma; HGD, high-
grade dysplasia; NDBE, non-dysplastic Barrett’s esophagus; TSP-9, tissue
systems pathology test

EAC within 5 years. Of the patients with NDBE who were
subsequently diagnosed with HGD/EAC during follow-up,
56.9% were scored as intermediate/high-risk for progression
by the TSP-9 test, while 84.5% of patients with NDBE who did
not progress to HGD/EAC during follow-up scored low-risk
by TSP-9.
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The clinical utility of the TSP-9 test was further evaluated
in the subsets of patients with pathology diagnoses of NDBE
(Fig. 3), who represent approximately 89% of the BE surveillance
population in the US. The highest overall clinical utility of the
TSP-9 test was observed in patients with an NDBE diagnosis
who progressed; in these patients the use of TSP-9 significantly
increased the percentage receiving surveillance within 1 year
or EET from 30.4% (95%CI 22-40%) to 56.9% (95%CI 47-67%;
P=0.001, Fig. 3). A statistically significant increase in appropriate
management was also observed in patients with NDBE who did
not progress, from 71% (95%CI 66-76%) to 84.5% (95%CI 80-
89%) when TSP-9 results were used to guide the management
decisions, a significant reduction in the overtreatment of
non-progressors (P<0.001, Fig. 3). These results demonstrate
the clinical utility of the TSP-9 test in detecting the majority
of progressors at the NDBE stage, enabling escalation of
management to prevent progression to HGD/EAC, while also
preventing overuse of care in patients who do not progress.

TSP-9 test in higher and lower risk patient subsets

The clinical utility of the TSP-9 test results was evaluated in
subsets of patients with NDBE stratified by BE segment length,
which is a known clinical risk factor in patients diagnosed with
BE. Use of the TSP-9 test results significantly increased the
percentage of patients receiving appropriate management in the
subsets with short- and long-segment BE (Fig. 4). A significant
improvement in appropriate management was observed for
patients who had NDBE with long-segment BE, from 57.9%
(95%CI 52-64%) to 74.9% (95%CI 70-80%, P<0.001) when
TSP-9 results were used to guide management decisions
(Fig. 4). A similar improvement in appropriate management
was observed for patients with NDBE with short-segment
BE, which are considered to be clinically lower-risk patients:
66% (95%CI 57-75%) of those patients received appropriate
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Figure 4 TSP-9-guided management increases the likelihood of
appropriate management decisions in clinically relevant subsets of
patients with NDBE. Likelihood of receiving appropriate management
per known progression/non-progression outcome using BE
management without TSP-9 vs. TSP-9-guided management in the
subset of patients with NDBE with long-segment BE (n=271), and
in patients with NDBE with short-segment BE (n=106). Error bars
indicate 2-tailed 95% confidence intervals. Comparisons depending
on segment length used a family-wise alpha of 0.05/2 tests = 0.025

BE, Barrett’s esophagus; EAC, esophageal adenocarcinoma; HGD, high-
grade dysplasia; NDBE, non-dysplastic Barrett’s esophagus; TSP-9, tissue
systems pathology test

management without TSP-9, compared to 83% (95%CI 76-
90%, P=0.021) when TSP-9 results were used (Fig. 4).

TSP-9-guided management in patients with IND or LGD

Of the 307 patients with IND/LGD, 88 (28.7%)
were subsequently diagnosed with HGD/EAC, whereas
219 (71.3%) did not progress to HGD/EAC during follow-up
(Supplementary Table 1). HGD/EAC-free surveillance times
were a median of 1.9 years (IQR 1-3) after the baseline endoscopy
for progressors, while non-progressors had a median HGD/
EAC-free follow-up of 7.1 years (IQR 5-10). The median age was
62 years (IQR 55-70), 79.5% of patients were male, and 61.2%
had long-segment BE (=3 cm). The TSP-9 test scored 34.2% of
IND/LGD patients as intermediate/high-risk and 65.8% as low-
risk for progression to HGD/EAC within 5 years. Of the IND/
LGD patients subsequently diagnosed with HGD/EAC during
follow-up, 64.8% were scored as TSP-9 intermediate/high-risk,
while 78.1% of IND/LGD patients who did not progress to
HGD/EAC during follow-up were scored as TSP-9 low-risk.

A statistically significant improvement in appropriate
management was also observed in the subset of patients with
a pathology diagnosis of IND/LGD when TSP-9 results were
included to guide management decisions. This was due to
an increase in the percentage of non-progressors receiving

Modeling TSP-9 use in clinical decision-making

appropriate management, from 53.0% (95%CI 46-60%) to
70.8% (95%CI 65-77%) (P<0.001), while the use of TSP-9
results did not lead to undertreatment of patients who
progressed to HGD/EAC (Supplementary Fig. 1).

Discussion

This study used decision-tree simulations to evaluate
the utility of the TSP-9 test to enable risk-aligned clinical
management for patients with BE. The results showed that,
when the TSP-9 test was used to guide management, there was a
significant increase in the percentage of patients with BE leading
to HGD/EAC who received appropriate management through
short-interval surveillance or EET. The use of TSP-9 results,
compared to current clinical practices, significantly reduced
the undertreatment of patients who progressed to HGD/EAC,
without leading to overtreatment of patients who did not
progress during surveillance. The highest clinical utility of the
TSP-9 test was observed in patients with NDBE who progressed
to HGD/EAG; this is a critical finding, as these patients can be
missed by current clinical practices. Patients with NDBE who
progressed to HGD/EAC were significantly more likely to
receive short-interval surveillance or EET when the TSP-9 test
results were used to guide management decisions, compared to
BE management without TSP-9 that was primarily driven by the
pathology diagnosis. In patients with NDBE who did not progress
during surveillance, TSP-guided management significantly
reduced the overuse of endoscopy and EET. Similar clinical utility
of the TSP-9 test was observed in NDBE patients with short- and
long-segment BE, demonstrating the broad utility of the test in
guiding management for patients with NDBE. Collectively, these
findings indicate that the TSP-9 test has clinical utility to enable
risk-aligned management for patients with BE, thereby allowing
more patients at high risk for progression to be detected early
and managed with short-interval surveillance or EET, which are
highly eftective approaches to reduce the incidence of EAC and
to improve patient health outcomes [29-31].

Current guidelines recommend endoscopic surveillance with
biopsies every 3-5 years for patients with a pathology diagnosis of
NDBE, given the low overall rate of progression to HGD/EAC in
this group of patients (0.63%/year) [1,4,32,33]. However, patients
with NDBE represent 89% of the approximately 450,000 patients
who undergo surveillance for BE each year in the US [34]. Thus,
the NDBE subset of patients includes approximately 50% of
the patients who progress to HGD/EAC. These patients can be
missed, and hence undertreated by the current standard of care.
Despite current limitations within many health plan medical
policies that restrict the use of short-interval surveillance and
EET for patients with NDBE, regardless of risk factors, current
practice patterns still show considerable use of EET in patients
with NDBE [25,31]. However, it is not clear that these EET
procedures are being directed to patients with the highest risk of
progression within the NDBE population. Early identification of
patients with NDBE who are at high risk of progression, coupled
with escalated management including EET, could significantly
reduce the incidence of EAC, since EET is more effective when
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used at earlier stages [25]. Furthermore, real-world evidence
from the analysis of electronic health record-derived data
suggests that patients with NDBE may require fewer sessions of
EET to achieve complete eradication of BE and, therefore, may
have a lower likelihood of EET-associated adverse events than
patients with dysplasia or EAC, indicating that earlier detection
of high-risk patients may optimize the allocation of healthcare
resources and improve patient health outcomes [25].

Identification of patients with NDBE at high risk for
progression by TSP-9 indicates that there is a subset of patients
in surveillance for NDBE who can benefit from similar
management to those with LGD with the goal of preventing
malignant progression. In clinical practice, TSP-9 identifies
approximately 15% of patients with NDBE as intermediate/high-
risk for progression, with a predicted progression risk similar to
that in patients with LGD [35]. The clinical utility reported here
indicates that use of the TSP-9 test can guide escalation of care for
patients with NDBE who are at high risk for progression, enabling
either short-interval surveillance, or potentially consideration of
intervention with EET, after ruling out missed prevalent HGD/
EAC. Short-interval surveillance can be an effective management
strategy to enable the early detection and treatment of dysplasia
and EAC [29]. EET, such as radiofrequency ablation, is 92-99%
effective in eradicating BE and preventing progression to EAC,
leading to better health outcomes [30,36].

While guidelines recommend 3-5-year surveillance
intervals for patients with NDBE, there is variation in
adherence to this recommendation: endoscopy is over-utilized
in 30-65% of patients with NDBE and EET is used in a subset
of patients with NDBE [7,22,34,37]. This overuse of procedures
is likely due to uncertainty regarding the risk of progression,
and to patient anxiety about the potential for development
of EAC [38]. Our model conservatively accounted for this
overutilization by assigning 30% of patients with NDBE to
short-interval surveillance. A key finding of this study was
that when TSP-9 test results were incorporated into simulated
management of BE based on real-world data, use of the test
reduced the overuse of procedures in patients with NDBE who
did not progress to HGD/EAC.

These findings have clinical implications, as they indicate
that risk stratification using the TSP-9 test may provide
confidence in adhering to the 3-5-year surveillance intervals
recommended by guidelines in the majority of patients with
NDBE who score low risk, thereby enhancing quality of life
and improving efficient utilization of healthcare resources.
These findings are supported by peer-reviewed data, including
arandomized controlled trial demonstrating that TSP-9 results
increased physician adherence to published GI guideline-
recommended management strategies [39],and a study by Diehl
et al, which reported that 33.4% of patients had management
plans de-escalated to a surveillance-only approach, based on a
low-risk TSP-9 result, irrespective of the original pathological
diagnosis [40]. Further illustrating the utility of the test is the
number of patients in the population who would need to be
tested to identify a patient who will be diagnosed with HGD/
EAC within 5 years (prevalence-adjusted number needed to
predict; NNP, dj). The NNP, " is 32 for a TSP9 intermediate-/
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high-risk result, which is less than half of the calculated NNP, g
when risk is assessed based on an expert pathological diagnosis
(NNP, d).=70) [17]. This demonstrates the robust nature of the
test in comparison to histopathological evaluation alone.
Recent findings from the Barrett's Oesophagus Surveillance
versus endoscopy at need Study indicated that surveillance
at-large did not impact cancer-specific mortality in BE in the
United Kingdom [41]. The clinical implications of our decision
modeling study suggest that the use of risk stratification tools
like the TSP-9 test may be a promising strategy to improve the
effectiveness of surveillance practices for managing patients
with BE, by targeting short-interval surveillance or EET at
patients with the highest risk of progressing to HGD/EAC,
while extending surveillance intervals for patients with the
lowest risk of progression.

The main strength of this study includes modeling of
management decisions in patients with BE using results from 5
independent clinical validation studies, in which each patient
had a pathology diagnosis abstracted from medical records,
clinical factors, known progression/non-progression outcome
data, and TSP-9 risk results. The patient cohorts included were
from a broad geographic area (North America, Europe) and
were managed by physicians at multiple types of care centers,
increasing confidence in the validity and utility of the test for
all patients with diagnoses of BE. The large, diverse cohort,
representing the Barrett’s population with available outcome
data, enabled evaluation of the utility of the TSP-9 test in the
cohort as a whole, and within clinically relevant subsets of
patients (Table 1, Supplementary Tables 1,2). Because of the
case—control design of the majority of the utilized studies,
27.2% of the cohort were progressors, which is higher than
the expected rate of progression in the general BE population.
However, the subset of patients who were progressors had a
sufficient sample size to evaluate the utility of the TSP-9 test
results in both progressors and non-progressors. The non-
progressors had a median progression-free surveillance time
of 6.4 years, which exceeds the maximum surveillance interval
recommended by guidelines and provided confidence in the
non-progression status of these patients. While the study
utilized a simulation-based approach, the study modeled
use of the TSP-9 test where various generalist and expert GI
pathologists reviewed histology slides as a part of clinical
practice, and also used expert GI pathology review diagnoses
to simulate tertiary care settings where BE biopsy slides
with initial diagnoses of LGD are reviewed by expert GI
pathologists. As complete adherence to the society guidelines
is difficult to achieve in real-world clinical settings, TSP-guided
management was compared to BE management without TSP-9,
where overuse of both surveillance endoscopy and EET occurs
in patients with NDBE [22,34,37].

This study defined what constitutes risk-aligned
appropriate management in the context of our model, based
on GI society guidelines [1,33,42,43], real world evidence from
commercial claims and encounters databases in the US, and
the published literature [25,31]. These definitions are intended
to illustrate how risk stratification provided by TSP-9 can guide
management in patients with BE, and may differ depending on
management practices, including surveillance frequencies and



EET usage in settings outside of the US, patient preferences, or
other factors that impact patient care including family history
of BE/EAC. Additionally, risk factors such as obesity, duration
of acid reflux, reflux esophagitis and family history were not
available to include in the decision simulation. Prior analyses of
these pooled data have shown that TSP-9 outperforms clinical
risk factors, including age, sex, segment length and hiatal
hernia, in risk-stratifying patients with BE [16], supporting the
modeling of TSP-9-guided simulations without clinical factors.

In conclusion, this decision simulation study demonstrated
that the TSP-9 test has significant clinical utility in patients
with BE, including those with NDBE, where the use of TSP-
9 enabled significantly more progressors to be appropriately
managed with short-interval surveillance to detect and treat
dysplasia and cancer early, or EET to prevent malignant
progression. Both escalation approaches are highly effective in
improving patient health outcomes, by reducing the incidence
and mortality of EAC. Use of the TSP-9 test in conjunction
with current clinical practices may enable risk-aligned
management, in which care is escalated for patients at high
risk for malignant progression, while low-risk TSP-9 results
may reduce the overuse of endoscopy and provide confidence
in a surveillance-only approach at intervals consistent with
guidelines.

Summary Box

What is already known:

e Population-based approaches to risk assessment do
not adequately predict whether patients with Barrett's
esophagus (BE) will progress to high-grade dysplasia
(HGD) or esophageal adenocarcinoma (EAC)

e The lack of objective risk stratification tools can
result in both over- and undertreatment of patients
with BE

e The tissue systems pathology test (TSP-9;
TissueCypher) has been validated to predict a
patient’s personalized 5-year risk of progression to
HGD/EAC

What the new findings are:

e TSP-9 can enable significantly more progressors
to be appropriately managed with short-interval
surveillance to detect and treat dysplasia and cancer
early, or EET to prevent malignant progression

e TSP-9 test results can reduce the overuse of
procedures in patients with NDBE who do not
progress to HGD/EAC

e These data add to the growing body of evidence
supporting the utility of the TSP-9 test, and
support its adoption in clinical practice to improve
health outcomes for patients with BE

Modeling TSP-9 use in clinical decision-making
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Supplementary Table 1 Characteristics of subsets of patients with pathology diagnoses of NDBE and IND/LGD
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Supplementary Figure 1 TSP-9-guided management increases the
likelihood of appropriate management decisions in patients with
pathology diagnoses of IND/LGD. Likelihood of receiving appropriate
management per known progression/non-progression outcome using
BE management without TSP-9 vs. TSP-9-guided management in
patients with original pathology diagnosis of IND/LGD (n=307),
patients with original pathology diagnosis of IND/LGD who were
subsequently diagnosed with HGD/EAC (n=88), and patients with
original pathology diagnosis of IND/LGD without progression
(n=219). Original pathology diagnoses were abstracted from electronic
health records, which were provided by a mix of generalists and expert
gastrointestinal pathologists at 5 sites. Error bars indicate 2-tailed 95%
confidence intervals

EAC, esophageal adenocarcinoma; Dx, diagnosis; HGD, high-grade
dysplasia; IND, indefinite for dysplasia; IQR, interquartile range; LGD,
low-grade dysplasia; NDBE, non-dysplastic Barretts esophagus; TSP-9,
tissue systems pathology test

Characteristic NDBE patients' NDBE patients' with IND/LGD patients' IND/LGD patients' with
without progression  subsequent diagnosis ~ without progression subsequent diagnosis of
during of HGD/EAC during during HGD/EAC during
follow-up follow-up follow-up follow-up
n (%) 290 (74.0) 102 (26.0) 219 (71.3) 88 (28.7)
Age, median (IQR) 60.4 (52-69) 63.5 (54-70) 62.0 (54-71) 62.0 (57-69)
HGD/EAC-free surveillance time, 6.4 (5-9) 3.3 (2-5) 7.1 (5.0-9.7) 1.9 (0.6-3.1)
median years? (IQR)
Sex, n (%)
Male 219 (75.5) 86 (84.3) 166 (75.8) 78 (88.6)
Female 71 (24.5) 16 (15.7) 53 (24.2) 10 (11.4)
Segment length, n (%)
Long (=3 cm) 187 (64.5) 84 (82.4) 124 (56.6) 64 (72.7)
Short (<3 cm) 92 (31.7) 14 (13.7) 56 (25.6) 22 (25.0)
Unknown 11 (3.8) 4(3.9) 39 (17.8) 2(2.3)
TSP-9 risk class, n (%)
High-risk 11 (3.8) 42 (41.2) 21 (9.6) 38 (43.2)
Intermediate-risk 34 (11.7) 16 (15.7) 27 (12.3) 19 (21.6)
Low-risk 245 (84.5) 44 (43.1) 171 (78.1) 31 (35.2)

'Original pathology diagnosis abstracted from electronic health records
*Time to subsequent diagnosis of HGD/EAC or last follow-up

EAC, esophageal adenocarcinoma; HGD, high-grade dysplasia; IND, indefinite for dysplasia; IQR, interquartile range; LGD, low-grade dysplasia; NDBE,
non-dysplastic Barrett’s esophagus; TSP-9, tissue systems pathology test



Supplementary Table 2 Patient data sources

Study (PMID)* Study design Patients per country Total (n)
United States (n) The Netherlands (n)

27197290 Case—control 77 106 183

27729357* Case—control 125 50 175

32079863 Case—control 268 0 268

331081247 Case—control 0 76 76

33982936 Retrospective cohort study 0 155 155

“The data from 699 patients were derived from previously published studies (PMIDs: 27197290, 27729357, 32079863, 33108124, 33982936) affiliated with
institutions/medical centers in the US and Europe. Only unique patients were included (n = 699)

*same non-progressor patients (n = 145) as 27197290
foverlap of progressor patients (n = 13) with 27197290
PMID, PubMed Identifier

Supplementary Table 3 Clinical decision simulation models for patients with pathology diagnosis of NDBE

Model Pathology diagnosis and/or TSP-9 result Clinical management decision

BE management NDBE
without TSP-9

Surveillance in 3-5 years for 70% of patients
Surveillance in 1 year for 30% of patients
EET for 0.5% of patients

TSP-9-guided management NDBE & low-risk Surveillance in 3-5 years
NDBE & intermediate/high-risk Surveillance in <1 year or EET

Appropriate management per known outcome Non-progressor Progressor

Surveillance in 3-5 years Appropriate Not appropriate

Surveillance in <1 year or EET Not appropriate Appropriate

BE, Barrett’s esophagus; EET, endoscopic eradication therapy; NDBE, non-dysplastic Barrett’s esophagus; TSP-9, tissue systems pathology test

Supplementary Table 4 Clinical decision simulation models for
patients with pathology diagnoses of IND/LGD

Model

Pathology diagnosis  Clinical management
and/or TSP-9 result  decision

BE management
without TSP-9

TSP-9-guided
management

IND Surveillance in <1 year
LGD! EET

IND & low-risk Surveillance in 3-5 years
LGD' & low-risk Surveillance in <1 year
IND/LGD' EEAIN
intermediate/high-

risk

!Specimen slides from patients with a diagnosis of LGD were reviewed by an

expert GI pathologist

BE, Barrett’s esophagus; EET, endoscopic eradication therapy; IND, indefinite
Sfor dysplasia; LGD, low-grade dysplasia; TSP-9, tissue systems pathology test



Supplementary Table 5 Standards for quality improvement reporting excellence 2.0 checklist

Title and abstract Component(s)  Location in manuscript
added
1. Title Indicate that the manuscript concerns an initiative to improve Complete Title/abstract
healthcare

(broadly defined to include the quality, safety, effectiveness,
patient-centeredness, timeliness, cost,
efficiency, and equity of healthcare)

2. Abstract a. Provide adequate information to aid in searching and a,b Abstract
indexing
b. Summarize all key information from various sections of the
text using the abstract format of the intended publication or
a structured summary such as: background, local problem,
methods, interventions, results, conclusions

Introduction Component(s)  Location in Manuscript
added
3. Problem Nature and significance of the local problem Complete Introduction
description
4. Available Summary of what is currently known about the problem, Complete Introduction
knowledge including relevant previous studies
5. Rationale Informal or formal frameworks, models, concepts, and/ Complete Introduction

or theories used to explain the problem, any reasons or
assumptions that were used to develop the intervention(s),
and reasons why the intervention(s) was expected to work

6. Specific aims Purpose of the project and of this report Complete Introduction

Methods Component(s)  Location in Manuscript
added

7. Context Contextual elements considered important at the outset of Complete Methods; Study Design

introducing the intervention(s)

8. Intervention(s) a. Description of the intervention(s) in sufficient detail that a Methods; Tissue systems
others could reproduce it pathology-9 (TSP-9) testing &
b. Specifics of the team involved in the work Clinical decision models and

management simulations

9. Study of the a. Approach chosen for assessing the impact of the a,b Methods; Clinical decision models
intervention(s) intervention(s) and management simulations;
b. Approach used to establish whether the observed outcomes Statistical Analysis

were due to the intervention(s)

10. Measures a. Measures chosen for studying processes and outcomes of the  a, ¢ Methods; Statistical Analysis
intervention(s), including rationale for choosing them, their
operational definitions, and their validity and reliability
b. Description of the approach to the ongoing assessment of
contextual elements that contributed to the success, failure,
efficiency, and cost
Methods employed for assessing completeness and accuracy
of data

(g)

11. Analysis a. Qualitative and quantitative methods used to draw a,b Methods; Statistical Analysis
inferences from the data
b. Methods for understanding variation within the data,
including the effects of time as a variable

12. Ethical Ethical aspects of implementing and studying the interventions ~ Complete Disclosures/conflicts of interest
Considerations and how they were addressed, including but not limited to,
formal ethics review, and potential conflicts of interest

(Contd...)
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Component(s)
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13. Results

a. Initial steps of the intervention(s) and their evolution over a,b,cd
time (e.g., time-line diagram, flow chart, or table), including
modifications made to the intervention during the project

b. details of the process measures and outcome

c. Contextual elements that interacted with the interventions

d. Observed associations between outcomes, interventions,
and relevant contextual elements

e. Unintended consequences such as unexpected
benefits, problems, failures, or costs associated with the
intervention(s).

f. Details about missing data

Results; Fig. 1-4; Supplementary
files

Discussion

Component(s)
added

Location in Manuscript

14. Summary

15. Interpretation

16. Limitations

17. Conclusions

a. Key findings, including relevance to the rationale and a,b
specific aims
b. Particular strengths of the project

a. Nature of the association between the interventions and the a,ce
outcomes

b. Comparison of results with findings from other publications

c. Impact of the project on people and systems

d. Reasons for any differences between observed and
anticipated outcomes, including the influence of context

e. Costs and strategic trade-offs, including opportunity costs

a. Limits to the generalizability of the work a,b,c
b. Factors that might have limited internal validity such as
confounding, bias, or imprecision in the design, methods,
measurement, or analysis
c. Efforts made to minimize and adjust for limitations

a. Usefulness of the work a,d
b. Sustainability

c. Potential for spread to other contexts

d. Implications for practice and for further study in the field

e. Suggested next steps

Discussion

Discussion

Discussion

Discussion

Other information

Component(s)
added

Location in manuscript

18. Funding

Sources of funding that supported this work. Role, if any, Complete
of the funding organization in the design, implementation,
interpretation, and reporting

Statements & declarations;
“Funding”




