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Objective: To explore the role of surgical treatment modality on prognosis of
metastatic esophageal adenocarcinoma (mEAC), as well as to construct a
machine learning model to predict suitable candidates.

Method: All mEAC patients pathologically diagnosed between January 2010
and December 2018 were extracted from the Surveillance, Epidemiology, and
End Results (SEER) database. A 1:4 propensity score-matched analysis and a
multivariate Cox analysis were performed to verify the prognostic value of
surgical treatment modality. To identify suitable candidates, a machine learning
model, classification and regression tree (CART), was constructed, and its
predictive performance was evaluated by the area under receiver operating
characteristic curve (AUC).

Results: Of 4520 mEAC patients, 2901 (64.2%) were aged over 60 years and
4012 (88.8%) were males. There were 411 (9.1%) patients receiving surgical
treatment modality. In the propensity score-matched analysis, surgical
treatment modality was significantly associated with a decreased risk of
death (HR: 0.47, 95% CI: 0.40-0.55); surgical patients had almost twice as
much median survival time (MST) as those without resection (MST with 95% Cl:
23 [17-27] months vs. 11 [11-12] months, P <0.0001). The similar association was
also observed in the multivariate Cox analysis (HR: 0.47, 95% Cl: 0.41-0.53).
Then, a CART was constructed to identify suitable candidates for surgical
treatment modality, with a relatively good discrimination ability (AUC with
95% ClI: 0.710 [0.648-0.771]).
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Conclusion: Surgical treatment modality may be a promising strategy to
prolong survival of mEAC patients. The CART in our study could serve as a
useful tool to predict suitable candidates for surgical treatment modality.
Further creditable studies are warranted to confirm our findings.

KEYWORDS

esophageal adenocarcinoma, overall survival, propensity score matching, metastasis,
surgical treatment modality, machine learning

Introduction

Esophageal cancer (EC) is a highly lethal cancer with the
sixth most common cause of cancer-related death (1-3). Survival
by stage is distinctly different for squamous cell carcinoma and
adenocarcinoma, the two distinct histologic subtypes of EC.
According to the AJCC guidelines, each major cell type is given
its own section, with esophageal adenocarcinoma (EAC)
representing the most common pathologic subtype in most
Western populations, including the United States (4, 5). It is
estimated that EAC will continuously increase in the incidence
up to 2030, which certainly imposes heavy health and economic
burdens (6). Nearly 30%- 40% of EC patients present metastases
to distant lymph nodes or organs at the time of initial diagnosis
(7). And such patients usually result in untoward outcomes, with
the 5-year survival rate of lower than 5% (8, 9).

Principal treatment management for patients with distant
metastases was generally limited to chemotherapy, radiation, as
well as best supportive care, mainly depending on individuals’
clinical situation (10, 11). However, these treatment applications
in such patients are largely palliative, with the main focus and
goals of improving quality of life and reducing cancer-related
symptoms. For example, creditable evidence is lacking regarding
durable survival benefit from systemic chemotherapy, with the
estimated median survival of less than 1 year (4).

In some recent studies with small sample sizes, it was
reported that surgical treatment modality could lead to
improvements in survival rate for selected metastatic patients
(12, 13). Given the dismal prognosis, in the context of no
effective treatment to prolong survival, surgical treatment
modality may as well be a promising approach. Nevertheless,
the retrospective observational researches might result in flawed
results owing to the substantial unbalanced heterogeneity in
baseline characteristics among such patients (7, 10, 14).
Moreover, surgical treatment modality is not a first-line
treatment for current patients with distant metastases. Just
passable survival benefit would put patients in a dilemma,
whether it is worthy to prolong survival rather than sustain
the quality of life. A judicious method to predict candidates for
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surgical treatment modality is advisable, to gain better
understanding and compliance from patients when potentially
improving the survival.

Therefore, we conducted a 1:4 propensity score-matched
analysis using a population-based cancer database to determine
the role of surgical treatment modality on prognosis of mEAC.
Also, a machine learning model was constructed to identify
suitable candidates for surgical treatment modality.

Methods
Data source and patient selection

Data from the Surveillance, Epidemiology, and End Results
(SEER) database, a nationwide cancer database covering nearly
30% of the US population, was used in the current study. All
metastatic EAC patients pathologically identified as “one
primary tumor only” during a period from January 2010 to
December 2018 were considered eligible for our study. We
selected these patients to generate a uniform dataset according
to the eighth edition of American Joint Committee on Cancer
(AJCC) staging system. Thus, for patients diagnosed before
2018, we manually translated 7th edition stages into their
corresponding 8th edition stages. Cases identified by death
certificate, autopsy only, or follow-up less than 1 month,
lacked complete baseline information and those without
receiving any treatment were excluded. The flowchart showing
detailed derivation of study population selection is presented in
Figure 1. This study was deemed exempt by the institutional
review board (IRB), since all the extracted data were anonymous.

The demographic and clinicopathological characteristics of
patients were extracted using the SEER*Stat software (version
8.3.9). In this study, marital status was reclassified as single
(including a very low proportion of cases with unmarried or
domestic partner), married, divorced/separated and widowed.
Al T stages were transformed into TX, T1, T2, T3 and T4, while
all N stages were similarly redefined into NX, NO, N1, N2 and
N3. Tumor grade was reclassified as well, moderate and poor
(including a very low proportion of undifferentiated patients).
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Patients with primary esophageal cancer diagnosed
between January 2010 and December 2018
(n=27095)
Excluded Patients without pathological
results support
(n=1417)
Patients with non-esophageal Excluded
adenocarcinoma D —
(n=9618)
Excluded Death certificate or autopsy only,
E— follow-up less than 1 month
(n=1296)
Patients without distant Excluded
(n=8773)
Excluded Patients without cgr_nplele
phic and clinical data
(n=631)
Patients without any treatment Excluded
Patients with inoma
pathologically diagnosed between 2010 and 2018
fulfilled the aforementioned criteria
(n=4520)
FIGURE 1

Flowchart showing detailed derivation of study population selection.

Surgical treatment modality was categorized as any type of
tumor-direct surgery (including local tumor excision, partial
laryngectomy or total laryngectomy) with or without
radiotherapy/chemoradiotherapy, while nonsurgical treatment
modality was defined as radiotherapy, chemotherapy or
chemoradiotherapy. Overall survival (OS) was employed as the
primary end point, a period from the diagnosis to the death from
any cause or last follow-up time.

Statistical analysis

Baseline characteristics were presented as frequencies with
percentages, and the distribution differences were compared by
chi-square test. Propensity score matching (PSM) was adopted
to reduce selection bias and imbalanced distributions of the
confounding factors. Briefly, propensity score is the conditional
probability of assignment to a particular treatment given a vector
of observed covariates. In this study, to get a higher power of
statistical test, surgical patients were matched 1:4 to those
receiving non-surgical treatment modality in random order on
the logit of the propensity score using the nearest-neighbor
matching approach (maximum caliper distance, 0.03). The
balance of covariates in both groups after PSM was assessed
by calculating standardized mean differences (SMDs). A value of
SMDs <10% was considered sufficiently balanced. Moreover, a
multivariate Cox regression model was also constructed to assess
the role of surgical treatment modality with adjustment for all
the covariates included in the propensity analysis. Hazard ratios
(HRs) was calculated with 95% confidence intervals (CIs). The
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OS of both groups was assessed by the Kaplan-Meier method
and compared with the log-rank test.

We hypothesized that patients in the matched surgical cohort
who survived longer than the lower limit value of the 95% ClIs for
median survival time (MST) would benefit from surgical
treatment modality. Based on the above assumption, surgical
patients were categorized as: suitable (benefit from surgery) vs.
not-suitable (not benefit from surgery). Then, a machine learning
model, classification and regression tree (CART), was constructed
to identify suitable candidates for surgical treatment modality. In
brief, CART could take all possible splits from all observed
variables into consideration when split relative to an event, and
select the variable that creates the most homogeneous clusters for
the next split (15). In our study, the root node of CART contained
all patients in the matched surgical cohort and was constantly
separated into two subgroups utilizing the recursive iterative
algorithm, until the survival rate of patients in the same
subgroup was homogeneous. The prediction performance of the
machine learning model was assessed by the area under the
receiver operating characteristic (ROC) curve (AUC). All
statistical analyses were performed with the software of R-4.0.2
(R Foundation, Vienna, Austria); a 2-sided P-value of < 0.05 was
considered to be statistically significant.

Results

Patient demographics and characteristics

Totally, 4520 EAC patients with distant metastases were
eligible for the study, of which 2901 (64.2%) were aged over 60
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years and 4012 (88.8%) were males. There were 411 (9.1%)
patients receiving surgical treatment modality. Of them, 38 cases
underwent local tumor excision, 33 cases underwent partial
esophagectomy and 340 cases underwent total esophagectomy.
The median follow-up time was 8 months (interquartile range
[IQR], 4 to 16 months). Patients’ demographic and
clinicopathological characteristics are presented in Table 1.
Except for sex, race and tumor site, the distributions of other
characteristics (age, marriage, T stage, N stage, grade and
metastatic sites) all showed significant differences between the
surgical and non-surgical patients (all P < 0.05).

10.3389/fonc.2022.862536

The prognostic role of surgical treatment
modality via the PSM and multivariate
Cox methods

Using PSM, there were 268 surgical patients matched to 1072
non-surgical patients with the ratio of 1:4; all the covariates in both
groups were well balanced, with the highest SMD value of 9.1% for
N stage (Figure 2). And we found surgical treatment modality was
significantly associated with a decreased risk of death (HR: 0.47,
95% CI: 0.40-0.55; Table 2). In the multivariate Cox analysis, the
risk of OS remained significantly less likely in surgical patients

TABLE 1 Patients demographic characteristics and clinicopathological variables.

Characteristic All patients No. of patients (%) P value
(n=4520)
Non-surgical (n=4109) Surgical (n=411)
Age, yr <0.001
<60 1619 (35.8) 1431 (34.8) 188 (45.7)
>60 2901 (64.2) 2678 (65.2) 223 (54.3)
Sex 0.239
Female 508 (11.2) 469 (11.4) 39 (9.5)
Male 4012 (88.8) 3640 (88.6) 372 (90.5)
Race 0.249
White 4239 (93.8) 3846 (93.6) 393 (95.6)
Black 140 (3.1) 132 3.2) 8 (1.9)
Others 141 (3.1) 131 (3.2) 10 (2.4)
Marital status <0.001
Single 763 (16.9) 712 (17.3) 51 (12.4)
Married 2880 (63.7) 2584 (62.9) 296(72.0)
Divorced/separated 578 (12.8) 524 (12.8) 54 (13.1)
Widowed 299 (6.6) 289 (7.0) 10 (2.4)
T stage <0.001
T1 751 (16.6) 714 (17.4) 37 (9.0)
T2 257 (5.7) 215 (5.2) 42 (10.2)
T3 1293 (28.6) 1046 (25.5) 247 (60.1)
T4 682 (15.1) 629 (15.3) 53 (12.9)
X 1537 (34.0) 1505 (36.6) 32 (7.8)
N stage <0.001
NO 787 (17.4) 761 (18.5) 26 (6.3)
N1 2377 (52.6) 2154 (52.4) 223 (54.3)
N2 610 (13.5) 499 (12.1) 111 (27.0)
N3 348 (7.7) 302 (7.3) 46 (11.2)
NX 398 (8.8) 393 (9.6) 5(1.2)
Grade 0.001
Well 129 (2.9) 120 (2.9) 9(22)
Moderate 1365 (30.2) 1207 (29.4) 158 (38.4)
Poor 2231 (49.4) 2042 (49.7) 189 (46.0)
Unknown 795 (17.6) 740 (18.0) 55 (13.4)
Site 0.293
(Continued)
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Characteristic All patients No. of patients (%) P value
(n=4520)
Non-surgical (n=4109) Surgical (n=411)
Upper 38 (0.8) 36 (0.9) 2(0.5)
Middle 252 (5.6) 230 (5.6) 22 (5.4)
Lower 3599 (79.6) 3257 (79.3) 342 (83.2)
Overlap 230 (5.1) 211 (5.1) 19 (4.6)
NOS 401 (8.9) 375 (9.1) 26 (6.3)
Metastasis at bone <0.001
No 3526 (78.0) 3129 (76.1) 397 (96.6)
Yes 994 (22.0) 980 (23.9) 14 (3.4)
Metastasis at brain <0.001
No 4252 (94.1) 3846 (93.6) 406 (98.8)
Yes 268 (5.9) 263 (6.4) 5(12)
Metastasis at liver <0.001
No 2579 (57.1) 2204 (53.6) 375 (91.2)
Yes 1941 (42.9) 1905 (46.4) 36 (8.8)
Metastasis at lung <0.001
No 3584 (79.3) 3191 (77.7) 393 (95.6)
Yes 936 (20.7) 918 (22.3) 18 (4.4)

compared to non-surgical ones (HR: 0.47, 95% CI: 0.41-0.53). The
Kaplan-Meier analysis also showed surgical patients had almost
twice as much MST as those without resection (MST with 95% CI:
23 [17-27] months vs. 11 [11-12] months, P <0.0001, Figure 3).

CART to identify suitable candidates for
surgical treatment modality

According to the lower limit value of the 95% CIs for MST,
surgical patients in the matched surgical cohort were divided into

2 categories: 135 (50.4%) patients (survived =17 months) were
classified as “suitable” while the remaining 133 (49.6%) cases
(survived <17 months) were as “not-suitable”. Then, a machine
learning model, CART, was constructed to identify suitable
candidates for surgical treatment modality (Figure 4). The ROC
curve showed CART possessed a relatively good discrimination
ability to identify suitable candidates for surgical treatment
modality (AUC with 95% CI: 0.710 [0.648-0.771]; Figure 5). In
the Kaplan-Meier analysis, among all the 411 surgical patients,

t
metastasis at liver 4
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metastasis at bone-
metastasis at lung/{
marital status-

metastasis at brain{

variable

age
grade
site-
race
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Method
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TABLE 2 The role of different treatments on overall survival of patients with metastatic esophageal adenocarcinoma.

Variable No. of Censored (%)

Propensity Score-Matched Analysis

Treatment
Non-surgical 195 (18.2)
Surgical 92 (34.3)
Multivariable Analysis*
Treatment
Non-surgical 620 (15.1)
Surgical 148 (36.0)

*Adjustment for all the covariates included in the propensity analysis.
MST, median survival time; CI, confidence interval.

suitable candidates predicted by CART had a significantly better
OS than not-suitable ones (P <0.0001; Figure 1).

Discussion

Chemotherapy, radiation, as well as palliative supportive
care seemed to be preferred for patients with mEAC by
guidelines (16). The main cause lies in most mEAC patients
are more willing to improve their quality of life and reduce
cancer-related symptoms in the context that it is unclear
whether surgical treatment modality would durably prolong
survival. As such, in mEAC patients who receive surgical
treatment modality, our understanding of disease related
outcomes is still unclear, because of fairly limited cases.

Some previous researches revealed that no significant
survival benefit was found from surgical treatment modality
for metastatic EC patients (8, 17). Conversely, some researches
indicated promising results on survival of metastatic EC patients

Strata
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No. Of Death (%)

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

877 (81.8) 11 (11-12) 1.00
176 (65.7) 23 (17-27) 0.47 (0.40-0.55)
3489 (84.9) 9 (8-9) 1.00
263( 64.0) 25 (22-29) 0.47 (0.41-0.53)

Survival probability

Strata

after primary tumor resection (14, 18, 19). Other related studies
also showed that multimodality therapy based on primary tumor
surgery could prolong survival compared to single-modality
treatment (20-22). These inconsistent observational results
may be attributed to the relatively small sample sizes, or the
substantial unbalanced heterogeneity in several critical baseline
characteristics of metastatic EC patients, which need further
verification by studies with large sample sizes using a more
effective analytical method, such as propensity score-matched
analysis (23). Moreover, according to the eighth edition of the
AJCC staging system, classifications for esophageal squamous
cell carcinoma and adenocarcinoma are no longer shared (24,
25). Therefore, it is more reasonable to discuss the effectiveness
of surgical treatment modality separately according to different
pathological types.

Based on clinical data from a large-scale nationwide cancer
database, a 1:4 propensity score-matched analysis was utilized to
explore the role of surgical treatment modality on prognosis of
mEAC. In this study, all characteristics linked to patient survival,
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Kaplan-Meier overall survival curves between the surgical and nonsurgical treatment modalities before (A) and after (B) propensity score
matching. The lightly colored width of the survival curve indicates the 95% confidence intervals of the Kaplan-Meier estimates.
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such as age, marital status, grade, T/N stage based on the 8th
edition staging system, were replaced by a single composite
propensity score to sufficiently balance the potential
confounding. Notably, of mEAC patients receiving surgical
treatment modality in our study, 340 (82.7%) cases underwent
total esophagectomy. Our results found that surgical treatment
modality in mEAC patients was significantly associated with an
OS benefit. To give confidence to the robustness of our results, a
multivariate Cox analysis in all mEAC patients which adjusted

for all the covariates included in the propensity analysis was also
conducted. The consistent results were still observed, indicating
the evidence was creditable with respect to the role of surgical
treatment modality on mEAC prognosis.

Since surgical treatment modality was not usually
recommended for mEAC patients, they may hesitate whether
it is worthy to receive primary tumor resection at the potential
cost of bearing painful surgery-related side effects. In order to
improve patients’ compliance, we hypothesized that a patient
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FIGURE 5

The predictive performance of the classification and regression tree (CART) using receiver operating characteristic (ROC) curve.

Frontiers in Oncology

07

frontiersin.org


https://doi.org/10.3389/fonc.2022.862536
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Liao et al.

would benefit from surgical treatment modality if he/she
survived longer than 17 months, a lower limit value of the
95% CIs for MST, which was almost twice as much as survival
time of those without resection in the entire cohort. Then, a
machine learning model was constructed to identify suitable
candidates according to the cut-off value of 17 months. Given a
relatively good discrimination ability was achieved (AUC=
0.710), our CART may serve as a useful tool to predict
candidates who would benefit from surgical treatment modality.

There are also several limitations that need to be recognized
in the study. First, it is regrettable that the SEER database could
not provide information on overall comorbidity, performance
status or detailed description on the surgical procedure, thus we
failed to reduce this kind of unbalanced heterogeneity.
Nevertheless, we excluded those patients without receiving any
type of treatment, which may to some extent control the
potential confounding. Second, more treatment details of
mEAC patients were not available, it is unknown whether
primary tumor surgery before/after the systemic treatment
could enhance more survival benefit. Third, because of the
limited number of surgical patients with mEAC, an internal
validation was not performed for our CART, thus our model
needs to be further confirmed in the future.

Conclusion

The present study suggests that surgical treatment modality
in mEAC patients has been positively associated with an OS
benefit. Moreover, the CART may serve as a useful tool to
predict suitable candidates who would benefit from surgical
treatment modality. Further creditable studies are warranted to
confirm our findings.
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