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ABSTRACT
Introduction: To facilitate the initial clinical decision
regarding whether to use esophagectomy alone or neoadjuvant therapy in surgical care for individual patients
with adenocarcinoma of the esophagus and esophagogastric
junction—information not available from randomized trials—a machine-learning analysis was performed using
worldwide real-world data on patients undergoing different
therapies for this rare adenocarcinoma.
Methods: Using random forest technology in a sequential
analysis, we (1) identiﬁed eligibility for each of four therapies among 13,365 patients: esophagectomy alone (n ¼
6649), neoadjuvant therapy (n ¼ 4706), esophagectomy
and adjuvant therapy (n ¼ 998), and neoadjuvant and
adjuvant therapy (n ¼ 1022); (2) performed survival analyses incorporating interactions of patient and cancer
characteristics with therapy; (3) determined optimal therapy as that predicted to maximize lifetime within 10 years
(restricted mean survival time; RMST) for each patient; and
(4) compared lifetime gained from optimal versus actual
therapies.
Results: Actual therapy was optimal in 61% of those
receiving esophagectomy alone; neoadjuvant therapy was
optimal for 36% receiving neoadjuvant therapy. Many patients were predicted to beneﬁt from postoperative adjuvant therapy. Total RMST for actual therapy received was
58,825 years. Had patients received optimal therapy, total
RMST was predicted to be 62,982 years, a 7% gain.
Conclusions: Average treatment effect for adenocarcinoma
of the esophagus yields only crude evidence-based therapy
guidelines. However, patient response to therapy is widely
variable, and survival after data-driven predicted optimal
therapy often differs from actual therapy received. Therapy
must address an individual patient’s cancer and clinical
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characteristics to provide precision surgical therapy for
adenocarcinoma of the esophagus and esophagogastric
junction.
 2019 International Association for the Study of Lung
Cancer. Published by Elsevier Inc. All rights reserved.
Keywords: Real-world data; Machine learning; Artiﬁcial
intelligence; Survival analysis

Introduction
Since the randomized ChemoRadiotherapy for
Oesphageal Cancer followed by Surgery Study (CROSS)
showed a survival advantage of neoadjuvant therapy for
locally advanced cancer of the esophagus and esophagogastric junction compared with esophagectomy
alone, it has become the standard of care.1,2 However, in
CROSS, this survival advantage was not universal.
Average treatment effect for patients with adenocarcinoma was smaller than that for squamous cell carcinoma, and even smaller for those with regional lymph
node metastases (cNþ). Women and those with poor
performance status also beneﬁted less. Decision-making
is further confounded by multiple factors including the
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poor, unpredictable response to neoadjuvant therapy
(29% in CROSS), a worse survival of complete neoadjuvant responders than that of patients undergoing
esophagectomy alone for early-stage cancers,3-6 and a
paucity of speciﬁc biomarkers, genetic markers,7-9 and
gene therapies for this cancer. These survival differences, the uncertain beneﬁt, and toxicity of neoadjuvant
therapy make decision-making for an individual patient
with this rare adenocarcinoma problematic. Despite this,
neoadjuvant therapy is now extrapolated to less
advanced cancers conﬁned to the muscularis propria
(cT2).10-14
Randomized trials, the foundation of evidence-based
care, provide an average treatment effect; they do not
guide individually tailored (precision) therapy—the
right therapy, for the right patient, at the right time.
The strategy that “future trials should focus on identiﬁcation of the optimum regimen and should attempt to
identify and select patients most likely to beneﬁt from
speciﬁc therapy options”15 is not an expectation of the
highly controlled, non–real world randomized trial
paradigm. An alternative is developing individual
treatment effects from real-world data,16-18 generated
by machine learning,19,20 that identify the speciﬁc
therapy most likely to beneﬁt an individual patient.
That is the objective of this study, which capitalizes
on availability of worldwide real-world data of
patients who underwent different therapies for
adenocarcinoma of the esophagus or esophagogastric
junction.3,4,21-25
Its speciﬁc objectives were to (1) identify therapies
for which each patient is plausibly eligible, (2) perform a
survival analysis incorporating these therapies, (3)
identify the therapy predicted to maximize survival for
an individual patient (optimal therapy), and (4) compare
survival of optimal to actual therapy received.
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Data
This study used 36 variables representing patient,
cancer, and treatment characteristics (Supplementary
Appendix 2, WECC data elements for the AJCC 8th Edition Cancer Staging Manual and data elements used in
random forest analysis), with site and continent
excluded to contain dimensionality of data and reduce
confounding with treatment.21,22 Variables were obtained after local ethics-board approval of databases and
data-use agreements with Cleveland Clinic. Data were
requested in completely de-identiﬁed form (Health Insurance Portability and Accountability Act research
standards) for analysis, using required variables with
standard deﬁnitions including demographics, comorbidities, cancer characteristics, cancer treatment, and timerelated mortality (Tables 1 and 2). The Case Cancer
Institutional Review Board of Case Western Reserve
University and the Cleveland Clinic Institutional Review
Board approved the entire project and use of these data
for research, with patient consent waived.
Missing data for independent variables were imputed
using “on the ﬂy” random forest imputation26 implemented in the open-source randomForestSRC R-software27 under default settings.

Endpoint
The endpoint was all-cause mortality from ﬁrst
management decision. Median potential follow-up28 was
9.8 years (25% >14.3 years, 10% >19.8 years) if there
had been no deaths, but considering deaths in this
elderly population with a rapidly lethal cancer, median
follow-up was 1.6 years. Median follow-up for surviving
patients was 2.4 years, with 25% followed more than 5.1
years and 10% more than 8.5 years.

Statistical Analysis

Materials and Methods
Patients and Therapies
At 33 Worldwide Esophageal Cancer Collaboration
(WECC) institutions (Supplementary Appendix 1, a list of
WECC participating institutions and investigators),
22,123 patients had clinical staging real-world data
available for epithelial cancers of the esophagus and
esophagogastric junction as part of the effort to provide
clinical,21,22 pathologic,23,24 and post-neoadjuvant staging data3,4 for the American Joint Commission on Cancer
(AJCC) Cancer Staging Manual, 8th Edition.6 Of these,
13,930 had adenocarcinoma or adenosquamous
carcinoma and 13,365 underwent esophagectomy alone
(n ¼ 6649), neoadjuvant therapy (n ¼ 4706), esophagectomy and adjuvant therapy (n ¼ 998), or neoadjuvant and adjuvant therapy (n ¼ 1022).

Because the initial therapy decision is whether to use
esophagectomy alone or neoadjuvant therapy, and use of
adjuvant therapy is a decision made after pathologic
characteristics of adenocarcinoma are determined, these
two therapies are the focus of this paper. The primary
objective of the analysis was to identify for a given patient the therapy predicted to maximize length of life.
This was determined in four steps. (1) Although theoretically all patients could receive any of the four therapies, clinical practice precludes certain therapies for
particular patients. For example, maximal therapy—
neoadjuvant and adjuvant therapy—would not plausibly
be prescribed for clinical high-grade dysplasia (cTis) or
cT1 cancers, which would be treated by ablation or
resection, typically endoscopically. Thus, for each patient, we identiﬁed the therapies for which he or she was
plausibly eligible using nonparametric random forest
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Table 1. Baseline Characteristics of Patients With Adenocarcinoma of the Esophagus, Stratiﬁed by Therapy Received
Esophagectomy
Alone n ¼ 6649
Characteristic
Demographics
Age (years)
Female
Body mass index (kg/m2)
Weight loss (kg)
Comorbidities
ECOG performance status
0
1
2
3
4
Diabetes
IDDM
NIDDM
Coronary artery disease
Arrhythmia
Hypertension
Peripheral arterial disease
Smoker
Past
Current
FEV1 (% of predicted)
FVC (% of predicted)
Creatinine (mmol/L)
Bilirubin (mmol/L)
Decade
1970-1979
1980-1989
1990-1999
2000-2009
2010-2014
Continent
North America
Europe
Asia
Australia
South America
Africa

Neoadjuvant
n ¼ 4706

Esophagectomy þ
Adjuvant n ¼ 988

Neoadjuvant þ
Adjuvant n ¼ 1022

na

n (%) or
Mean ± SD

na

n (%) or
Mean ± SD

na

n (%) or
Mean ± SD

na

n (%) or
Mean ± SD

6370
6647
3569
3644

65 ± 11
1029 (15)
27 ± 5.1
0/0/5b

4529
4706
2811
2067

61 ± 9.8
539 (11)
28 ± 5.2
0/1/10b

988
988
481
598

60 ± 10
106 (11)
25 ± 4.7
0/0/6b

1022
1022
432
483

59 ± 9.4
124 (12)
27 ± 5.3
0/1/8.8b

1024

5339
5087
5087
2121
1579
4407
2806
4548
3522
3522
2652
2206
593
399
6649

1492
376 (37)
489 (48)
103 (10)
49 (4.8)
7 (0.68)
666 (12)
99 (1.9)
315 (6.2)
435 (21)
55 (3.5)
1340 (30)
133 (4.7)
3118 (69)
1239 (35)
853 (24)
95 ± 21
102 ± 19
71 ± 37
11 ± 6.3

4468
4271
4271
2855
1795
3164
2857
3810
3049
3049
2026
1154
437
166
4706

22 (0.33)
206 (3.1)
2220 (33)
3596 (54)
605 (9.1)
6649

270
568 (38)
879 (59)
37 (2.5)
8 (0.53)
0 (0)
570 (13)
60 (1.4)
313 (7.3)
431 (15)
40 (2.2)
922 (29)
76 (2.7)
2572 (68)
1347 (44)
464 (15)
97 ± 19
100 ± 17
76 ± 21
10 ± 7.8

673
659
659
277
204
599
422
641
546
546
459
341
197
210
988

5 (0.10)
79 (1.7)
665 (14)
2792 (59)
1165 (25)
4706

3388 (51)
2571 (39)
190 (2.9)
326 (4.9)
172 (2.6)
2 (0.030)

409
114 (42)
91 (34)
39 (14)
24 (8.9)
2 (0.74)
57 (8.5)
12 (1.8)
31 (4.7)
25 (9.0)
10 (4.9)
164 (27)
13 (3.1)
465 (73)
219 (40)
151 (28)
96 ± 19
106 ± 19
78 ± 18
12 ± 5.7
18 (1.8)
95 (9.6)
319 (32)
438 (44)
118 (12)

988
3091 (66)
1215 (26)
14 (0.30)
379 (8.1)
6 (0.13)
1 (0.021)

655
635
635
489
193
555
527
546
508
508
521
265
237
253
1022

97 (24)
289 (71)
17 (4.2)
4 (0.97)
2 (0.48)
71 (11)
8 (1.3)
43 (6.8)
59 (12)
3 (1.6)
165 (30)
8 (1.5)
351 (64)
220 (43)
93 (18)
93 ± 18
99 ± 14
79 ± 18
9.6 ± 7.2
1 (0.098)
59 (5.8)
164 (16)
556 (54)
242 (24)

1022
576 (58)
238 (24)
154 (16)
0 (0)
20 (2.0)
0 (0)

811 (79)
170 (17)
39 (3.8)
0 (0)
0 (0)
2 (0.20)

a

Patients with data available.
15th/50th/85th percentiles.
ECOG, Eastern Cooperative Oncology Group; FEV1 (%), forced expiratory volume in 1 second; FVC (%), forced vital capacity; IDDM, insulin-dependent diabetes
mellitus; NIDDM, non–insulin-dependent diabetes mellitus.
b

classiﬁcation27 (Supplementary Appendix 3, plausible
therapy eligibility; Supplementary Fig. 1, out-of-sample
predicted probability of therapy received for patients
with adenocarcinoma of the esophagus or esophagogastric junction; Supplementary Fig. 2, Venn diagram
of patient eligibility for various therapies for adenocarcinoma of the esophagus). Forty-ﬁve patients were
excluded because their estimated probability of
receiving their actual therapy was less than 5%. (2) A

survival analysis was performed using random forests
for survival that incorporated interactions of all variables with the four therapies (Supplementary Appendix
4, survival analysis).27 From this analysis, a survival
curve was generated for the therapy actually received.
Predicted survival curves for alternative therapy scenarios (i.e., for therapies a patient did not receive, but for
which the patient was eligible) were generated using the
same patient data, but substituting these alternative

December 2019

Surgical Therapy for Adenocarcinoma

2167

Table 2. Clinical Cancer Characteristics of Patients With Adenocarcinoma of the Esophagus, Stratiﬁed by Therapy Received

Characteristic
cT
cT0
cTis
cT1
cT2
cT3
cT4
cTX
cN
cN0
cNþ
cN1
cN2
cN3
cNX
cM
cM0
cM1
Gradee
cG1
cG2
cG3
cG4
cGX
Location
cUpper
cMiddle
cLower
cLocationX

Esophagectomy
Alone n ¼ 6649

Neoadjuvant
n ¼ 4706

Esophagectomy þ
Adjuvant n ¼ 988

Neoadjuvant þ
Adjuvant n ¼ 1022

n (%)

n (%)

n (%)

n (%)

143 (3.1)
201 (4.3)
1235 (26)
1136 (24)
1798 (38)
164 (3.5)
1972

9 (0.23)
5 (0.13)
130 (3.4)
737 (19)
2879 (74)
118 (3.0)
828

5 (0.71)
5 (0.71)
50 (7.1)
169 (24)
418 (60)
53 (7.6)
288

3 (0.32)
3 (0.32)
17 (1.8)
160 (17)
720 (78)
25 (2.7)
94

2909 (61)
1857 (39)a
94 (80)
17 (15)
6 (5.1)
1883

1397 (35)
2562 (65)b
55 (73)
18 (24)
2 (2.7)
747

278 (41)
397 (59)c
78 (68)
32 (28)
5 (4.3)
313

231 (27)
615 (73)d
43 (73)
15 (25)
1 (1.7)
176

6442 (97)
207 (3.1)

4494 (95)
212 (4.5)

945 (96)
43 (4.4)

947 (93)
75 (7.3)

273 (27)
362 (35)
366 (36)
24 (2.3)
5624

41 (2.7)
705 (47)
747 (50)
10 (0.67)
3203

21 (12)
61 (36)
86 (51)
2 (1.2)
818

10 (14)
28 (39)
32 (45)
1 (1.4)
951

53 (0.94)
243 (4.3)
5231 (95)
1032

23 (0.58)
135 (3.4)
3832 (96)
716

4 (0.46)
32 (3.7)
828 (96)
124

8 (1.1)
12 (1.6)
724 (97)
278

a

Data available for 4766 patients.
Data available for 3959 patients.
c
Data available for 675 patients.
d
Data available for 846 patients.
e
G1, well differentiated; G2, moderately well differentiated; G3, poorly differentiated; G4, undifferentiated.
b

therapies for actual therapy received. This produced up
to four survival curves for each patient, one for each
therapy for which the patient was eligible. (3) Length of
life over the subsequent 10 years from ﬁrst management
decision was predicted for therapies for which each
patient was eligible. Length of life for each therapy was
estimated by restricted mean survival time (RMST),29-31
which is equivalent to the area beneath a survival curve
from ﬁrst management decision up to a speciﬁc time
point. We chose 10 years as that speciﬁc time point and
expressed RMST in months. RMST was calculated for
each therapy for which a patient was eligible. We also
calculated the difference in RMST between pairs of
therapies to estimate the amount of survival time
gained (positive number) or lost (negative number) by
being treated with one therapy versus the other. Up to
six differences were obtained among the four eligible
therapies. We deﬁned optimal therapy as the eligible

therapy yielding the maximum RMST. (4) Predicted
outcome of optimal therapy was compared with actual
therapy received. Speciﬁcally, for each patient, the difference in RMST for optimal versus actual therapy was
calculated, producing lifetime gained from optimal
therapy.

Illustrative Scenarios
To illustrate how we envision results of this study
will be used in precision cancer care decisions, we
selected ﬁve patients from the WECC database with early
stage, intermediate stage, and advanced stage adenocarcinomas (Table 3). Predicted survival curves were
generated by “sending the patient’s characteristics up
through the random forest” for each plausible treatment.32 RMST at 10 years was calculated for each
scenario.
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Table 3. Patient and Cancer Characteristics in Five Patient Scenarios
Characteristic
Clinical cancer characteristics
cT
cN
cM
cG
cNodes
Distance from incision (cm)
Location
Lymphovascular invasion
Extracapsular invasion
Length (cm)
Patient characteristics
Age (years)
Sex
Race
Body mass index (kg/m2)
Weight loss (kg)
ECOG performance status
Barrett esophagus
Other cancers
Diabetes
Coronary artery disease
Arrhythmia
Hypertension
Peripheral arterial disease
Smoker
FEV1 (% of predicted)
Creatinine (mmol/L)
Bilirubin (mmol/L)

Patient 1

Patient 2

Patient 3

Patient 4

Patient 5

cT1
cN0
cM0
cG3
0
35
L
No
No
2.5

cT4
cN1
cM0
cG2
1
36
L
Yes
No
5.1

cT2
cN1
cM0
cG3
1
35
L
No
No
5.9

cT2
cN0
cM0
cG3
0
37
L
No
No
5.4

cT2
cN0
cM0
cG2
0
35
L
No
No
5.2

67
Male
White
26
2.6
0
No
No
No
No
No
Yes
No
Past
97
83
11.7

65
Male
White
25
2.0
1
No
No
No
No
No
No
No
Current
101
72
12.6

60
Male
White
22
7.6
0
No
No
No
No
No
No
No
Past
97
67
11.2

74
Male
White
27
5.8
1
No
No
NIDDM
No
No
No
No
No
98
72
11.0

44
Female
White
24
12
1
No
No
No
No
No
Yes
No
Past
92
68
10.6

ECOG, Eastern Cooperative Oncology Group; FEV1, forced expiratory volume in 1 second; NIDDM, non–insulin dependent diabetes mellitus.

Results
Plausible Therapy Eligibility
Of 13,365 patients, 45 were less than 5% eligible for
actual therapy received, and were not considered in
analysis of optimal therapy. Of the remaining 13,320
patients, 12,421 (93%) were plausibly eligible for
esophagectomy alone, 10,900 (82%) for neoadjuvant
therapy, and 10,001 (75%) for either; 3816 patients
(29%) were eligible for all therapies (see Supplementary
Appendix 3).

Survival Analysis
For each cTNM classiﬁcation and therapy, individual
patient survival estimates were highly variable (Fig. 1).
For patients with cT1N0M0 adenocarcinoma eligible for
esophagectomy alone, average 5-year survival was 70%,
but variability occurred across the entire range such that
many patients experienced survival well beyond 10
years, but elderly patients and those with many noncancer comorbidities and poor performance status
were predicted to have poor survival (Fig. 1A). For those
eligible for neoadjuvant therapy, average 5-year survival
was 36%, with predicted survival curves displaced

downward such that few were predicted to survive
beyond 10 years despite response to therapy (Fig. 1B).
For patients with cTanyNþM0 adenocarcinoma eligible
for esophagectomy alone, average 5-year survival was
25%, but with variability across the entire range
(Fig. 1C). For those eligible for neoadjuvant therapy,
average 5-year survival was also 25%, with predicted
survival curves displaced downward (Fig. 1D). For patients with cT2N0M0 adenocarcinoma, average 5-year
survival was 41% for esophagectomy alone, with many
displaying predicted survival at 10 years greater than
80% (Fig. 1E), and 37% for neoadjuvant therapy
(Fig. 1F), but with no curves displaying predicted survival at 10 years of more than 80%.

Optimal Therapy
Optimal survival is illustrated for the ﬁve therapy
scenarios (see Table 3). The ﬁrst consists of patients
with early cT1N0M0 adenocarcinoma who were predicted to have a survival of 70%±0.5% at 5 years and
approximately 55% at 10 years after esophagectomy
alone (Fig. 2A). A representative patient, a 67-year-old
man (Table 3, patient 1), is depicted by the solid blue
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Figure 1. Individual survival estimates for patients eligible for esophagectomy alone or neoadjuvant therapy. Bolded line is
average treatment effect. Nþ indicates lymph node–positive cancers. A, cT1N0M0 adenocarcinoma eligible for esophagectomy alone. B, cT1N0M0 adenocarcinoma eligible for neoadjuvant therapy. C, cTanyNþM0 adenocarcinoma eligible for
esophagectomy alone. D, cTanyNþM0 adenocarcinoma eligible for neoadjuvant therapy. E, cT2N0M0 adenocarcinoma eligible
for esophagectomy alone. F, cT2N0M0 adenocarcinoma eligible for neoadjuvant therapy.

line. He had an RMST of 7.3 years and 5- and 10-year
survival of 70% and 56%, respectively. With neoadjuvant therapy, RMST was 6.5 years, a reduction of 9.6
months, and predicted 5- and 10-year survival was 62%
and 47%, respectively.
The second and third scenarios consist of two patients with advanced cTanyNþM0 adenocarcinoma. The
ﬁrst is a 65-year-old man with cG2T4N1M0 adenocarcinoma (Table 3, patient 2). With neoadjuvant therapy,
predicted 5- and 10-year survival was 55% and 39%,
respectively, with an RMST of 6 years (Fig. 2B). With
esophagectomy alone, predicted 5- and 10-year survival

was 40% and 29%, respectively, with an RMST of 4.7
years, a reduction of 15.6 months. The second was a 60year-old man (Table 3, patient 3) with cG3T2N1M0
adenocarcinoma. With neoadjuvant therapy, predicted 5and 10-year survival was 27% and 19%, respectively,
with an RMST of 3.6 years (Fig. 2C). With esophagectomy
alone, predicted 5- and 10-year survival was 40% and
29%, respectively, with an RMST of 4.7 years, an
improvement of 13.2 months over neoadjuvant therapy.
The fourth and ﬁfth scenarios consist of two patients
with intermediate-stage cT2N0M0 adenocarcinoma. The
ﬁrst is a 74-year-old man with diabetes who had
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Figure 2. Individual patient survival predictions for ﬁve clinical scenarios (Table 3). A, Predicted survival for patients with
early-stage (cT1N0M0) adenocarcinoma of the esophagus with survival of 70% ± 0.5% at 5 years and 55% ± 0.5% at 10 years
after esophagectomy alone (blue lines). Red lines represent survival had the same patients undergone neoadjuvant therapy.
Solid lines are for a 67-year-old man (Table 3, patient 1) with restricted mean survival times (RMST) of 7.3 years for
esophagectomy alone and 6.5 years for neoadjuvant therapy. B, Patient is a 65-year-old man with advanced-stage
(cG2T4N1M0) adenocarcinoma (Table 3, patient 2), with RMSTs of 4.7 years for esophagectomy alone (blue line) and 6
years for neoadjuvant therapy (red line). C, Patient is a 60-year-old man with advanced-stage (cG3T2N1M0) adenocarcinoma
(Table 3, patient 3), with RMSTs of 4.7 years for esophagectomy alone (blue line) and 3.6 years for neoadjuvant therapy
(red line). D, Patient is a 74-year-old man with intermediate-stage (cG3T2N0M0) adenocarcinoma (Table 3, patient 4), with
RMSTs of 4.7 years for esophagectomy alone (blue line) and 4.1 years for neoadjuvant therapy (red line). E, Patient is a 44year-old woman with intermediate-stage (cG2T2N1M0) adenocarcinoma (Table 3, patient 5) with RMSTs of 4.8 years for
esophagectomy alone (blue line) and 5.5 years for neoadjuvant therapy (red line).
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cG3T2N0M0 adenocarcinoma (Table 3, patient 4). With
neoadjuvant therapy, predicted 5- and 10-year survival
was 33% and 21%, respectively, with an RMST of 4.1
years (Fig. 2D). With esophagectomy alone, predicted 5and 10-year survival was 40% and 28%, respectively,
with an RMST of 4.7 years, an improvement of 7.2
months. The second patient, a 44-year-old woman with
a history of smoking, had a cG2T2N0M0 adenocarcinoma (Table 3, patient 5). With neoadjuvant therapy,
predicted 5- and 10-year survival was 49% and 35%,
respectively, with an RMST of 5.5 years (Fig. 2E). With
esophagectomy alone, predicted 5- and 10-year survival
was 40% and 28%, respectively, with an RMST of 4.8
years, a reduction of 8.4 months over neoadjuvant
therapy.
These scenarios focused on patients with typical
survival for the given therapy and cancer. However, the
interaction of clinical characteristics, cancer characteristics, and therapies produced a wide array of patientspeciﬁc predicted survival for this often rapidly lethal
cancer in these elderly patients (see Fig. 1).

Surgical Therapy for Adenocarcinoma

2171

Optimal Versus Actual Therapy
Esophagectomy alone was optimal in 61% of patients
whose actual therapy was esophagectomy alone (Fig. 3).
Of the remaining 39% of patients undergoing esophagectomy alone, approximately half (20%) would have
beneﬁted from the addition of adjuvant therapy and
approximately half (19%) from neoadjuvant therapy
(approximately half of this 19% [9%] with adjuvant
therapy).
Neoadjuvant therapy was optimal in 36% of patients
whose actual therapy was neoadjuvant therapy (see
Fig. 3). Of the remaining 64% of patients receiving
neoadjuvant therapy, approximately one-fourth (17%)
would have beneﬁted from adjuvant therapy and threefourths (47%) from esophagectomy, either alone (34%)
or with adjuvant therapy (13%).
Among the 13,320 patients meeting plausibility
therapy eligibility, total RMST for actual therapy
received was 58,825 years. Had these patients received
optimal therapy, total RMST was predicted to be 62,982
years, a 7% gain.

Figure 3. Mirrored histogram of number of patients who received optimal therapy based on restricted mean survival time and
those who would have beneﬁted from an alternative therapy.
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Discussion
Principal Findings
Based on real-world worldwide data, most patients
with adenocarcinoma of the esophagus and esophagogastric junction are eligible for either esophagectomy
alone or neoadjuvant therapy. Survival is highly variable
for each therapy, depending on both patient and clinical
cancer characteristics. Esophagectomy alone was
optimal therapy in nearly two-thirds of patients
receiving this therapy, but neoadjuvant therapy was
optimal in only about one-third. Many patients would
have beneﬁted from additional adjuvant therapy based
on pathologic cancer characteristics determined after
esophagectomy (see Fig. 3). Although optimal therapy
was predicted to lengthen life only modestly in the
overall cohort for this highly lethal cancer, lifetime
gained was predicted to be substantial for some individual patients, particularly with esophagectomy alone.

Average Treatment Effect
The CROSS study showed that, on average, overall
survival was better after neoadjuvant therapy compared
with esophagectomy alone.1 In that study, the ideal patient for neoadjuvant therapy was a male with excellent
performance status (WHO 0) and a squamous-cell carcinoma without regional lymph metastases. However, a
female patient with a mildly reduced performance status
(WHO 1) and an adenocarcinoma with regional lymph
node metastases was likely to fare equally well with
esophagectomy alone. A recent meta-analysis of 22
randomized trials also reported improved survival with
neoadjuvant therapy versus esophagectomy alone for
patients with locally advanced esophageal cancer, but
more for adenocarcinoma than squamous-cell carcinoma.33 However, response to neoadjuvant therapy is
unpredictable and low—29% in CROSS—and survival of
complete responders is worse than that of patients undergoing esophagectomy for early-stage cancers, the
hysteresis effect of down-staging.5
The conclusions of CROSS,1 that preoperative chemoradiotherapy (ﬁve courses of carboplatin and paclitaxel, with 41.4 Gy of concurrent radiotherapy) is safe
and leads to a signiﬁcant increase in overall survival
among patients with adenocarcinoma or squamous-cell
carcinoma of the esophagus or esophagogastric junction, are based on evidence-based average treatment effect that does not identify optimal therapy for an
individual patient. Further, in clinical practice, recommendations based on average treatment effect in CROSS
have been extrapolated to esophageal cancers conﬁned to
the wall (cT2). cT2N0M0 cancers thus represent just such
a clinical challenge: Theoretically still conﬁned to the
esophageal wall, they are rarely conﬁrmed to be

Journal of Thoracic Oncology

Vol. 14 No. 12

pT2N0M0 cancers. In our experience, the majority of
these patients were overstaged, and a minority understaged.10 Evidence-based attempts to deﬁne the optimal
therapy for this cancer have reported variable outcomes
with esophagectomy alone and neoadjuvant therapy.1014,34

Individual Treatment Effect
In contrast to decision for therapy based on average
treatment effect, the Obama Precision Medicine Initiative
represents an emerging approach for disease treatment
that accounts for individual variability and demographics, comorbid condition, lifestyle, socioeconomic
position, genes, environment, and myriad other factors,
ranging from genetics to environment, that distinguish
the individual patient and his or her response to disease
and its treatment.7-9,35-38 As stated by Tonelli and
Shirts,39

[P]recision medicine explicitly prioritizes the
individualization of care and focuses attention on unique characteristics of a particular
patient. In this fashion, [precision medicine]
differs greatly from [evidence-based medicine], which seeks to determine the best
course of action for a patient with an appeal
to generalizable knowledge gained from
population-based studies .. To realize the
goals of [precision medicine], the hierarchy
of evidence pyramid must yield to a more
horizontal conception of medical knowledge.
There is scant available evidence for treatable cancerspeciﬁc biomarkers and genetic abnormalities in
adenocarcinoma of the esophagus7-9; however, there are
well-established regional differences in the world, with
adenocarcinoma more prevalent in the West and squamous cell cancers in the East, along with many other
epidemiologic variables that are associated with as yet
incompletely deﬁned -omics.37,38 In this study, we have
shown wide variability of survival for all treatments
across all stages of adenocarcinoma of the esophagus.
We found that optimal therapy depends on patient,
cancer, and clinical characteristics, and their interactions
with speciﬁc therapies. We have exploited this wide
variability to permit more precise cancer care based on
these individual treatment effects, as opposed to average
treatment effects: precision cancer care.

Strengths and Weaknesses
Worldwide real-world data provide a large number of
patients with variable clinical and cancer characteristics,
along with variability in therapy, all of which facilitated
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exploration of complex clinical interactions with various
therapies. This variability in managing esophageal cancer is disappearing in this era of evidence-based medicine that focuses on average treatment effect. Machinelearning statistical techniques are capable of using the
heterogeneous practices used around the world for
identifying the complex interactions among patient,
clinical, and cancer characteristics that generate a wide
spectrum of predicted survival.
Nevertheless, despite considerable data per patient,
and more patients and locations worldwide than were
available for analysis for the seventh edition of the
AJCC Staging Manual,40 more detailed patient and cancer
characteristics could have provided more reﬁned survival predictions. Such data would include speciﬁc
biomarkers and gene characteristics,7-9 environmental
exposure,37 and socioeconomic position.38
It may be argued that the WECC data is outdated
because it contains many patients across all cancer stages
who underwent only esophagectomy alone in the preCROSS era. However, these real-world data provided us
the opportunity to identify patients who would beneﬁt
from esophagectomy alone across cancer stage. Further,
neoadjuvant therapy was available across the entire
period of patient accrual in WECC and was well represented. In addition, despite absence of randomized trials
of adjuvant therapy, it also identiﬁed patients for whom
additional post-esophagectomy therapy was of value.
Because of dimensionality constraints, we did not
separate induction or adjuvant chemotherapy from
chemoradiotherapy or radiotherapy only. However,
although chemotherapy may provide local control,
studies indicate no difference in survival.41-44
Because of considerable, but to an extent systematic,
institutional variability in therapy worldwide, therapeutic preference was confounded with therapy
received. Therefore, institution was suppressed in the
analysis. In addition, therapy was delivered in a nonstandardized, institution-speciﬁc manner, rendering
therapies comparable only as a general class.
Accurate and precise clinical staging is a universal
problem, in part because of cost limitations and regional
availability of staging modalities.21 This reduced accuracy of cancer characteristics at the time of therapeutic
decision-making.7-9
Finally, despite data representing all inhabited continents, WECC did not capture the entire denominator of
patients diagnosed with adenocarcinoma of the esophagus or esophagogastric junction. More institutions were
invited to send data than did so, and institutions doing a
very small number of cases are not represented. Therefore, we do not know what biases there may be in the
data based on response to the invitation to join WECC or
our failure to invite sites to participate. Because of
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inclusive dates of the study, endoscopic treatment of
early-stage mucosal cancers is poorly represented, and
minimally invasive procedures are today more
commonly performed than present in the WECC dataset.

Clinical Implications
Each patient and his or her esophageal adenocarcinoma is different. The average treatment effect is too
coarse for optimal clinical decision-making. Identical
therapy for every patient with advanced adenocarcinoma (or even intermediate-stage cancers), as suggested
by evidence-based data from randomized trials, is not an
optimal therapeutic strategy. Optimal therapy to maximize survival is speciﬁc for each adenocarcinoma patient
based on how patient, cancer, and clinical characteristics
interact with alternative therapies. Even in patients with
the most advanced-stage adenocarcinoma, neoadjuvant
therapy may not be optimal; patients may also beneﬁt
from additional adjuvant therapy following either
esophagectomy alone or neoadjuvant therapy based on
pathologic cancer characteristics.45,46
Prescription of surgical therapy for a patient with
adenocarcinoma of the esophagus or esophagogastric
junction should include consideration of patient, clinical,
and cancer characteristics. Machine-learning modeling of
outcomes will allow individualization of therapy, a signiﬁcant step from evidence-based decision-making toward precision cancer care, even in the absence of
biomarker and other –omic data.

Conclusions
Average treatment effect for adenocarcinoma of the
esophagus yields only crude evidence-based guidelines
for therapy. Real-world worldwide data show that patient response to therapy is widely variable, and survival
after data-driven predicted optimal therapy often differs
from actual therapy received. Therefore, treatment decisions must account for patient and clinical cancer
characteristics to maximize survival for the individual
patient—precision cancer care for adenocarcinoma of
the esophagus and esophagogastric junction.
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