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ARTICLE INFO ABSTRACT

Keywords: Purpose: Evidence suggests that proton-beam therapy (PBT) results in less toxicity and postoperative compli-
Esophageal cancer cations compared to photon-based radiotherapy in patients who receive chemoradiotherapy followed by eso-
90-day mortality phagectomy for cancer. Ninety-day mortality (90DM) is an important measure of the postoperative (non-
Esophagectomy oncologic) outcome as proxy of quality-of-care. We hypothesize that PBT could reduce 90DM compared to
Chemoradiation

photon-based radiotherapy.

Materials and Methods: From a single-center retrospective database patients treated with chemoradiotherapy
before esophagectomy for cancer were selected (1998-2022). Univariable logistic regression was used to study
the association of radiotherapy modality with 90DM. Three separate methods were applied to adjust for con-
founding bias, including multivariable logistic regression, propensity score matching, and inverse probability of
treatment weighting. Stratified analysis for the age threshold that maximized the difference in 90DM (ie, =67 vs
< 67 years) was performed.

Results: A total of 894 eligible patients were included and 90DM was 5/202 (2.5%) in the PBT versus 29/692
(4.2%) in the photon-based radiotherapy group (P = .262). After adjustment for age and tumor location, PBT
versus photon-based radiotherapy was not significantly associated with 90DM (P = .491). The 90DM was not
significantly different for PBT versus photon-based radiotherapy in the propensity score matching (P = .379)
and inverse probability of treatment weighting cohort (P = .426). The stratified analysis revealed that in pa-
tients aged =67 years, PBT was associated with decreased 90DM (1.3% vs 8.8%; P = .026). Higher age sig-
nificantly increased 90DM risk within the photon-based radiotherapy (8.8% vs 2.7%; P = .001), but not within
the PBT group (1.3% vs 3.2%; P = .651).

Conclusion: No statistically significant difference was observed in postoperative 90DM after esophagectomy for
cancer between PBT and photon-based neoadjuvant chemoradiotherapy. However, among older patients a signal
was observed that PBT may reduce 90DM risk.

Proton-beam therapy
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Introduction

Esophageal cancer is a common and frequently fatal type of cancer,
with worldwide more than 500,000 estimated deaths per year." The
standard of treatment for locally advanced esophageal cancer consists
of neoadjuvant chemoradiotherapy followed by surgery in operable
patients.” This strategy results in a 10-year overall survival rate of 38%.

Esophagectomy carries a greater risk of postoperative mortality
compared to other oncologic resections, with <5% as a suggested
present-day quality benchmark.® Historically, 30-day mortality was
most frequently reported to evaluate the incidence of postoperative
deaths.”® However, the clinicians recognized that a considerable
number of postoperative deaths occurred > 30 days after the sur-
gery.”’ Therefore, the 90-day mortality was suggested to provide a
better definition of postoperative deaths and is nowadays one of the
most important tools to measure the quality of the surgery.®° The 90-
day mortality has improved considerably over the years, from 7% to 9%
in earlier trials,>°® to 4% in more recent studies.” Possible predictors of
90-day mortality reported in the literature include higher age, lower
body mass index, cardiac comorbidity, squamous cell carcinoma his-
tology, neoadjuvant chemoradiotherapy, lower hospital volume (ie,
number of esophagectomies per year per center), positive surgical
margins and an open surgical approach.*®

As mentioned, it is hypothesized that neoadjuvant chemor-
adiotherapy might increase the chance of postoperative mortality
compared to no neoadjuvant therapy or chemotherapy only.* However,
most of this data is based on the patients treated with photon-based
radiotherapy. Protons have better physical characteristics due to their
steep dose gradient, lowering the integral body dose. As such, proton-
beam therapy (PBT) can reduce the dose on vital structures like the
heart and lungs, potentially lowering complication risk.”'® Recently,
our group demonstrated in a randomized phase II trial of PBT versus
photon-based radiotherapy that PBT reduces the total toxicity burden
compared to photon therapy in patients with esophageal cancer.'’ The
difference in total toxicity burden was mostly driven by a difference in
postoperative complications, with the most pronounced numeric dif-
ferences in postoperative acute respiratory distress syndrome, atrial
fibrillation, reintubation, and pneumonia. However, due to relative
rarity of 90-day postoperative mortality, this trial with 107 patients was
too small to detect potential subtle 90-day mortality differences be-
tween PBT and photon-based radiotherapy.

A retrospective multi-institutional analysis of radiation modality
and postoperative outcomes in 580 esophageal cancer patients found no
statistically significant difference in 90-day mortality between radiation
modalities.'? According to this study the prevalence of 90DM was as-
sumed to be 0.9% in the PBT group and 4.2% in the photon-based
radiotherapy group, with a ratio of total patient number in PBT versus
photon-based radiotherapy of 1:4. Assuming these numbers and an
alpha of 0.05 and power of 0.80, to detect a statistically significant
difference between both groups a sample size of 139 PBT and 556
photon-based radiotherapy patients would be required. In the current
study, we aim to provide such a sufficient sample size.

Since PBT reduces the total toxicity burden in patients with eso-
phageal cancer, our hypothesis is that PBT could reduce the incidence
of 90-day postoperative mortality compared to photon-based radio-
therapy. Therefore, the aim of this study was to compare the 90-day
mortality after esophagectomy for esophageal cancer after proton-based
versus photon-based neoadjuvant chemoradiotherapy.

Materials and methods
This single-center retrospective cohort study was approved by our

institutional review board (protocol number RCR02-542). The re-
quirement to obtain informed consent was waived.
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Study population

From an institutional (single-center) database, patients with biopsy-
proven esophageal cancer between 1998 and 2022 were selected.
Inclusion criteria consisted of patients treated with neoadjuvant che-
moradiotherapy followed by esophagectomy. Neoadjuvant radio-
therapy generally consisted of a total dose of 50.4 Gy in 28 fractions
delivered by either photon-based radiotherapy techniques (ie, three-
dimensional conformal radiation therapy, intensity modulated radia-
tion therapy or volumetric modulated arc therapy) or PBT techniques
(ie, passive scattering proton therapy or intensity-modulated proton
therapy). Concurrent chemotherapy generally consisted of a taxane-,
platinum-, or fluoropyrimidine-based doublet regimen. Standard sur-
gery consisted of an esophagectomy. Patients who did not complete
chemoradiotherapy up to a dose of at least 41.4 Gy or with < 90 days
follow-up after surgery were excluded.

Data collection and outcome

Information on baseline patient-, tumor- and treatment-related
characteristics was extracted from the institutional database. The pri-
mary outcome consisted of all-cause mortality from day O up to (and
including) day 90 after surgery.

Statistical analysis

Baseline characteristics were compared between the PBT and
photon-based radiotherapy groups. Nominal categorical variables were
compared using the x> or Fisher’s exact tests and ordered variables
using Mann-Whitney U tests. Parametric and nonparametric continuous
variables were compared using Student’s t test or Mann-Whitney U test,
respectively. Univariable logistic regression analyses were performed to
study the association of radiotherapy modality as well as other patient-,
tumor-, and treatment-related characteristics with 90-day postoperative
mortality.

A serious risk of confounding by indication was expected as PBT was
applied only in patients with insurance approval (eg, through health
insurance plans in patients of any age or Medicare for patients aged
=65 years). Three methods were applied to adjust for this confounding
bias in separate analyses. First, after univariable logistic regression
analyses, a multivariable logistic regression model was created in which
the effect of PBT and photon-based radiotherapy on 90-day mortality
was adjusted for other independent predictors. Significant variables
from univariable analysis were entered in multivariable analysis. In
case of collinearity, only the most significant variable was entered.
Second, pretreatment imbalances between the 2 groups were corrected
using 1:1 nearest-neighbor propensity score matching (PSM).
Propensity scores were calculated based on all studied variables. A
caliper of 0.25 of the standard deviation of the logit of the propensity
score was used. The balance was judged well in case all standardized
mean differences were < 0.10. Third, inverse probability of treatment
weighting (IPTW) was applied. The IPTW method is also based on
propensity scores and calculates a weight for each subject that equals
the inverse of the propensity score.'” These weights were applied to the
study population to create a pseudopopulation in which confounders
are more equally distributed.

In a final analysis, potential effect modification by patient age was
studied through a stratified analysis for younger versus older patients.
The threshold to split the group in these 2 age categories was de-
termined by maximizing the difference in 90-day mortality between
PBT versus photon-based radiotherapy. Chi-square and Fisher’s exact
tests were used to compare 90-day mortality for protons versus photons
within the different age groups. Also, the influence of patient age on 90-
day mortality was determined within the PBT group and within the
photon-based radiotherapy group separately. Statistical analyses were
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performed using R 3.6.3 open-source software (http://www.R-project.
org; ‘rms’, ‘Matchlt’ package) and SPSS (version 28.0, IBM Corp.,
Armonk, New York). A P-value of < .05 was considered statistically
significant.

Results

A total of 894 eligible patients treated in our institution with eso-
phageal cancer were included and divided in a PBT (n = 202) and
photon-based radiotherapy (n = 692) group. In the proton group, 193
patients (96.6%) were treated with passive scattering proton therapy
and 9 (4.5%) with intensity-modulated proton therapy. In the photon
group, 313 patients (45.2%) were treated with intensity modulated
radiation therapy, 224 (32.3%) with three-dimensional conformal ra-
diation therapy, and 155 (22.4%) with volumetric modulated arc
therapy. The baseline characteristics and a comparison of the proton
and photon groups are presented in Table 1. Patients in the PBT group
had a significantly higher age, better performance score, more hy-
pertension, reflux and diabetes, a higher number of comorbidities, less
induction chemotherapy, were generally treated in more recent years
(especially more photon-based radiotherapy patients treated between
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1998 and 2006 compared to PBT), and were treated more uniformly
with 50.4 Gy in 28 fractions. The overall 90-day mortality rate was 5
(2.5%) in the PBT group and 29 (4.2%) in the photon-based radio-
therapy group (Figure 1), which was not significantly different
(P = .262). Stratification according to subgroups of patients who re-
ceived induction chemotherapy versus those who did not, had clinical
T1-2 versus T3-4 stage, or clinical NO versus N1-3 disease, yielded no
significant differences between PBT and photon-based radiotherapy. No
significant difference in terms of cardiac or pulmonary complications
between the PBT and photon-based therapy group was found.

In univariable logistic regression analysis, PBT versus photon-based
radiotherapy was not significantly associated with 90-day mortality
(odds ratio [OR] 0.58, 95% confidence interval [CI] 0.22-1.52;
Table 2). Significant univariable predictors of 90-day mortality in-
cluded higher age (OR 1.08, 95% CI 1.03-1.13), tumor location in the
upper/middle esophagus (OR 3.65, 95% CI 1.53-8.75), and non-
adenocarcinoma histology (OR 2.71, 95% CI 1.14-6.44). Due to the
collinearity between tumor location and histology, only tumor location
was entered in multivariable analysis. After multivariable adjustment
for age and tumor location, PBT versus photon-based radiotherapy was
not associated with 90-day mortality (adjusted OR 0.49, 95% CI 0.18-

Table 1
Baseline characteristics.
Before PSM After PSM
Characteristic Photon therapy Proton therapy P value Photon therapy Proton therapy SMD P value
(n = 692) (n = 202) (n = 181) (n = 181)
Male sex 601 (86.8%) 178 (88.1%) .636 165 (91.2%) 161 (89.0%) 0.074 .482
Age (years) 59.3 + 9.8 62.6 = 9.8 <.001* 61.6 + 8.9 62.1 = 10.0 0.054 .609
Performance status .013* < 0.001 1.000
WHO 0 277 (40.0%) 98 (48.5%) 85 (47.0%) 85 (47.0%)
WHO 1 391 (56.5%) 103 (51.0%) 96 (53.0%) 96 (53.0%)
WHO 2 24 (3.5%) 1 (0.5%) 0 (0.0%) 0 (0.0%)
BMI (kg/m?) 259 + 53 26.7 + 5.2 .064 26.8 + 5.4 26.7 + 5.1 0.011 919
Hypertension 310 (44.8%) 121 (59.9%) <.001* 108 (59.7%) 104 (57.5%) 0.045 .670
Cardiac comorbidity 107 (15.5%) 40 (19.8%) 143 29 (16.0%) 32 (17.7%) 0.044 674
Pulmonary comorbidity 44 (1 6.4%) 19 ( 9.4%) 137 13 ( 7.2%) 15 ( 8.3%) 0.041 .694
Reflux 248 (35.8%) 94 (46.5%) .006* 81 (44.8%) 82 (45.3%) 0.011 916
Diabetes mellitus 96 (13.9%) 40 (19.8%) .039* 33 (18.2%) 35 (19.3%) 0.028 .788
History of second malignancy 112 (16.2%) 42 (20.8%) 127 33 (18.2%) 39 (21.5%) 0.083 1430
Tumor location .090 0.054 .610
Upper/middle third 55 (7.9%) 9 (4.5%) 7 (3.9%) 9 (5.0%)
Lower third 637 (92.1%) 193 (95.5%) 174 (96.1%) 172 (95.0%)
Histology .909 0.043 .684
Adenocarcinoma 627 (90.6%) 185 (91.6%) 169 (93.4%) 167 (92.3%)
scc 61 ( 8.8%) 16 (7.9%) 12 (6.6%) 14 (7.7%)
Other 4 (0.6%) 1 (0.5%) 0 (0.0%) 0 ( 0.0%)
Clinical T-stage .965 0.059 .867
1-2 90 (13.0%) 25 (12.4%) 21 (11.6%) 23 (12.7%)
3 586 (84.9%) 173 (86.1%) 158 (87.3%) 155 (85.6%)
4 14 (2.1%) 3 (1.5%) 2 (1.1%) 3 (1.7%)
Clinical N-stage .681 0.068 .862
0 254 (37.0%) 67 (33.8%) 67 (37.0%) 63 (34.8%)
1 267 (38.9%) 85 (42.9%) 71 (39.2%) 77 (42.5%)
2-3 166 (24.1%) 46 (23.3%) 43 (23.8%) 41 (22.7%)
Overall clinical stage .841 0.042 .873
I 23 (3.4%) 8 (4.0%) 6 (3.3%) 7 (3.8%)
I 251 (36.6%) 69 (34.8%) 69 (38.1%) 66 (36.5%)
11 411 (60.0%) 121 (61.2%) 106 (58.6%) 108 (59.7%)
Induction chemotherapy 289 (41.8%) 54 (26.7%) <.001* 55 (30.4%) 50 (27.6%) 0.061 .563
Prescribed total dose (Gy) 50.4 [41.4-63.0]" 50.4 [50.4-50.4]" <.001% 50.4 [50.4-50.4]" 50.4 [50.4-50.4]" < 0.001 1.000
Prescribed dose per fraction (Gy) 1.80 [1.80-2.25]" 1.8 [1.8-1.8]" .060 1.8 [1.8-1.8]" 1.8 [1.8-1.8]" < 0.001 1.000
Prescribed number of fractions 28 [23-33]" 28 [28]" <.001* 28 [28]" 28 [28]" < 0.001 1.000
Year of treatment <.001* 0.047 0.906
1998-2006 267 (38.6%) 1 (0.5%) 0 (0.0%) 0 (0.0%)
2007-2010 160 (23.1%) 50 (24.8%) 51 (28.2%) 50 (27.6%)
2011-2014 118 (17.1%) 87 (43.0%) 70 (38.7%) 74 (40.9%)
2015-2022 147 (21.2%) 64 (31.7%) 60 (33.1%) 57 (31.5%)

Abbreviations:BMI, body mass index;PSM, propensity score matching; SCC, squamous cell carcinoma; SMD, standardized mean difference.

*Statistically significant (P < .05).
2 Minimum-maximum range.
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Figure 1. Cumulative postoperative mortality up to 90 days after previous PBT
versus photon-based neoadjuvant chemoradiotherapy in patients with esopha-
geal cancer.

Table 2
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1.31). Instead, only higher age (adjusted OR 1.08, 95% CI 1.03-1.13)
and tumor location in the upper and middle third of the esophagus
(adjusted OR 2.90, 95% CI 1.19-7.09) remained independently and
significantly predictive of 90-day mortality.

After PSM, a group of 181 PBT patients and 181 photon-based
radiotherapy patients remained, and the groups were judged well ba-
lanced in baseline (Table 1). In the PSM groups the overall 90-day
mortality was 5 (2.8%) in the PBT and 6 (3.3%) in the photon-based
radiotherapy group, which was not significantly different (P = .379).
After applying weights to patients in IPTW analysis, 2 outliers (ie, with
very large weights) were excluded. After IPTW the groups were gen-
erally well balanced (Supplementary Table S1). The 90-day mortality
rates in the IPTW cohort were 2.8% for proton and 4.1% for photon-
based radiotherapy (P = .426), as shown in Supplementary Table S2.

All patients from the original cohort (n = 894) were stratified into a
group with age < 67 years and a group with age =67 years, as this was

Univariable and multivariable logistic regression analysis for 90-day postoperative mortality.

Univariable analysis

Multivariable analysis

Characteristic Crude OR (95% CI) P value Adjusted OR (95% CI) P value
Male sex 2.42 (0.57-10.2) .230
Age (per 1 year) 1.08 (1.03-1.13) .001* 1.08 (1.03-1.13) <.001*
Performance status

WHO 0 Reference

WHO 1 1.99 (0.91-4.34) .086

WHO 2 3.54 (0.72-17.3) 119
BMI (per 1kg/m?) 1.06 (0.99-1.13) .054
Hypertension 1.22 (0.61-2.42) .574
Cardiac comorbidity 1.88 (0.86-4.12) 113
Pulmonary comorbidity 2.38 (0.89-6.39) .084
Reflux 0.88 (0.43-1.79) 717
Diabetes mellitus 1.47 (0.63-3.45) 376
Number of comorbidities

0 Reference

1 2.20 (0.71-6.85) 173

=2 2.44 (0.81-7.36) 112
History of second malignancy 1.03 (0.42-2.53) 947
Tumor location

Lower third Reference

Upper/middle third 3.65 (1.53-8.75) .004* 2.90 (1.19-7.09) .020*
Histology

Adenocarcinoma Reference

SCC or other 2.71 (1.14-6.44) .024*
Clinical T-stage

1-2 Reference

3-4 1.12 (0.39-3.23) .840
Clinical N-stage

0 Reference

1 1.48 (0.66-3.31) 339

2-3 1.22 (0.47-3.14) .681
Overall clinical stage

I Reference

I 0.97 (0.12-7.82) 975

I 1.36 (0.18-10.4) .770
Induction chemotherapy 1.45 (0.73-2.89) .290
Prescribed total dose (Gy) 0.96 (0.83-1.10) 541
Prescribed dose per fraction (per 0.1 Gy) 1.35 (0.82-2.23) .236
Prescribed number of fractions 0.84 (0.65-1.08) 179
Year of treatment

1998-2006 Reference

2007-2010 0.58 (0.23-1.45) .246

2011-2014 0.42 (0.15-1.18) .100

2015-2022 0.58 (0.23-1.45) 242
Radiotherapy modality

Photon-based radiotherapy Reference

PBT 0.58 (0.22-1.52) .268 0.49 (0.18-1.31) 0.491

Abbreviations: BMI, body mass index; CI, confidence interval; OR, Odds ratio; PBT, proton-beam therapy; SCC, squamous cell carcinoma.

*Statistically significant (P < .05).
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Table 3
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90-day mortality for different comparative groups of photon-based radiotherapy versus PBT.

Outcomes Photon therapy Within photon group P value Proton therapy Within proton group P value Between group P value
Before PSM
90-day mortality 29 / 692 (4.2%) - 5/ 202 (2.5%) - .262
90-day mortality by age .001* .651
< 67 years 14 / 522 (2.7%) 4 /125 (3.2%) 762
=67 years 15 / 170 (8.8%) 1/77 (1.3%) .026*
After PSM
90-day mortality 6 /181 (3.3%) - 5 /181 (2.8%) - .379
90-day mortality by age .062 .653
< 67 years 2 /128 (1.6%) 4 /114 (3.5%) .331
=67 years 4 /53 (7.5%) 1/ 67 (1.5%) .099

Abbreviations: 90d mort, 90-day mortality; PBT, proton-beam therapy; PSM, propensity score matching.

*Statistically significant (P < .05).

found as the ideal threshold (Supplementary Table S3). In the older
group, PBT was associated with a decreased risk of 90-day post-
operative mortality compared to photon-based radiotherapy (1.3% vs
8.8%, respectively, P = .026), but not in the younger group (2.8% vs
3.3%, respectively, P = .762), as shown in Table 3. Within the photon
therapy group, age =67 years was related to a significantly increased
risk of 90-day mortality compared to age < 67 years (8.8% vs 2.7%,
respectively, P = .001), whereas within the PBT group no such differ-
ence was observed (1.3% vs 3.2%, respectively, P = .651).

A comparable trend was observed in favor of PBT when a similar
stratification for age was performed in the PSM cohort (90-day mor-
tality 1.5% vs 7.5%, respectively, P = .099) and IPTW cohort (2.2% vs
9.1%, respectively, P = .124), but these differences were not statisti-
cally significant. In addition, within the photon therapy group of the
PSM cohort (n = 181) a similar trend was observed that patients =67
years increased the risk of 90-day mortality compared to age < 67
years (7.5% vs 1.6%, respectively, P = .062).

Discussion

To date, the possible benefit of PBT over photon-based radiotherapy
in terms of 90-day mortality is unknown. In our institutional experi-
ence, 90-day postoperative mortality after PBT was 2.5% versus 4.2%
after photon-based radiotherapy. In logistic regression analysis as well
as in PSM and IPTW comparisons, the 90-day postoperative mortality
was not significantly different between PBT and photon-based radio-
therapy. However, among older patients (=67 years) we observed a
signal that PBT may reduce the risk of 90-day mortality compared to
photon-based radiotherapy from 8.8% to 1.3%. Also, higher age sig-
nificantly increased the risk of 90-day mortality among patients who
underwent photon-based radiotherapy, but not among patients who
underwent PBT.

PBT has entered the modern-day treatment of esophageal cancer.
The only randomized (phase II) trial completed to date showed in 107
esophageal cancer patients treated with PBT versus photon-based
radiotherapy that the total toxicity burden was 2.3 times lower for PBT
compared to photon therapy.'' Furthermore, patients treated with PBT
had a 7.6 times lower risk of postoperative complications compared to
patients treated with photons in the trial."" The trial was underpowered
to study a potential benefit in terms of 90-day postoperative mortality.
In addition, in key large trials (ie, CROSS and Neo-Aegis trial) com-
paring neoadjuvant (photon-based) radiotherapy with no radiotherapy
(ie, with no neoadjuvant treatment'” or perioperative chemotherapy'”)
surgical mortality was not higher in the radiotherapy groups. Therefore,
the impact of radiotherapy remains uncertain, particularly when ra-
diation modality is considered.

While awaiting the ongoing phase III randomized controlled trials
(NRG GI-006 [NCT03801876] and PROTECT [NCT05055648]), the
current study provides the best power and evidence into the potential
benefit of PBT in terms of 90-day mortality.

Age is an important factor in decision-making and (surgical) risk as-
sessment in patients with esophageal cancer. A meta-analysis that pooled
data of 25 publications on 9531 patients after esophagectomy showed that
age =70 years old (n = 2573) was associated with increased in patient
mortality (pooled OR 1.87, 95% CI 1.54-2.26), as well as increased pul-
monary complications (pooled OR 1.49, 95% CI 1.29-1.71) and cardiac
complications (pooled OR 2.06, 95% CI 1.75-2.41).° Different retrospective
studies showed that the 90-day mortality was higher among patients =70""
or =75 years old'®'® compared to younger patients. In the above-men-
tioned studies, most patients received neoadjuvant treatment and pre-
dominantly underwent photon-based radiotherapy. A study specifically
looking at the outcomes after CRT in elderly esophageal cancer patients
showed a statistically significant increased rate of severe radiation pneu-
monitis (grade =3) in the elderly group (=80 years) versus younger pa-
tients (P = .003).>° Our study showed a signal that neoadjuvant treatment
with PBT in elderly patients may result in a lower 90-day postoperative
mortality. In fact, 90-day mortality after PBT appeared comparably low in
both older and younger patients. This suggests that PBT might decrease the
negative impact of neoadjuvant radiotherapy on surgical mortality risk and
can be considered especially in elderly patients.

A few limitations apply to this study. Although one of the largest studies
on this topic, the number of events (ie, 90-day mortality) is still low,
especially after PSM. This increases the chance of a type II error (ie, a false-
negative result). In addition, caution is needed interpreting the results of the
subgroup analyses, as these were considerably underpowered. Another
limitation is the retrospective and single-center nature of this study. As this
was no prospective randomized intervention study, no inferences on caus-
ality between radiation modality and 90-day mortality can be made based
on the current study. In addition, an important factor associated with 90-
day mortality risk is hospital volume. Unfortunately, this could not be as-
sessed in this study, because it was a single-center study with no low hos-
pital volume comparison available. Generalizability of our results might be a
concern because of the high volume single-center design of the study; for
example, postoperative mortality may be higher in centers with less ex-
pertise in managing postoperative complications. Another important factor
that in some reports appears associated with 90-day mortality risk is the
surgical technique (ie, open vs minimally-invasive, transthoracic vs trans-
hiatal). Regrettably, this information was not available in sufficient detail.
Furthermore, it could be that there is a residual confounding indication due
to the intrinsic reasons that some patients receive protons while others do
not (eg, insurance differences according to age, social status, etc.). A com-
prehensive analysis of overall exposure to the health care system (billing
codes) in the aftermath of PBT versus photon-based radiotherapy may be an
interesting way to quantify how toxicities are different between the treat-
ment groups.

Conclusion

In conclusion, this study showed that the 90-day mortality after
esophagectomy for cancer was not significantly different between
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neoadjuvant chemoradiotherapy using PBT versus photon-based
radiotherapy. However, among older patients, a signal was observed
that PBT may reduce the risk of 90-day postoperative mortality. Higher
age increased the risk of 90-day mortality in patients who underwent
photon-based radiotherapy, but not in patients who underwent proton-
based therapy. This finding should be validated in ongoing and future
randomized controlled trials and may be useful in patient selection for
PBT.
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