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Abstract: Gastric adenocarcinoma, a leading cause of cancer-related mortality worldwide, is treated

primarily with surgical resection in the non-metastatic setting. However, the optimal role and sequencing

of adjunctive therapies, including radiotherapy (RT) as well as systemic therapy, remains unclear. A complex

milieu of trials spanning several decades has evaluated different treatment strategies for gastric cancer,

including the role of RT. In this review, we summarize the trial-level evidence for the diverse gastric cancer

treatment paradigms. Despite initial success, postoperative RT has not shown a clear benefit in modern

prospective studies in the setting of more aggressive surgical nodal dissection. On the other hand, the role

of preoperative RT in optimizing oncologic outcomes for gastric cancer patients remains relatively under-

explored; ongoing trials assessing preoperative RT aim to illuminate the optimal treatment strategy for non-

metastatic gastric cancer patients.
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Introduction

Gastric cancer is a leading cause of cancer-associated
mortality worldwide (1). While the incidence and mortality
associated with gastric cancers steadily declined over
the past half-century, the epidemiological and oncologic
underpinnings of these trends remain complex (2,3). Gastric
cancer incidence is highest in East Area, with relatively
high rates also observed in Eastern Europe as well as South
America (4). The differential incidence of the disease
globally is in many ways a function of the risk factors for
gastric adenocarcinoma (GAC), the most common (>90%)
histologic subtype of gastric cancer and the subject of this
review (2,5). As discussed in more detail elsewhere, the
risk factors for gastric adenocarcinoma include Helicobacter
pylori infection, ingestion of smoked foods, obesity,
gastroesophageal reflux disease (GERD), and tobacco use,
among others (2). These risk factors are associated with
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lesions occurring in different parts of the stomach: gastric
cardia and gastroesophageal junction (GE]J) tumors are
associated with obesity, smoking, and GERD, whereas
gastric body and antral lesions are associated with H. pylori
infection and chronic atrophic gastritis (2). Additionally,
the genomic landscape of GAC varies based on site of
lesion within the stomach; the molecular subtypes of GAC
correlate with anatomic location of the primary tumor (6).
Owing to the high incidence of GAC in East Asia, GAC
screening programs have been implemented in countries
such as Japan (2). Questions have been raised regarding
whether such screening efforts have led to improved survival
through early detection of gastric cancers in Japan, or if
the observed differences in survival between screening and
non-screening countries is due to overdiagnosis (7). These
considerations notwithstanding, gastric cancer remains the
third-leading cause of cancer-related death worldwide, and
the optimal treatment strategy for this challenging disease
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remains opaque (8).

At the core of the treatment strategy for non-metastatic
GAC is surgical resection. For select superficial, small
lesions, endoscopic resection alone may be curative (5,9-11).
For more invasive tumors (AJCC 8" edition T1b and
greater lesions), definitive resection conventionally consists
of either a total or subtotal gastrectomy (subtotal considered
for more distal tumors, in general) (11,12). The extent of
nodal dissection associated with gastrectomy is an area
of active discussion, and is highly relevant in considering
the role of radiotherapy (RT) in the treatment of gastric
cancer. For the purposes of this discussion, the key types of
dissection are D1 and D2 lymphadenectomy; D1 dissections
involve removal of perigastric nodes, whereas D2
dissections include removal of nodes at the celiac axis and
its branches (including nodes along the left gastric, common
hepatic, celiac trunk, splenic hilum, and splenic artery) (13).
Multiple randomized controlled trials (RCTs) across
disparate patient populations have sought to determine any
oncologic benefit to increased extent of nodal dissection
(14-20). Individual RCTs comparing D1 and D2 dissection
have not demonstrated an overall survival (OS) advantage
to more extended dissection (14-17,20). However, the
largest two of these trials, both conducted in Western
populations (the Dutch and MRC trials), demonstrated that
D2 dissection was associated with a more-than-double rate
of postoperative mortality (14,16). Despite this, long-term
results highlight comparable OS rates between the D1 and
D2 arms in these trials, suggesting that D2 dissection may
improve disease-related survival if post-operative mortality
could be minimized (15,17). Indeed, long-term results of the
Dutch trial show decreased rates of GAC-related death (37%
versus 48%) in the D2 arm (15). Meta-analyses of D1 versus
D2 GAC trials has similarly demonstrated that disease-
specific survival (DSS), but not OS or disease-free survival
(DFS), is improved with D2 dissection (21). Given concerns
that perioperative mortality may be obscuring a potential
oncologic benefit of D2 dissection, the experience of the
treating surgeon has been evaluated; studies have shown
that center volume, surgeon experience, and dissection of
at least 15 nodes (pathologically-confirmed) are associated
with improved outcomes (22-24). Notably, more extended
dissections beyond D2 (such as dissection of para-aortic
nodes) has not been shown to demonstrate any oncologic
benefit, even among experienced surgeons with low
perioperative mortality (<1%) (18,19). Putting the pieces
together, D2 dissection appears to be the optimal surgical
management for regional nodes among GAC patients,
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but should be performed in the context of an experienced
center/surgeon with low perioperative mortality. As we
shall see, surgical management of GAC patients, and in
particular extent of lymphadenectomy, factor heavily into
considerations regarding the role of RT.

Owing to the poor outcomes for GAC patients, even
those treated with adequate surgical resection, consideration
has long been given to adjuvant and neoadjuvant therapies.
Decades-old patterns of relapse data demonstrated that
GAC patients treated with surgery alone had primarily
distant metastatic recurrence, with a large component of
local and regional relapse as well (25). Therefore, both
systemic adjuvant therapy (chemotherapy) and locoregional
adjuvant therapy (RT) have been evaluated in series of
RCTs. These have been studied in the preoperative,
postoperative, and, for systemic therapy, perioperative
settings. In this review, we discuss the role of RT in the
treatment of GAC in the context of two distinct treatment
paradigms—postoperative and preoperative RT. Advances
in RT techniques to improve the therapeutic ratio are
reviewed, and the future of RT in the broader landscape of
gastric cancer treatment is considered.

Postoperative

The seminal trial demonstrating a benefit of postoperative
RT is the Intergroup 0116 INT-0116) RCTT, which accrued
patients in the 1990s (26,27). In this cooperative group trial
(based in the United States), patients with nonmetastatic
gastric or GEJ adenocarcinoma were treated with definitive
surgical resection followed by randomization to either
observation or adjuvant chemoradiation (CRT) (26). The
postoperative CRT regimen consisted of 45Gy RT in 25
daily fractions, delivered using 2 opposed [anteroposterior/
posteroanterior (AP/PA)] beams designed to encompass
the tumor bed as well as regional nodes including the
perigastric, celiac, splenic, hepatoduodenal, and local para-
aortic basins (26). Chemotherapy was delivered using a
regimen of 5-fluouracil (5-FU) and leucovorin, delivered
as 1 cycle before RT, 2 cycles concurrent with RT, and 2
cycles post-RT (26,28). Eligibility criteria included stage IB-
IV gastric or GEJ adenocarcinoma (approximately 20% of
enrolled patients had GEJ tumors), and RO (margin-negative)
resection (26); the primary endpoint (PEP) of the trial was
OS. The trial results demonstrated significant improvements
in OS, relapse-free survival, and local relapse with adjuvant
CRT (Table 1) (26,27). With long-term follow-up, the
trial highlighted an approximate 10% benefit in OS with
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D2
Trial Phase Countrty/ Randomization N RT ) dissection pN+ rate DFS/RFS/EFS oS
countries technique
rate
INT-0116 Il USA Postoperative CRT 556 AP/PA (2D) 10% 85% 25% vs. 14% 26% vs. 17%
(45 Gy + 5-FU/LCV) vs. (P<0.001), 10-year (P=0.005),
Obs 10-year
ARTIST Il South Korea Postoperative XPRT 458 AP/PA 100% 86% 74% vs. 68% 75% vs. 73%
(45 Gy + concurrent (2D/3D) (P=0.092), 5-year (P=0.53), 5-year
capecitabine) vs. XP
ARTIST-2 Il South Korea Postoperative SOX + RT 538 Not 100% 100% 73% vs. 78% vs. 65% Not reported
(45 Gy) vs. SOX vs. S-1 reported (P=0.67 for SOX+RT
(8-arm) vs. SOX), 3-year
CRITICS 1l Netherlands, Postoperative CRT 788 3D or IMRT 6.8% 51.1%  38% vs. 39% 40% vs. 42%
Sweden, (45 Gy + capecitabine + allowed (ypN+)  (P=0.92), 5-year (P=0.90), 5-year
Denmark cisplatin) vs. EOC/ECC

RT, radiotherapy; N, number; pN+, pathologically node-positive; LR, local relapse; DFS, disease-free survival; RFS, relapse-free survival;
EFS, event-free survival; OS, overall survival; INT, Intergroup; CRT, chemoradiation; 5-FU, 5-fluouracil; LCV, leucovorin; AP, anteroposterior;
PA, posteroanterior; XPRT, capecitabine/cisplatin plus radiotherapy; XP capecitabine/cisplatin; EOC, epirubicin/oxaliplatin/capecitabine;
ECC, epirubicin/cisplatin/capecitabine; IMRT, intensity-modulated radiotherapy; ypN+, pathologically-node-positive after neoadjuvant

therapy.

adjuvant CRT (27). INT-0116 accrued a large proportion
of more locoregionally-advanced GAC patients; about two-
thirds of enrolled patients had pT3/T4 tumors, and 85%
of patients had pathologically node-positive disease. The
trial further stipulated that those patients with hepatic
metastases were considered to have regional rather than
distant metastatic disease (26). It is also important to note
that the above benefits in disease-related outcomes (DROs)
with the addition of adjuvant CRT were observed despite
the older RT technique (AP/PA two-dimensional RT) and
associated increased toxicity. Only 64% of CRT-arm patients
completed the prescribed adjuvant therapy, and 32% of
patients experienced a grade 4 toxicity with CRT (26).
Finally, a critical component in interpreting the results of
this trial is the extent of nodal dissection, which was not
mandated in the trial protocol nor included in the post-
operative randomization stratification scheme (although D2
dissection was “recommended” in the protocol) (26). Only
10% of patients in INT-0116 underwent D2 dissection,
with 54% and 36% undergoing DO and D1 dissections,
respectively (26). In the context of such high rates of
suboptimal nodal dissection, interpretation of INT-0116
is complex. On long-term follow-up of the trial results,
differential benefit of adjuvant CRT was not observed
based on extent of nodal dissection; however, this was an
unplanned subgroup analysis with few (n=54) patients in the
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D2 subgroup across arms (27). This same subgroup analysis,
however, did reveal trends toward differential benefit
of postoperative therapy based on both sex and tumor
histology, with both women and diffuse-histology patients
experiencing less benefit from CRT than men or intestinal-
histology patients (27). Collectively, INT-0116 set the stage
for the GAC approach primarily used in the United States,
favoring adjuvant CRT.

Given the limited nodal dissection for INT-0116
patients, the role of postoperative RT in the context of a
more aggressive nodal dissection remained in question.
Three further large-scale RCTs have attempted to address
this question: ARTIST, ARTIST-2, and CRITICS (29-34).
The ARTIST and ARTIST-2 trials, both conducted
in South Korea, evaluated the role of adjuvant RT for
patients status post D2 dissection and RO resection, with
planned adjuvant chemotherapy in both the control and
experimental arms (29,31,33,35). In the ARTIST trial,
patients were randomized postoperative to either 6 cycles
of adjuvant capecitabine/cisplatin (XP; control arm), or XP
with RT (XPRT; experimental arm) (29,35). For the XPRT
arm, patients received 2 cycles of XP, followed by 45 Gy RT
(in 25 daily fractions) concurrent with capecitabine (twice-
daily 825 mg/m’), and then 2 further cycles of XP (29). RT
was delivered using AP/PA fields, with comparable target
volumes as per INT-0116 (29). In the analysis of the PEP
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(DEFS), there was no improvement with the addition of RT
to XP, although a trend toward improved DFS was noted
with XPRT on both the initial and long-term reports of the
trial results (Table 1) (29,34). Notably, a large proportion
of patients had earlier-stage disease, with approximately
60% of patients having stage IB-II disease; therefore, the
observed event rate was lower than anticipated, and the
authors contend that this may obscure a potential signal
seen for the experimental arm (29). On long-term follow-
up, subgroup analysis demonstrated that pathologically
node-positive patients and patients with intestinal-type
histology patients may disproportionately benefit from
XPRT over XP (34). In both INT-0116 and ARTIST, those
patients with diffuse-type GAC were less likely to benefit
from adjuvant RT on post-hoc subgroup analysis; notably,
only 39% of patients in INT-0116 had diffuse histology,
compared with 60% of patients in ARTIST (26,27,34).
Given the predilection for diffuse-type GAC for distant
metastatic spread, the lack of benefit with adjunctive
locoregional therapy for this subgroup of patients is
logical (36). It further helps to contextualize the benefit
of RT seen in INT-0116, and absence of benefit seen in
ARTIST. Lastly, the treatment compliance was improved
from INT-0116 to ARTIST, with 75% of the XP arm and
82% of the XPRT arm completing the prescribed adjuvant
therapy (29,35). Together, ARTIST did not convincingly
demonstrate a benefit of adjuvant RT to adjuvant XP-based
chemotherapy in an unselected GAC population status post
D2 dissection and RO resection.

The findings of ARTIST spurred ARTIST-2,
a three-arm RCT evaluating the role of adjuvant
therapy approaches among RO-resected D2-dissected
pathologically-node-positive GAC patients. The poorer
oncologic outcomes of pathologically-node-positive
patients, and the ARTIST-identified potential benefit of
RT in this subgroup, resulted in the ARTIST-2 trial design
and eligibility criteria. However, whereas ARTIST focused
on the role of RT in the setting of adjuvant XP-based
chemotherapy, ARTIST-2 compared S-1 and SOX (S-1 plus
oxaliplatin) chemotherapy (31,33). This shift in adjuvant
systemic therapy backbone is based on the Japanese ACTS-
GC study, in which stage II-III GAC patients status post
D2 dissection and RO resection were randomized to
adjuvant S-1 versus observation (37). Adjuvant S-1 was
found to improve both relapse-free survival (RFS) and
OS (37). Consequently, ARTIST-2 randomized patients to
adjuvant S-1 for 12 months, adjuvant SOX for 6 months,
or adjuvant RT to 45Gy plus SOX (6 months; SOX+RT),
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with DFS as the PEP. Reported in abstract form in 2019,
the results demonstrate that SOX or SOX+RT were more
effective in prolonging DFS when compared to adjuvant
S-1 alone (Table 1) (31). However, there appeared to be
no difference between the SOX and SOX+RT arms, with
3-year DFS being 78% and 73 %, respectively (31). While
full publication of results is still pending at the time of this
writing, these data, broadly-speaking, temper enthusiasm
for adjuvant RT in the context of even pathologically-node-
positive patients status post D2 dissection. Absent published
results, a number of critical details regarding enrollment and
results remain unknown, such as proportion of patients with
diffuse versus intestinal histology tumors. The ARTIST-2
trialists, in light of subgroup analyses of both INT-0116
and ARTIST, included histologic subtype as a stratification
factor for ARTIST-2; results stratified by tumor histology
are anticipated pending publication of full results (31,33).
That said, the presented subgroup analyses by the trialists
did not reveal any convincing patient subgroup that may
differentially benefit from adjuvant SOX+RT rather than
SOX (31). Pooling the results and key discussion points
for both ARTIST and ARTIST-2, there appears to be a
limited role for adjuvant RT for patients having undergone
RO resection with D2 dissection, particularly as advances in
systemic therapies continue to improve oncologic outcomes.

While ARTIST and ARTIST-2 evaluated postoperative
RT for Korean patients having undergone D2 dissection,
the CRITICS trial modified the relevant oncologic
questions in its efforts to ascertain the role of adjuvant
RT for GAC (32). Rather than recommending a D2
dissection, the CRITICS trialists mandated patients
undergo a D1+ dissection, representing resection of at
least 15 pathologically-confirmed nodes with removal of
all N1 (D1) nodes as well as N2 nodal stations 7-9 and
11 (left gastric, common hepatic, celiac axis, and splenic
arterial) (23,32,38). The D1+ dissection paradigm, which
omits splenopancreatectomy as compared with the D2
dissection (which includes both splenectomy and distal
pancreatectomy), aims to preserve the oncologic benefits
of D2 dissection while minimizing surgical morbidity and
mortality (15,21,32,39). Increased postoperative mortality
was associated with splenic and pancreatic resections
as part of the standard D2 dissection, and a Japanese
RCT demonstrated non-inferior oncologic outcomes for
resected proximal GAC patients randomized to splenic
preservation versus splenectomy (15,21,39). Therefore,
the CRITICS trialists, following a model suggested by the
Dutch D1 versus D2 dissection RCT group, mandated
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D1+ dissection for enrolled GAC patients. Furthermore,
the CRITICS trialists attempted to evaluate the role of
adjuvant RT against the European MAGIC regimen (40).
The MAGIC trial, performed by the MRC in the United
Kingdom, demonstrated that perioperative chemotherapy
with epirubicin/cisplatin/5-FU (3 cycles preoperatively
and 3 cycles postoperatively) improved OS compared with
resection alone (40). Based on MAGIC, patients enrolled
on the CRITICS trial received 3 cycles of preoperative
epirubicin/cisplatin/capecitabine (ECC) or epirubicin/
oxaliplatin/capecitabine (EOC) followed by resection with
at least D1+ dissection; postoperative treatment of patients
was randomized between a control arm of EOC/ECC
for 3 further cycles (as per the MAGIC trial) versus an
experimental arm of 45 Gy RT (in 25 daily fractions) with
concurrent cisplatin and capecitabine (32). The study PEP
for CRTICS was OS. In the reported results of the trial,
there was no OS or event-free survival (EFS) advantage
with postoperative CRT rather than postoperative
chemotherapy (7zble 1) (32). Pre-specific post-hoc
subgroup analyses by histology, tumor location, gender,
and age did not reveal any notable trends with regard to
differential treatment benefit with postoperative CRT (32).
As patients were randomized at the start of all therapy
(prior to preoperative chemotherapy), post-hoc analyses
were not reported based on surgical pathologic features
such as pathological-node-positive (ypN+) status following
preoperative chemotherapy (41). As approximately half of
patients in CRITICS were ypN+ on surgical pathology,
the role of adjuvant RT for these higher-risk patients
is of interest, particularly in the context of the negative
ARTIST-2 trial (31,32,38,42).

Importantly, the CRITICS trial highlights an important
aspect of adjuvant therapy—treatment compliance and
toxicity. While patients across both arms received over 90%
of the recommended chemotherapeutic dose intensities
of preoperative ECC/EOC, only 46% of patients in the
postoperative chemotherapy arm and 50% of patients in the
postoperative CRT arm completed the allocated treatment
as initially planned (32). Postoperative RT fields, for both
gastric and GE] lesions, are larger and associated with
higher toxicity rates than preoperative fields (43). Organs in
the RT field with preoperative therapy are typically resected
with subsequent surgery, whereas organs in-field in the
setting of postoperative RT include the anastomotic site and
a greater volume of bowel. The benefit of preoperative RT
with regard to treatment compliance as well as toxicity has
been shown for other gastrointestinal malignancies, most
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notably rectal cancer (44). In the context of esophageal
cancer as well, attempts at postoperative RT" have not been
successful, with high rates of RT-related toxicity (including
grade 5 toxicity) (45,46). In contrast, for rectal as well
as esophageal and GE]J lesions, preoperative therapy has
become standard of care, strongly supported by level 1
evidence (44,47). Therefore, the successor CRITICS-II
trial is evaluating the role of preoperative R, described in
more detail below (48).

Preoperative

Improved treatment compliance and reduced toxicity favor
the use of preoperative therapy. In addition, preoperative
therapy, particularly preoperative RT, has the potential to
downstage lesions and improve the odds of complete (RO)
resection; this has been shown in the MAGIC trial with
perioperative chemotherapy as described above (40). Yet,
the use of perioperative chemotherapy in MAGIC resulted
in no patients with pathologic complete response (pCR) (40).
In contrast, use of preoperative RT has the potential to
yield more substantial pathological downstaging, including
pCR, as demonstrated in esophageal and GEJ lesions
with the CROSS trial (47). The CROSS trial, which
provides among the strongest pieces of level 1 evidence
supporting preoperative CRT for esophageal/GE]J tumors,
randomized patients to either definitive surgical resection
or preoperative CRT with concurrent carboplatin/paclitaxel
and 41.4 Gy RT (delivered in 23 fractions) followed by
surgery (47). Patients on the CROSS trial largely had
adenocarcinoma histology tumors (75%), and approximately
a quarter of CROSS patients had GE]J lesions (7able 2) (47).
Remarkably, patients treated with preoperative CRT had
markedly higher rates of RO resection compared with the
surgery-alone cohort (92% vs. 69%) (47). Furthermore, the
pCR rate for all preoperative CRT patients was 29%, and
for adenocarcinoma patients was 23%, in contrast to the
absence of pCR observed in the perioperative chemotherapy
patients in MAGIC (40,47). With a PEP of OS, the CROSS
trial demonstrated a significant benefit of preoperative
CRT, with a median OS of 49.4 vs. 24.0 months (47).
Notably, although the study was not powered to assess the
treatment effect by histology, this benefit appeared to be
less pronounced among patient with adenocarcinomas, with
an adjusted hazard ratio for preoperative CRT benefit of
0.74 (95% confidence interval 0.54-1.02, P=0.07) (47). No
subgroup analysis by tumor location (i.e., for GEJ lesions)
has been provided to date. Subset analyses notwithstanding,
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b2 RO CR
Trial Phase Country Tumor site  Randomization RT Technique Dissection P (O]
Rate Rate
Rate
CROSS I Netherlands GEJ Preoperative CRT 368 3D-CRT N/A 92% vs. 29% 47% vs. 34%
(24.7%) and (41.4 Gy + carbo/ 69% (Preoperative (P=0.003),
Esophageal taxol)—Sx vs. Sx alone (p<0.001) CRT) 5-year
POET 1l Germany GEJ Preoperative ChT—CRT 126 3D-CRT N/A 72% vs. 15.6% vs. 47% vs. 26%
(30Gy + cis/etop) vs. (recommended) 69.5% 2.0%, (P=0.06),
Preoperative ChT (PLF) (NS) p=0.03 3-year
RTOG I USA Gastric and Single-arm; all treated 49 3D-CRT 50% 7% 26% 72%, 1-year
9904 GEJ with induction ChT

(5-FU/leucovorin/

cisplatin)—CRT (45 Gy +

5-FU/taxol)—Sx

RT, radiotherapy; GEJ, gastroesophageal junction; N, number; RO, margin-negative resection; pCR, pathological complete response; OS,
overall survival; CRT, chemoradiation; carbo/taxol, carboplatin/paclitaxel; Sx, surgery; 3D-CRT, 3-dimensional conformal radiotherapy;
ChT, chemotherapy; cis/etop, cisplatin/etoposide; PLF, cisplatin/5-FU/leucovorin; taxol, paclitaxel.

CROSS results demonstrate a 7% grade 3 toxicity rate in
the preoperative CRT arm, >90% compliance with the
preoperative CRT regimen, and a 94% rate of subsequent
surgery in the CRT arm. These empirically demonstrate
the advantages of the preoperative approach with improved
compliance, decreased toxicity, and assessment of tumor
response (47). In light of the CROSS study, a strong case
is therefore made for approaching GEJ lesions with a
preoperative CRT paradigm.

It is worth noting, though, that despite the striking
findings of the CROSS study in support of preoperative
CRT for esophageal and GEJ tumors, CROSS compared
preoperative CRT to no adjunctive therapy (surgery
alone). The POET trial, on the other hand, specifically
examined those patients with GEJ adenocarcinoma (locally-
advanced, uT3-4 Nx MO0) and compared treatment with
preoperative chemotherapy (cisplatin/5-FU/leucovorin)
alone (2.5 ‘courses’) versus preoperative chemotherapy
(same regimen for 2 courses) followed by CRT (to 30 Gy
in 15 daily fractions with concurrent cisplatin / etoposide),
both followed by surgery (49,50). While the POET trial
was closed due to poor accrual, only accruing 126 of 354
intended patients, the trial demonstrated higher rates of
pCR with CRT rather than chemotherapy alone (16% uvs.
2%) (Table 2). Despite the low statistical power of the trial,
OS appeared to be improved with the preoperative CRT
approach (3-year OS 47% vs. 26%, P=0.06) (49,50). Local
control similarly appeared to be improved with the addition
of preoperative CRT (49). While the interpretation of
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POET is limited by poor accrual, on face it lends support
to utilization of preoperative CRT for GE]J lesions,
consistent with the CROSS study. However, we would
be remiss if we did not note that two contemporaneous
trials for esophageal/GEJ adenocarcinoma comparing
preoperative chemotherapy vs. CRT did not demonstrate
or suggest long-term disease-control benefits (51,52).
While the nuances of these largely-esophageal trials is
beyond the scope of this review, it is worth noting that the
recommended chemotherapy regimens continue to evolve,
and consideration has been made for whether differences in
surgical technique may account for the observed differences
in outcomes between these trials (53). As both surgery and
RT are locally-directed therapies, the interplay between
these in the context of esophageal and gastric tumors is
critical in interpreting trial results (53). All this said, the
CROSS trial, as well as the POET study, lend support to
utilization of preoperative CRT for GEJ adenocarcinomas.
This approach has become the predominant treatment
paradigm for GE]J lesions in the United States, as well as
our home institution (54).

While this discussion regarding preoperative RT has
thus far centered on the relatively abundant literature for
esophageal and GE] cancers, less has been reported for
gastric adenocarcinomas. So much so, that no published
phase III data have been reported evaluating preoperative
RT for GAC. The seminal experience for this treatment
paradigm among GAC patients is the RTOG 9904 trial (55).
This single-arm multi-institutional phase II cooperative
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group trial in the United States evaluated the impact of
preoperative therapy on pathologic surrogate endpoints
(namely pCR) (55). Patients were treated with induction
chemotherapy with 2 cycles of 5-FU/leucovorin/cisplatin
followed by concurrent CRT (45 Gy in 25 daily fractions,
with concurrent 5-FU/paclitaxel) and then resection
(D2 encouraged but not required) (Table 2) (55). Half
of RTOG 9904 patients underwent D2 dissection, 77%
underwent RO resection, and 26% experienced a pCR.
Twelve-month OS was improved among those patients
with pCR (82% vs. 69%; 72% for the full cohort) (55).
By exceeding the # priori pCR threshold of 20%, RTOG
9904 presented a total preoperative paradigm of induction
chemotherapy followed by preoperative CRT as a viable
strategy for GAC patients. This strategy has been tested
in other phase I/II studies (56-61). Some have shown
similar pCR rates as with RTOG 9904 as well as CROSS
(47,55-57,60,61), and others have shown high rates of
conversion of locally-advanced unresectable primary site
disease into margin-negative resectable disease (56). Our
institutional treatment paradigm has centered on the use
of induction chemotherapy followed by preoperative CRT.
Retrospective efforts from our center have shown that
preoperative-CRT-based approaches do not compromise
surgical morbidity or mortality (62,63), and are associated
with high rates of subsequent completion surgery (64,65).
The importance of post-treatment nodal pathological status
(ypN status) in particular has been highlighted by our group
using the preoperative CRT approach (66,67).

Yet, while feasibility and efficacy have been shown
for the preoperative CRT paradigm in these smaller
experiences (up to single-arm phase II studies), there are
a few critical caveats to note. Most importantly, absent
randomized prospective data to validate the preoperative
CRT approach, the generalizability of the above data
remains challenging; the efficacy of a particular treatment
approach, particularly one where the expertise of the
treating surgeon and radiation oncologist are integral,
makes extrapolation of the above data limited. Furthermore,
use of surrogate pathological endpoints such as pCR
may not reflect treatment efficacy per se, but rather may
simply ‘unmask’ different strata of GAC patients based
on prognosis or treatment-responsiveness. This may be
beneficial unto itself as it may allow for postoperative
treatment intensification, such as with systemic therapies
(including targeted therapies, immunotherapy, and similar).
Patients with pCR or ypNO disease may be able to defer
treatment intensification, while those with incomplete
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pathological response or ypN+ disease may warrant further
therapy adjuvantly. Irrespective, absent phase III data, the
utility of preoperative CRT for large-scale implementation
across centers remains unclear; the use of preoperative CRT
nationwide in the United States, for instance, has been
declining over time (54).

Meanwhile, the use of perioperative chemotherapy has
been widely accepted for GAC patients. This strategy,
described above for the MAGIC trial, has now been
further augmented with the publication of the FLOT
trial results (40,68). In the FLO'T trial (a phase II/III
randomized controlled study in Germany), 716 patients
were randomized to perioperative epirubicin-containing
chemotherapy similar to the MAGIC study (control arm)
versus perioperative FLOT chemotherapy (docetaxel/
oxaliplatin/leucovorin/5-FU; experimental arm) (68). The
trial demonstrated superior OS (the PEP) with the FLOT
regimen, with 3-year OS 57% in the FLOT arm versus
48% in the control arm (68). FLOT was further associated
with a higher rate of RO resection (85% vs. 78%) and higher
rate of pathological downstaging than the epirubicin-
containing control regimen (ypNO 49% vs. 41%; pCR
not reported in the primary publication of the trial) (68).
Despite this survival advantage, there was no significant
difference in toxicity between the two regimens, confirming
the new standard of care for perioperative chemotherapy
with FLOT (68).

As perioperative chemotherapy continues to advance
and is increasingly utilized, the role of RT is called into
question. To adequately assess the role of RT for GAC,
particularly in the preoperative setting, phase III data
are required. Several ongoing trials aim to answer this
core question. The TOPGEAR trial (NCT01924819) is
randomizing GAC patients to perioperative epirubicin-
based chemotherapy (a la MAGIC) versus preoperative
CRT (in which 2 cycles of epirubicin-based chemotherapy
are given followed by 45 Gy CRT with concurrent 5-FU or
capecitabine); patients are then to undergo D1+ dissection
and postoperatively patients in both arms are treated
with 3 cycles of adjuvant epirubicin-based chemotherapy
(69,70). The study’s PEP is OS, with robust quality of life
secondary endpoints (70). Interim results from the first
120 patients accrued to TOPGEAR have shown high rates
of treatment compliance with the preoperative regimens
in both arms, without increased toxicity or postoperative
morbidity associated with preoperative CRT (69).
While results are pending, TOPGEAR is limited by the
results of the FLOT trial above, which redefined FLOT
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as the standard of care chemotherapeutic regimen for
perioperative systemic therapy for nonmetastatic GAC
patients. That said, TOPGEAR has been amended in light
of the FLOT trial results, incorporating the new regimen
into the trial design; statistical power considerations and
post boc analyses based on these different systemic therapy
regimens may complicate the interpretation of TOPGEAR
results. In addition to TOPGEAR, the CRITICS-II trial
(NCT02931890) is randomizing GAC patients to one
of three different preoperative therapy approaches (48).
Patients will be randomized to preoperative FLOT-like
chemotherapy (“DOC?”, consisting of docetaxel/oxaliplatin/
capecitabine) alone for 4 cycles, DOC for 2 cycles followed
by CRT (45 Gy in 25 daily fractions with concurrent
paclitaxel/carboplatin, similar to the CROSS regimen),
or CRT (as above, similar to CROSS) alone (47,48,68).
All patients are then to undergo D2 dissection, without
adjuvant therapy; the PEP of the trial is 1-year EFS (48).
The purpose of the three-arm CRITICS-II phase II study
is to identify the “most promising” regimen to subsequently
compare in phase III investigation (48). The CRITICS-
IT trial incorporates elements from much of the above
discussion, assessing the role of RT in the context of a
D2 dissection, as well as an improved systemic therapy
regimen with FLOT-like chemotherapy. Along the same
lines, for GEJ (and esophageal) tumors, the ESOPEC
trial (NCT02509286) is assessing the role of perioperative
FLOT versus CROSS-like preoperative CRT (71). Results
of these trials, which have the potential to illuminate
the optimal treatment approach for gastric and GE]J
adenocarcinoma patients, are eagerly awaited.

RT techniques

The bulk of discussion thus far has revolved around trial-
level data guiding overarching treatment strategies for
GAC patients. These trials have spanned many decades,
and during this time R1-based techniques and technologies
have advanced profoundly, complicating the application
of historical RT-related results to the modern era. The
evolution of RT techniques, from two-dimensional AP/
PA fields (2D) to three-dimensional conformal RT
(3D-CRT) to intensity-modulated RT (IMRT) and beyond
is of significant consequence with regard to the toxicities
associated with RT delivery (72-76). Irrespective of the
preoperative vs. postoperative context, gastric-cancer-
directed RT carries high risk of radiation-related toxicity.
Historical results from INT-0116, in which patients were
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treated postoperatively to 45 Gy in 25 daily fractions
with 2D RT using AP/PA fields with concurrent 5-FU/
leucovorin, noted that only 64% of patients completed
the postoperative CRT regimen as prescribed, and 17% of
patients discontinued CRT due to toxicity (26). A majority
of INT-0116 patients experienced grade 3+ hematologic
toxicity with CRT, and one third of patients experienced
grade 3+ gastrointestinal toxicity (26). As noted above,
postoperative RT is generally associated with higher risk
of RT-related toxicity; postoperative fields encompass a
larger area than preoperative fields, and the irradiated
organs are not surgically resected in the weeks following
RT. With the evolution from 2D RT (AP/PA) to 3D-CRT
in which dose homogeneity could be improved [described
in more detail elsewhere (73-75)], and the transition
to preoperative therapy, RTOG 9904 demonstrated
still-high rates of severe toxicity, with 21% of patients
experiencing grade 4+ adverse events with preoperative
CRT (55). The RT volumes themselves, discussed above,
conventionally include the stomach (or tumor bed plus
anastomosis in the postoperative setting) as well as the
perigastric, celiac, splenic, and hepatoduodenal basins; some
variations on these volumes may be considered depending
on the primary tumor location. For GEJ/cardia tumors,
for instance, omission of subpyloric, suprapyloric, and
pancreaticoduodenal nodes can be considered. For antral/
pyloric lesions, on the other hand, coverage of the splenic
artery/splenic hilar basins may not be necessary.

With the advent of computed tomography (CT) and CT-
based RT treatment planning, delineation of target volumes
allowed for specification of precisely which structures
warranted inclusion in the clinical target volume. From
this, IMRT developed using inverse-planning algorithms;
multiple beams (often 8 or more) would be utilized to
provide a more conformal treatment plan in which pre-
specified dose constraints and target volume coverage
could be optimized (72,76). Dosimetric studies comparing
3D-CRT and IMRT for gastric cancer demonstrated
potential advantages with IMRT through dose reduction
to the liver, kidneys, heart, and spinal cord (77,78). Other
studies were not as enthusiastic, suggesting that modest
dosimetric improvements to the kidneys were unlikely
to provide clinical benefit in the setting of gastric cancer
RT fields (79). Owing to the low-dose radiation dose bath
associated with IMRT (and related techniques such as
volumetric-modulated arc therapy, or VMAT), IMRT may
not spare surrounding luminal gastrointestinal structures
from radiation dose, and therefore may not improve the
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largely GI-based RT toxicity profile (79).

Comparative clinical studies, while limited to
retrospective experiences, suggests some benefit with use
of IMRT in the preoperative or postoperative settings.
In the preoperative setting, a recent report from our
institution compared 82 patients treated with 3D-CRT
versus 120 patients treated with IMRT; IMRT was
associated with lower rates of grade 3—4 acute toxicity (49%
vs. 70%), and lower rates of treatment-related events (56%
vs. 85%) (72). Notably, lymphopenia was also improved
among IMRT-treated patients (72). In the postoperative
setting, reports have shown decreased treatment breaks
with IMRT, as well as decreased risk of late nephrotoxicity
with IMRT (80,81). With this in mind, it is worth noting
that the ongoing CRITICS-II trial mandates use of
IMRT/VMAT in the preoperative treatment of GAC
patients, ensuring that the CRITICS-II trial reflects
modern RT techniques (48).

Despite the observed clinical benefits of IMRT, overall
RT-related toxicity even in the preoperative setting
remains substantial. Future efforts may focus on improving
the therapeutic ratio with the use of RT for GAC through
use of increasingly-advanced technologies as well as more
refined target volumes. Technologies such as proton beam
therapy or magnetic-resonance-guided RT (i.e., through
use of a magnetic-resonance-imaging-equipped linear
accelerator) may decrease unnecessary radiation exposure
of uninvolved normal structures. On the other hand,
the target volumes defined for GAC RT as above may
warrant reconsideration. While peer-reviewed publication
of final results of the trial are pending, ARTIST-2 seems
to have shown that D2-dissected pN+ patients do not
seem to benefit from adjuvant RT (31). It is conceivable
that preoperative RT for GAC may shift toward local
fields directed at the primary tumor and involved nodal
regions only; certainly it is worth noting that RT fields
directed at the primary tumor and involved nodes only
(without treatment of elective nodal region) may change
interpretation of post-treatment pathological nodal status
(66,67,82). Yet, while primary-tumor-directed RT may
drastically reduce the RT field size and associated toxicity,
the question of how RT affects patterns of failure calls this
strategy into question (82,83). RT-related improvements
in regional nodal control may contribute toward an overall
oncologic benefit associated with RT (66,67,82-84). These
questions and many others remain unanswered with regard
to the optimal RT target volumes and treatment technique,
and merit further exploration.
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Conclusions

The role of RT in the treatment of GAC and GE]J
adenocarcinoma has been a moving target for decades,
with a complex milieu of trial results highlighting a diverse
array of potential treatment strategies for these challenging
malignancies. Postoperative RT for GAC, among the best
studied RT-inclusive treatment paradigms, has not shown
a clear benefit in modern trials, pending final results of
ARTIST-2. While select subsets of GAC patients may benefit
from postoperative RT, attention has shifted to preoperative
therapy. Promising results from smaller prospective efforts
has led to a number of ongoing later-phase trials, including
CRITICS-II and TOPGEAR. Whether modern RT
techniques in the preoperative setting provide oncological
benefit to patients remains to be seen, particularly in
light of successive improvements with the perioperative
chemotherapy approach seen in MAGIC and now FLOT.
Standing on shifting sands of evidence and standards of
care, parsing through the results of these anticipated trials
will hopefully provide clarity on the optimal approach for
treatment of non-metastatic gastric cancer patients.
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