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Abstract The integration of intraoperative radiotherapy
(IORT) into the multimodal treatment of gastrointestinal can-
cer is feasible and leads to high rates of local control. In-field
tumoral control using IORT-containing strategies can be
achieved in over 90 % of most cases, regardless of the site
or status of the tumor (primary or recurrent). Electron beam
IORT, or intraoperative electron radiation therapy, is the dom-
inant technology used in institutions reporting data in publi-
cations the 2 1st century. Neither surgery nor systemic therapy
is compromised by the integration of IORT-containing
radiotherapy.
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Introduction

The incidence of digestive tract tumors has increased
considerably over the last decade [1]. In contemporary
treatment approaches, multimodal strategies have be-
come the cornerstone of therapy for locally advanced
and borderline resectable gastrointestinal tumors. By the
end of this decade, indications for radiotherapy are
anticipated to increase by 20-30 % relative to current
levels [2]. Despite therapeutic improvements such as the
integration of chemoradiotherapy (CRT) with surgery, as
well as increasingly efficacious chemotherapeutic agents,
locoregional failure remains common in many gastroin-
testinal malignancies and cure rates suboptimal [3ee].
Current treatment options to improve tumor outcomes
through enhancing locoregional control rates include
radiotherapy dose escalation. Factors limiting the imple-
mentation of this approach include the high sensitivity
of normal digestive tract tissues to higher radiation
doses (including a higher risk of fibrosis, stenosis, and
necrosis which increases exponentially when conven-
tionally fractionated doses of 50 Gy are exceeded, par-
ticularly to larger volumes). Similarly, gastrointestinal
tumors frequently recur at challenging anatomical sites
where it is not feasible to re-irradiate to significant or
curative doses of external beam radiotherapy (EBRT)
[4]. In this clinical scenario, intraoperative radiotherapy
(IORT) is an attractive option for maximizing local
cancer control, given areas of residual disease can be
treated appropriately and to higher radiation doses, with-
out damage to critical organs through normal organ
shielding and temporary mobilization away from the
treatment field [See].

In this article, we review the indications for and outcomes
of IORT administered in the treatment of tumors at various
gastrointestinal sites and provide updated clinical data.
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Gastric Cancer

Historically, treatment of gastric cancer has been challenging,
and disease-related outcomes suboptimal, even with the use of
adjuvant treatments. Based on improved survival outcomes
from the Intergroup/SWOG 0116 trial, postoperative 5-FU-
based chemoradiotherapy (45 Gy in 25 fractions) has become
the standard adjuvant treatment approach for locally advanced
gastric cancer patients in the USA [6]. The role of periopera-
tive chemotherapy was addressed in the Medical Research
Council Adjuvant Gastric Infusional Chemotherapy trial [7],
also demonstrating a survival advantage in these patients.
However, both trials showed that outcomes following multi-
modal therapy remain suboptimal, with local or regional re-
currences of approximately 19 and 65 %, respectively [6, 7].
Although the addition of IORT has been associated with
improved locoregional control in these patients, an overall
survival (OS) benefit has not been proven [8, 9]. Zhang
et al. [9] analyzed 97 patients with gastric adenocarcinoma
(T3/4 or N+) treated with adjuvant CRT combined with
(47 %) and without (53 %) intraoperative electron radiation
therapy (IOERT; dose range, 12-15 Gy). Five-year
locoregional control rates were 50 and 35 % for patients
treated with and without IOERT (p=0.04), respectively. It
has also been reported that following IORT, the primary
pattern of cancer progression within the upper abdominal
region (80 %) involved the hepatic hilum area, with no pro-
gression observed within the IORT-treated field, highlighting
the need to carefully define the treatment field when metasta-
tic nodal disease is present [§].

Treatment-related toxicity remains a long-term clinical
challenge in the multimodal treatment of gastric cancer
[6-9]. The tolerance of upper abdominal organs and structures
to EBRT following gastric resection was evaluated in a clin-
ical trial, which showed that although local control rates were
improved, complication rates increased with the use of IORT
when compared with non-IORT approaches (44 vs 20 %;
p<0.05) [10]. These results should be interpreted in the con-
text that IORT doses utilized in this trial were higher than
standardly recommended. The evaluation of the efficacy of
IORT in combination with other (neo) adjuvant modalities is
relevant when investigating synergistic or additive therapeutic
effects in gastric cancer patients. Similarly, the benefits of
improved locoregional control should be weighed against
the increased risk of toxicity in these patients.

Esophageal and Gastroesophageal Cancer

Recognition of the high risk of locoregional recurrence after
surgery-alone or definitive combined-modality therapy in
esophageal and gastroesophageal cancer [11] has led to in-
creased interest and investigation in the use of IORT to pro-
mote improved control through dose escalation beyond the
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standard limits of EBRT. Recent prospective experiences have
reported locoregional recurrence rates from 20 to 40 % at 2, 3,
and 5 years following trimodality treatment [11]. Studies
focusing on the implementation of IORT in esophageal and
gastroesophageal cancers [12—15] have demonstrated a re-
duced risk of locoregional recurrence in the upper abdomen
or mediastinum, although similar to gastric cancer, a convinc-
ing survival benefit has not been demonstrated. Hosokawa
etal. [12] reported on 121 patients who received IORT (range,
12-25 Gy) following surgery. Of these, 85 % received adju-
vant mediastinal radiotherapy (45 Gy in 16 fractions). Five-
year OS and disease-free survival (DFS) were 34 and 55 %,
respectively; no mediastinal lymph node recurrence was ob-
served. Miller et al. [14] reported on 24 patients with esoph-
ageal (n=7) and gastroesophageal tumors (n=17) as part of a
larger cohort of 50 patients with primary and recurrent stom-
ach cancer. No central failures were detected after a median
follow-up of 20 months. Calvo et al. [15] analyzed 53 patients
with primary esophageal carcinoma (44 %) or gastroesopha-
geal carcinoma (56 %) and locoregional disease (clinical stage
IIb [n=30; 57 %], Illa [n=14; 26 %], IlIb [n=6; 11 %], 1llc
[n=3; 6 %]) who received preoperative CRT and complete
resection. Thirty-seven patients also received a
preanastomotic reconstruction IOERT boost (10-15 Gy) to
the tumor bed (mediastinum and/or the celiac lymph node
basin). With a median follow-up time of 27.9 months,
locoregional recurrence rate was 15 %. Five-year OS and
DEFS rates were 48 and 36 %, respectively. Multivariate anal-
ysis demonstrated only the IOERT group retained significance
in relation to locoregional recurrence (p=0.01). Postoperative
mortality was 11 % (n=6) and the frequency of perioperative
complications 30 % (n=16).

Assessment of the toxicity of IORT for esophageal cancer
has been variable, with many investigators reporting few
complications. Specific types of toxicity have been associated
with IOERT (e.g., upper gastrointestinal tract bleeding for
gastric and pancreatic carcinomas); however, the frequency
of toxicity is generally acceptable if IORT dose does not
exceed 20 Gy [16].

Pancreatic Cancer

The relative ineffectiveness of standard doses (45-54 Gy) of
postoperative EBRT in patients with resected pancreatic car-
cinoma and the recognition of high rates of locoregional
recurrence following surgery or combined-modality therapy
[17] have led to increased interest in the use of IORT as a
means of improving locoregional control through dose esca-
lation, beyond the limits of what is attainable with EBRT-
alone approaches [18]. Few studies have focused on combined
CRT and IORT in pancreatic cancer [19-22], with a decrease
in the risk of locoregional recurrence consistently reported.
The most extensive (n=270) analysis evaluating EBRT plus
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IORT was performed by Valentini et al. [19], who found that
pooled group 5-year local control was 23.3 % and 5-year
survival was 17.7 %. In this series, improved locoregional
control and survival were observed in patients receiving pre-
operative EBRT (locoregional control, median not reached;
0OS, median 30 months) compared to patients receiving post-
operative EBRT (locoregional control, median 28 months;
OS, median 22 months) and in patients who underwent
postresection IORT exclusively (locoregional control, median
8 months; OS, median 13 months) (»<0.0001). Jingu et al.
[21] reported the largest single-center experience, spanning
over 30 years. Among 192 patients receiving IOERT (RO
resection, 48; R1, 35; R2, 109), 29 % received additional
adjuvant EBRT and 65 % received adjuvant chemotherapy.
Multivariate analysis showed that the degree of resection (RO-
1 vs. R2, p=0.001) and adjuvant chemotherapy (p=0.028)
had a significant impact on OS. Ogawa et al. [20] reported
data from a multicenter analysis of 210 patients treated with
gross total resection (RO, 70 %; R1, 30 %) and IORT (median,
25 Gy), with and without EBRT (70 %). Fifty-four percent of
patients received chemotherapy. Local failure was observed in
14.8 %, and the 2-year local control rate was 83.7 %. On
multivariate analysis, chemotherapy, completeness of resec-
tion, carbohydrate antigen 19-9, and pathological N stage had
a significant impact on OS. Our group recently reported on 60
patients with pancreatic adenocarcinoma (clinical stage 1B
[n=13; 22 %], A [n=16; 27 %], IIB [n=22; 36 %], IIIC
[7=9; 15 %]) treated with CRT (45-50.4 Gy) and curative
resection [22]. Forty-eight percent of patients also received an
IOERT boost (range, 10-15 Gy). With a median follow-up of
15.9 months, 5-year OS, DFS, and locoregional control were
20, 13, and 58 %, respectively. On multivariate analysis, only
margin status (HR, 3.0; p=0.05) and omission of [OERT (HR,
6.75; p=0.01) retained significance with regard to
locoregional recurrence. Treatment-related toxicity with com-
bined modality therapy should also be considered (periopera-
tive mortality, 3.8-6.0 %; perioperative complications, 23—
36 %), which can limit the therapeutic index following sur-
gery, EBRT, and chemotherapy [23]. Similar to a surgery-
alone approach, complications related to the use of IORT
and surgery include pancreatic fistula development, delayed
gastric emptying, hemorrhage, and abdominal abscesses for-
mation [19].

Colorectal Cancer

Dubois et al. [24] reported a phase Il randomized clinical trial
assessing the efficacy and tolerance of IORT (18 Gy) in
patients with locally advanced rectal cancer (n=142; cT3,
T4, or N+) treated with preoperative radiotherapy (40 Gy)
and surgical resection. With a median follow-up of 61 months,
5-year OS (69.8 vs. 63.1 %, p=0.26), 5-year local control
(91.8 vs. 92.8 %, p=0.60), and postoperative complication

rates (29.6 vs. 19.1 % p=0.15) were not significantly different
between the groups. These trial results confirmed the technical
feasibility and acceptable tolerance profile of IORT delivery in
this setting, although no long-term clinical benefit was ob-
served, particularly in the context of inclusion of patients with
less advanced disease in the study. Given there are limited
options in terms of safe dose escalation or re-irradiating in
certain clinical settings, IORT is an attractive option to further
explore in clinical studies [25]. In contrast to the above,
several analyses from expert IORT institutions have shown
IORT use to be beneficial in patients with advanced T4 or
recurrent disease, making it an attractive option in these set-
tings where there is limited opportunity for dose escalation or
re-irradiation [26]. Kusters et al. [25] performed the largest
study to date (»=605) in a European multicenter cooperative
analysis, including patients with locally advanced rectal can-
cer treated with preoperative radiotherapy (+CT), radical sur-
gery, IORT, and elective adjuvant chemotherapy (42 %).
Local relapse, distant metastasis, and OS rates were 12.0,
29.2, and 67.1 %, respectively. Risk factors associated with
locoregional recurrence included lymph node metastasis, mar-
gin involvement, failure to achieve downstaging, and failure
to deliver postoperative chemotherapy. The importance of
obtaining an RO resection is evident in primary and locally
recurrent colorectal cancer patients. In locally advanced rectal
cancer patients, IORT has been reported to compensate for
positive margins [27, 28]. Advanced surgical techniques, in-
cluding laparoscopic resection in locally advanced rectal can-
cer, can incorporate an IORT boost to the presacral area with
equivalent cancer-related outcomes and improved clinical
tolerance [29]. Haddock et al. [30] evaluated 607 patients with
recurrent colorectal cancer treated with IOERT (range, 7.5—
30 Gy) and external radiation (96 %; median dose, 45.5 Gy).
Survival estimates at 5 years were 46, 27, and 16 % for RO,
R1, and R2 surgical resections, respectively. Multivariate
analysis revealed that R0 resection and no prior chemotherapy
were associated with improved survival. Other factors associ-
ated with favorable outcomes included combined treatment
with EBRT and IORT and lack of fragmentation of the tumor
specimen [31]. Similar to other sites, secondary IORT-related
complications range from 10 to 40 %, including wound-
healing complications, fistulas, ureteral obstruction, and neu-
ropathy [16].

Cancer of the Anal Canal

For patients with residual or recurrent squamous-cell carcino-
ma of the anus following definitive CRT, surgery is considered
standard salvage treatment. Outcomes are worse in patients
with unresectable or borderline unresectable disease; there-
fore, additional local therapeutic options to enhance disease
control are appropriate [32]. Wright et al. [33] reported on 14
patients with locally recurrent squamous-cell carcinoma of the
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anal canal managed with surgery and IORT. After a median
follow-up of 17 months, disease recurred in 11 cases at a
median of 8 months from treatment. Two-year actuarial con-
trol was 7.1 and OS 21.4 %. Acute toxicity included wound-
healing complications (n=6), gastrointestinal obstruction (n=
5), neurogenic bladder (n=1), ureteral stricture (n=3), and
peripheral neuropathy (n=2). Hallemeier et al. [34] reported
outcomes of salvage resection and IORT (median, 12.5 Gy)
for 32 patients (residual disease [28 %], first recurrence
[53 %], and second recurrence [19 %]) following primary
CRT (patients with recurrent disease received preoperative
CRT). Extent of surgical resection was RO (50 %), R1
(41 %), and R2 (9 %). The S5-year estimates of OS, DFS,
and locoregional control were 23, 17, and 49 %, respectively.

Conclusions

Integration of IORT in the contemporary multimodal ap-
proach to treating gastrointestinal cancer is feasible and pro-
motes high local control rates (Table 1). In-field control using
IORT-containing strategies is over 90 % in the majority of
malignancies, regardless of the cancer site or status (primary
or recurrent). Although patients with RO resection appear to
experience the largest benefit with EBRT, poorer prognosis
patients (e.g., R1 resection) may achieve superior outcomes
with combined EBRT + IORT. Neither surgery nor systemic
therapy appears to be compromised by the integration of an
IORT-containing regimen. Future clinical research should fur-
ther focus on the potential benefit of IORT in these patients as
well as anatomical-functional outcomes and quality of life.
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