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ABSTRACT PURPOSE: Although radiation therapy has traditionally been delivered with external beam or brachy-
therapy, intraoperative radiation therapy (IORT) represents an alternative that may shorten the course of
therapy, reduce toxicities, and improve patient satisfaction while potentially lowering the cost of care. At
this time, there are limited evidence-based guidelines to assist clinicians with patient selection for IORT.
As such, the American Brachytherapy Society presents a consensus statement on the use of IORT.
METHODS: Physicians and physicists with expertise in intraoperative radiation created a site-
directed guideline for appropriate patient selection and utilization of IORT.

RESULTS: Several IORT techniques exist including radionuclide-based high-dose-rate, low-dose-rate,
electron, and low-energy electronic. In breast cancer, IORT as monotherapy should only be used on pro-
spective studies. IORT can be considered in the treatment of sarcomas with close/positive margins or
recurrent sarcomas. IORT can be considered in conjunction with external beam radiotherapy for retro-
peritoneal sarcomas. IORT can be considered for colorectal malignancies with concern for positive mar-
gins and in the setting of recurrent gynecologic cancers. For thoracic, head and neck, and central
nervous system malignancies, utilization of IORT should be evaluated on a case-by-case basis.
CONCLUSIONS: The present guidelines provide clinicians with a summary of current data regarding
IORT by treatment site and guidelines for the appropriate patient selection and safe utilization of the
technique. High-dose-rate, low-dose-rate brachytherapy methods are appropriate when IORT is to be
delivered as are electron and low-energy based on the clinical scenario. © 2019 American Brachyther-
apy Society. Published by Elsevier Inc. All rights reserved.
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Introduction

Radiation therapy can be delivered through multiple
different methods including external beam radiation therapy
(EBRT) with photons, electrons, and particle therapy as well
as brachytherapy (sealed and unsealed sources). Intraopera-
tive radiation therapy (IORT), traditionally a single-
fraction treatment of a surgically exposed area, has been
administered in conjunction with both EBRT and brachyther-
apy techniques and as monotherapy for multiple treatment
sites. Although IORT has been incorporated into radiation
therapy treatment paradigms for many years, it has more
recently witnessed a resurgence in utilization, driven by
new technology as well as a focus on value, quality of life,
and reductions in treatment duration. However, at this time,
there is a lack of guidelines available to assist clinicians with
understanding different IORT techniques and appropriate pa-
tient selection by disease site based on currently available
data. Therefore, we have provided the following consensus
statement as a guide for the use of IORT.

Methods

The American Brachytherapy Society (ABS) Board of
Directors appointed a group of physicians and physicists
with expertise in IORT to provide a consensus statement.
The goals of the project were to provide recommendations
based on the data available for each treatment site. A re-
view of the IORT literature with a focus on randomized tri-
als, prospective studies, multiinstitutional series, and
single-institution reports addressing clinical outcomes and
toxicities was performed. After a discussion, the guidelines
were created based on consensus among the authors. Before
publication, the consensus statement was approved by the
ABS Board of Directors.

Results
Review of IORT techniques

The choice of IORT modality impacts both the dose dis-
tribution and the method of treatment application. In many
cases, the treatment unit will have to fit into an existing
operating room suite, restricting the choice of modality ac-
cording to available facilities and radiation shielding.

Electron beam IORT

Electron beam IORT (IOERT) has been in clinical use for
many years, initially introduced using devices situated next
to the operating room. Although such an approach is still in
use today, the transfer of the patient from and to the operating
room presents a logistical challenge for most hospitals. To
solve this challenge, a dedicated IOERT unit was introduced
(Mobetron, IntraOp Medical, Sunnyvale, CA). Although the
unit is mobile and features a beam stopper, some shielding is
still required. A special room may also be needed for storage
and quality assurance (QA) of the unit before use.

When comparing electron energies, lower energy electrons
may offer shallower depth dose curves and the potential to
spare underlying tissues but are characterized by lower sur-
face dose compared with higher energy electron beams.
Bolus material can be used to increase the surface dose and
electron energies can be selected based on desired depth of
coverage. Electron beam energies between 3 and 15 MeV
have often been used. The application of IOERT uses dedi-
cated cones that are placed in direct apposition to the targeted
surface. The use of fixed cones may present a limitation in
hard to access treatment sites where the beam angle with
respect to the treated surface results in inhomogeneous dose
distributions or when large areas need to be treated requiring
multiple field treatments that may result in large dose varia-
tions at field junctions. Another source of dose uncertainty re-
sults from tissue inhomogeneities and the application of the
beam to geometrically irregular surfaces.

Radionuclide-based IORT-HDR

High-dose-rate (HDR), high energy (>100 keV)
brachytherapy-based IORT (IORT-HDR) offers a high degree
of versatility in terms of the delivered dose distribution and
having been applied to many clinical treatment geometries
(1). IORT-HDR has been used in conjunction with balloon ap-
plicators, customized applicators for the treatment of irregular
volumes and cavities, and surface applicators. Applicators
such as the H.A.M. applicator (Mick Radio-Nuclear Instru-
ments, an Eckert and Ziegler, BEBIG Company, Mt Vernon,
NY) that are packed or sutured in place are also frequently
used (1). As with other IORT techniques, sensitive tissues
can be retracted and/or shielded. Such applicators overcome
the restriction of fixed cone size, and applicator access limita-
tions seen with other IORT techniques.

HDR treatment planning systems can be used to modu-
late the dose through the treatment area to enhance treat-
ment of high-risk regions and further spare healthy tissue
(2). In addition, these applicators are moderately flexible
and can conform to the target surface area within limits,
but extremely irregular, curved, or deep targets may present
a challenge for applicator placement and positioning. Cur-
vature of the applicator may also introduce some dose un-
certainty as it may be difficult to estimate and model in the
treatment planning system without proper imaging, which
is typically not done when used in the operating room (1).

HDR afterloaders most commonly use an Ir-192 source,
characterized by its relatively high photon energy (average
photon energy of 380 keV) and long half-life (~74 days).
For this reason, IORT-HDR requires a designated shielded
OR equipped with safety interlocks, monitors, and remote
patient monitoring (1). In addition, emergency procedures
should reflect the need to move the afterloader (and exposed
source) from the patient in the intraoperative setting when
the patient may not be moved from the operating room.
One solution incorporates a shielded vault into the operating
room that houses the afterloader and serves as emergency
containment in radiation emergency scenarios. The
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application of HDR brachytherapy in IORT also introduces
the challenge of potentially complex treatment planning in
a high-pressure environment. Staff involved in these proced-
ures should be properly credentialed, and procedures should
be set to streamline the process from patient examination,
through applicator placement, prescription, planning, and
treatment while observing operating room sterile protocols
(1). Introducing redundancy into communications between
staff and into forms used is an effective strategy to help
ensure treatment intent is correctly translated into treatment
planning parameters. Standard brachytherapy procedures
should be adhered to and include the completion of a written
directive, review and approval of the treatment plan by the
authorized user (AU), independent verification of the treat-
ment plan before treatment, and the presence of the AU
and qualified medical physicist during treatment (1).

Low-energy electronic-based IORT

Guidelines for the use of low-energy electronic IORT
(eIORT) are outlined in The American Brachytherapy Society
Consensus Statement for Electronic Brachytherapy (3).
Briefly, due to the low-energy x-ray beam (50 kVp) of these
devices (INTRABEAM, Carl Zeiss Surgical, Oberkochen,
Germany; Axxent, Xoft, Inc., subsidiary of iCAD Inc., San
Jose, CA; Esteya, Elekta. Stockholm, Sweden), increased
rates of toxicity may occur for traditional prescription depths
of 5 or 10 mm from the applicator surface due to the high dose
gradient. Consequently, prescription depth for these devices is
often limited to the surface (e.g., breast cancer) of the appli-
cator or within a few mm (e.g., nonmelanomatous skin cancer,
vaginal cuff up to 5 mm) (1, 4). It should be noted that these
devices are also considered HDR radiation sources with a
dose rate output of more than 12 Gy per hour (5).

In their current configurations, the placement of the x-ray
source for these devices is limited to one applicator (or chan-
nel) at a time. This restricts their practical clinical applica-
tion to single treatment cavities, small surface treatment
areas, or single lumen applicators (3). By far the most com-
mon application of low energy eIORT is for the treatment of
breast cancer using spherical or balloon type applicators.
Applicators for brain resection cavities, the spine, and other

Table 1
Comparison of partial-breast techniques

sites are also available. The small footprint of these devices
combined with the low energy profile makes them highly
portable and usable in standard operating rooms with little
if any shielding. These devices also offer limited access to
imaging to evaluate applicator placement and treatment
planning, which is a disadvantage compared with other radi-
ation therapy modalities, although ultrasound can be consid-
ered and is available in most ORs (6, 7). Owing to its unique
properties compared with other brachytherapy techniques, it
is important not to extrapolate data from other brachyther-
apy or IORT techniques to justify the use for eIORT (3).

Intraoperative permanent low-dose-rate brachytherapy

In general, iodine-125 (I-125) seeds can be sutured into a
mesh around the tumor bed at 1 cm intervals to form a planar
implant (mesh) prescribed to deliver a dose of 85—150 Gy to
the minimum peripheral dose (5). Standard dosimetry of LDR
using the American Association of Physicists in Medicine
(AAPM) Task Group (TG)-43 formulation is used for treat-
ment planning (8). When using LDR mesh, source orientation
and spacing can be challenging to maintain during mesh cus-
tomization, leading to dose uncertainties, in particular if the
implant is permanent (8). Recently, the CivaSheet (CivaTech
Oncology Inc., Durham, NC), an implantable unidirectional
palladium-103 (Pd-103) planar low-dose brachytherapy de-
vice, has been developed. The CivaSheet Pd-103 sources are
encapsulated in an organic polymer and embedded within
an 8§ mm x 8 mm grid that consists of a flexible bioabsorbable
substrate. The sources are unidirectional due to a shielded
gold layer, attenuating the dose to less than 10%. This offers
a new technique to reduce dose toward the adjacent critical or-
gans using a low-dose-rate IORT (IORT-LDR) approach
although clinical data are limited at this time (9—11).

Clinical sites

Breast cancer

The role of IORT in breast cancer has been previously re-
viewed in the ABS consensus statement on accelerated partial
breast irradiation (12). Breast cancer represents a disease site
where randomized trials have been conducted, evaluating the
role of IORT as compared with more traditional radiotherapy

Technique Randomized trials

Number of patients Followup (years) Local recurrence

Interstitial brachytherapy National Institute of Oncology (18) 258

GEC-ESTRO (19) 1,184
NSABP B-39 4,216
Applicator brachytherapy NSABP B-39 4,216
3D-CRT RAPID (20) 2,135
Barcelona (21) 102
NSABP B-39 4,216
IMRT IMPORT LOW (22) 2,018
University of Florence (23) 520
IORT TARGIT-A (13) 3,451
ELIOT (15) 1,305

10.2 5.9% APBI vs. 5.1% WBI
5 1.4% APBI vs. 0.9% WBI
N/A N/A
N/A N/A
8.6 3.0% APBI vs. 2.8% WBI
5 0% Both arms
N/A N/A
6.2 0.5% APBI vs. 1.1% WBI vs. 0.2% SIB
5.0 1.5% Both arms
2.4 Increased rates of local recurrence (3.3% vs. 1.3%)
5.8 Increased rates of local recurrence (4.4% vs. 0.4%)

APBI = accelerated partial-breast irradiation; IMRT = intensity-modulated radiotherapy; IORT = intraoperative radiation therapy; SIB = simultaneous

integrated boost; WBI = whole-breast irradiation.
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Summary of IORT doses by treatment site

Breast cancer
Partial breast

Cavity boost

Sarcoma
Sarcoma

Retroperitoneal sarcoma

Thorax
Advanced NSCLC

Early NSCLC

Head and neck
Advanced head and
neck cancer
Cervical nodal metastases
Pancreas
Pancreas

Colorectal
Colorectal

Central nervous system
High-grade glioma

Brain metastases

Gynecologic
Locally advanced/recurrent
cervical cancer

Recurrent Endometrial
Pediatrics

Solid tumors

Neuroblastoma

Sarcoma

(13) Vaidya 2014
(15) Veronesi 2013
(29) Kaiser 2018

(30) Vaidya 2011
(31) Blank 2010

(36) Roeder 2016
(37) Stucky 2014
(38) Cambeiro 2015
(39) Sindelar 1993
(44) Yoon 2010

(45) Roeder 2014
(47) Alektiar 2000

(52) Calvo 1990

(53) Smolle-Juettner 1994
(54) Aristu 1997

(55) Martinez-Monge 1994
(63) Fernando 2014

(72) Schuller 2007
(73) Nag 2005
(77) Zeidan 2011

(83) Willet 2005
(85) Keane 2018

(86) Chen 2016
(87) Calvo 2013

(96) Gunderson 1997
(97) Terezakis 2015
(98) Dubois 2011
(99) Masaki 2008
(100) Nakfoor 1998

(109) Fujiwara 1995

(112) Nemoto 2002

(113) Schueller 2005

(114) Giordano 2018

(119) Curry 2005

(120) Pantazis 2009

(121) Weil 2015

(126, 127) Wernicke 2014, 2016

(130) Barney 2013
(131) Mahe 1996

(132) Dowdy 2006

(146) Merchant 1998
(147) Schomberg 1997
(148) Gillis 2007
(149) Kunieda 2008
(150) Rich 2011

(151) Folkert 2014
(152) Calvo 1991
(153) Sole 2015

elORT
IOERT
IOERT

elORT
elORT

IOERT
IOERT
IOERT
IOERT
IOERT

IOERT
IORT-HDR

IOERT
IOERT
IOERT
IOERT
IORT-LDR

IOERT
IORT-HDR
IOERT

IOERT
IOERT

IOERT
IOERT

IOERT
IORT-HDR
IOERT
IOERT
IOERT

IOERT
IOERT
IOERT
elORT
elORT
elORT
e]ORT
IORT-LDR

IOERT
IOERT

IOERT

IORT-HDR
IOERT
IOERT
IOERT
IORT- HDR
IORT-HDR
IOERT
IOERT

20 Gy to the surface

21 Gy, 6—9 MeV, 90% IDL

10 Gy (5—12 Gy), 6 MeV (4—18 MeV), to 2 cm
depth from the cavity, 90% IDL

18 Gy—20 Gy to the surface

20 Gy to the surface

15 Gy (8—20 Gy), 6—20 MeV, 90% IDL

12.5 Gy (12.5—17.5 Gy), 9 MeV (9—12 MeV)

12.5 Gy (10—20 Gy), 6—9 MeV

20 Gy, 11—15 MeV, 90% IDL

10 Gy for complete resection, 12.5—15 Gy for
microscopic disease, 20 Gy for macroscopic
disease, 6—15 MeV, 90% IDL

12 Gy (10—20 Gy), 8 MeV (6—12 MeV)

12—15 Gy to 1 cm depth from the source

10—15 Gy, 6—20 MeV, 90% IDL

10—20 Gy, 7—20 MeV

10—15 Gy

10—15 Gy, 6—20 MeV, 90% IDL

100 Gy to 5 to 7 mm along the central axis of
the sublobar resection margin

7.5 Gy (10 Gy for positive margins), 6 MeV, 90% IDL
10 Gy (7.5—20 Gy) to 0.5 cm depth from the applicator surface
10—25 Gy, 4—6 MeV, Dmax

15—20 Gy, 9—29 MeV, 90% IDL
10 Gy (8—13 Gy) for resectable, 15 Gy (15—17 Gy)
for unresectable, 9 MeV (6—18 MeV), 80% IDL (80—90% IDL)
14 Gy (10—20 Gy), 12 MeV
15 Gy (10—15 Gy), 10 MeV (9—18 MeV)

7.5—25 Gy, 6—18 MeV, 90% IDL

15 Gy (10—20 Gy), to 0.5 cm depth from the applicator surface
18 Gy, 6—21 MeV, 90% IDL

18—20 Gy, 6—12 MeV

10—20 Gy, 9—15 MeV

20—25 Gy, 6—10 MeV, 80% IDL

15 (12—15 Gy), 4—15 MeV

20 Gy (15—25 Gy), 9—18 MeV, 90% IDL

20, 30, or 40 Gy to the surface, 30 Gy chosen for next trial
16 Gy (10—20 Gy) to 2 mm depth beyond tumor

18 Gy (15—18 Gy) to tumor margin or | mm depth beyond
14 Gy to 2 mm depth from resection the cavity

80 Gy to 5 mm depth from resection cavity with Cs-131

15 Gy (6.25—25 Gy), 6—18 MeV, 90% IDL

18 Gy (10—25 Gy) after complete resection, 19 Gy (10—30 Gy)
after partial resection, 6—24 MeV, 90% IDL

15 Gy (10—20,59—63) Gy

12 Gy to 0.5 cm depth from the applicator surface

10—25 Gy, 6—15 MeV, 90% IDL

10 Gy (7—15 Gy), 4—16 MeV electrons, 80—90% IDL

8—15 Gy, 4—6 MeV

15 Gy (8—18 Gy) to 0.5 cm depth from the applicator surface
12 Gy (4—17.5 Gy) to 0.5 cm depth from the applicator surface
10—20 Gy, 6—20 MeV

10 Gy (7.5—20 Gy), 9 MeV (6—18 MeV), 90% IDL

HDR = high-dose-rate; IORT = intraoperative radiation therapy; IOERT = Electron beam IORT; LDR = low-dose-rate, IDL= isodose line.
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approaches. In the TARGIT-A randomized trial, 3,451 patients
received either whole-breast irradiation (WBI) or eIORT
(20 Gy to the surface). Patients in the IORT arm could receive
their IORT at the time of surgery before final pathology was
available (prepathology cohort) or as a second procedure
(postpathology cohort); in addition, patients in the IORT
arm received supplemental WBI if they had
margins < 1 mm, extensive intraductal component, lobular
carcinoma, or met institutional criteria (21.6% prepathology,
3.6% postpathology). With short followup (median
29 months), IORT was associated with an increase in local
recurrence (3.3% vs. 1.3%, p = 0.04, within noninferiority
criteria) with higher rates seen in the postpathology cohort
(5.4% vs. 1.7%, p = 0.07) (13); in addition, concerns have
been raised regarding the statistical methods from this trial
including the noninferiority criterion and the use of subgroup
analyses (14). Long-term followup from this trial is awaited
and 5-year outcomes were reported with a median followup
of only 29 months. Similarly, the ELIOT trial randomized
1,305 women to WBI or IORT, which was delivered with
electrons (21 Gy), with no supplemental WBI. Similar to
TARGIT-A, at 5 years, IOERT was associated with increased
rates of local recurrence (4.4% vs. 0.4%) as compared with
WBI; however, a subset analysis did find low rates of recur-
rence in ASTRO suitable risk patients (15, 16). More recently,
data from the TARGIT registry, which included 935 patients
including 822 with at least 6-month followup had a 2.3%
recurrence rate with only 23 months of followup (17). At this
time, IORT, unlike other partial breast options (e.g., brachy-
therapy, EBRT) or hypofractionated WBI, has been found to
have inferior local control compared with WBI (Table 1)
(13, 15, 18—23). Doses used for IORT in breast cancer and
by treatment site are presented in Table 2. It is important to
recognize that all clinical results were based on a prescription
to water as the medium (24). However, breast tissue density
and composition (fat/adipose tissue content) varies up to
30% with a ratio of 70% adipose/30% glandular breast tissue
(25). This variation has minimal impact with high-energy
sources such as Ir-192 but may impact dosimetry for elORT.

Recommendation. Consistent with the ABS consensus
statement for accelerated partial breast irradiation, IORT,
as monotherapy, after breast-conserving surgery, should
not be offered to patients outside of prospective clinical tri-
als, regardless of IORT technique used (Table 3) (12). Pa-
tients interested in IORT should have an informed
discussion with their treatment team regarding the differ-
ences in local recurrence between techniques and the
pros/cons of the approach. Clinicians should evaluate the
dose prescription (to water vs. to tissue) because of the cur-
rent dose calculation formulation limitations (26).

Lumpectomy cavity boost. A lumpectomy cavity boost has
been found to reduce the rates of local recurrence after
breast-conserving surgery and is recommended for appro-
priately selected patients (27, 28). An area of growing

interest is the role of IORT to deliver a tumor bed boost.
At this time, there are a lack of randomized data
comparing boost techniques. However, several prospective
studies have found that IORT boost is associated with low
rates of recurrence and acceptable toxicity profiles (29—
31). Kaiser et al. reported on 770 cases treated with
IOERT, with 10-year followup, the in-breast recurrence
rate was 2.7% (29). In addition, with the increased utiliza-
tion of oncoplastic techniques, IORT boost represents a
strategy where the tumor bed boost can be delivered
before the oncoplastic procedure distorts the anatomy of
the breast, allowing higher risk patients to receive a boost
while maximizing their cosmetic outcomes in cases where
boost offers a large potential local control benefit (32).

Recommendation

IORT can be considered for use as a boost technique in
patients requiring a tumor bed boost. IORT may be consid-
ered a favorable option in patients undergoing oncoplastic
procedures.

Future directions

More recently, a novel intraoperative approach for breast
radiotherapy has been evaluated (33). With this technique,
patients undergo CT-based planning, something lacking from
most current IORT approaches in breast cancer, followed by
a single fraction of IORT-HDR brachytherapy. A series of 28
patients underwent such an approach, receiving 12.5 Gy pre-
scribed to a depth of 1 cm. Rates of toxicities were low with
21% Grade 2 toxicities and no Grade 3 events (33) Further
data are needed regarding local recurrences with this
approach before considering it a standard treatment option.

Sarcoma

Radiation therapy has been part of the treatment para-
digm for soft tissue sarcoma since the advent of limb
preservation (34). Traditionally, radiotherapy was deliv-
ered with postoperative EBRT, but today multiple options
exist including preoperative EBRT, postoperative EBRT,
brachytherapy (monotherapy/boost), and IORT. IORT is
typically not used as monotherapy because of the high
doses required with sarcoma but can be used to provide
a boost in patients undergoing preoperative or postopera-
tive EBRT. Data and guidelines for IORT boost are pre-
sented in the ABS Sarcoma Guidelines (35). In
addition, IORT can be considered in cases with local
recurrence after primary therapy (35).

The IORT dose given in conjunction with EBRT is typi-
cally 10—20 Gy, delivered in a single fraction with IORT-
HDR, IOERT, or eIORT (36—38). Low energy IORT (50
kVp) may be used in cases not requiring great depth of pene-
tration (approximately 25% of prescription dose at 1 cm) and
for field sizes that are limited (<5 cm) because of applicator
sizing. IOERT allows for greater options with respect to
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Recommendation

Future directions

Breast cancer

Monotherapy Should not be offered to patients outside of prospective
clinical trials
Boost Can be considered for use as a boost technique in patients
requiring a tumor bed boost
Sarcoma
Extremity Consider in cases with close/positive margin, recurrence with
reirradiation
Retroperitoneal Consider in conjunction with EBRT, particularly for cases where
close/positive margins expected
Thorax Can be considered for appropriately selected patients.

Head and neck

Consider placing patients on institutional registries or prospective
studies to allow for greater data and follow up; consider in cases
with concern for positive margin

Can be considered for appropriately selected patients.
Consider placing patients on institutional registries
or prospective studies to allow for greater data and follow up

Pancreas Consider in cases with concern for close/positive margin
Colorectal Consider in cases with concern for positive margin
CNS

High-grade gliomas

Can be considered for appropriately selected patients. Consider placing

Single-fraction IORT-HDR

In conjunction with oncoplastic surgery

Risk stratify high-risk patients in conjunction
with EBRT

Prospective studies in close/positive
margin cases

Prospective studies in close/positive margin cases

INTRAMET Study

patients on institutional registries or prospective studies to allow for

greater data and follow up
Brain metastases

Can be considered for appropriately selected patients. Consider placing

IORT-LDR

patients on institutional registries or prospective studies to allow for

greater data and follow up
Gynecologic
Pediatric cancers

margins or in recurrent sarcomas

Consider in recurrent cases with concern for close/positive margins
Consider for pediatric sarcomas upfront when concern for close/positive

EBRT = external beam radiation therapy; HDR = high-dose-rate; IORT = intraoperative radiation therapy; LDR = low-dose-rate.

penetration (can select from a range of energies) but can be
limited by the ability to orient the device in the treatment
field. IORT-HDR is delivered with an applicator (e.g.,
Harrison-Anderson-Mick applicator). The applicator is su-
tured/packed into the tumor bed with single-fraction delivery
as IORT or fractionated brachytherapy (35). Lead shielding
can be used for areas at risk and organs can be displaced with
packing as well. Dose constraints are provided in the ABS
Sarcoma guidelines with particular attention paid to the skin,
nerves, vascular structures, and bone (35).

Recommendation

IORT as a boost can be considered in patients where
concern regarding close/positive margins exists or in cases
of local recurrence where previous EBRT has been given.
IORT technique chosen will depend on location and depth
of dose needed. BED at the prescription depth should be
calculated for dose summation of IORT-HDR, IOERT, or
elORT with EBRT dose.

Retroperitoneal sarcomas. Retroperitoneal sarcomas repre-
sents a clinically challenging treatment site because of
normal tissue toxicity concerns and the need for higher
doses. Although preoperative EBRT represents a standard
approach, there is a role for IORT in the management of

these sarcomas, particularly with data suggesting a benefit
to dose escalation, and the ability to target areas at high-
risk for microscopic residual disease (39, 40). IORT tech-
niques used in retroperitoneal sarcomas include IOERT,
IORT-HDR, and eIlORT (41—43). A randomized trial
compared postoperative EBRT (50—55 Gy) with IOERT
and a lower postoperative dose of EBRT (35—40 Gy); the
addition of IOERT was associated with a significant increase
in local control (60% vs. 20%) (39). More modern studies
have evaluated preoperative intensity-modulated radio-
therapy with IOERT, demonstrating excellent local control
(5 year 72%) and an acceptable toxicity profile (Grade 3
15%) (44—46). Toxicity remains a concern with the use of
IORT as rates of severe complications can exceed 15%
(39, 43, 47—50). The traditional IORT dose is 10—20 Gy;
however, for retroperitoneal sarcomas, doses less than
15 Gy are recommended to reduce toxicities including bowel
toxicity and neuropathy (35).

Recommendation

IORT may be considered in conjunction with preopera-
tive radiotherapy for retroperitoneal sarcomas particularly
for those cases where margins may be an issue. Multiple
techniques (eIORT, IOERT, IORT-HDR) can be used.
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Future directions

As hypofractionated EBRT regimens are evaluated for
extremity soft tissue sarcomas, brachytherapy and IORT
represent an option that can be used in a risk-stratified
way for patients with high-risk features at surgery.
Increased use of brachytherapy as monotherapy may also
reduce the risk of complications as compared with EBRT
in high-risk locations (51). With respect to retroperitoneal
sarcomas, increased use of IORT should be considered as
rates of local control remain low with EBRT alone.

Thorax

Although external beam is most commonly used, there are
roles for brachytherapy and IORT in the treatment of non—
small-cell lung cancer (NSCLC). Calvo et al. presented early
findings using IORT as a boost at the time of surgical resec-
tion of NSCLC in addition to preoperative or postoperative
EBRT more than 25 years ago (52). At this time, no prospec-
tive randomized trials have been conducted evaluating [ORT
for the treatment of lung cancer but a number of institutions
have reported on cohorts of patients treated with IOERT to
doses of 10—20 Gy (53). Although no standardized approach
has been defined, areas at high risk of residual microscopic
disease are frequently targeted for an IORT boost such as
the hilar and mediastinal lymph nodes, and chest wall espe-
cially in the case of Pancoast tumors (54, 55).

At this time, sublobar resections are commonly used for
patients with stage I NSCLC who do not have adequate pul-
monary reserves to undergo a lobectomy, although this is
changing with the emergence of stereotactic body radio-
therapy. Local recurrence after a sublobar resection is more
common than after a lobectomy, and as such IORT-LDR
has been combined with sublobar resections at some centers
to reduce the risk of a local tumor recurrence (56, 57). The
most common form of LDR brachytherapy used for NSCLC
is[-125 embedded in a mesh and sutured to the lung along the
staple line at the time of resection. A number of centers have
reported retrospective series that indicate that sublobar resec-
tions in combination with intraoperative LDR brachytherapy
are safe, with local control outcomes similar to those seen af-
ter lobectomies (57—62). The only randomized trial of IORT-
LDR for patients with lung cancer was the ACOSOG Z4032
Phase III trial which randomized 244 high-risk operable pa-
tients with NSCLC and tumor size <3 cm to sublobar resec-
tion with or without intraoperative brachytherapy (I-125
seeds, 100 Gy at 5—7 mm). The study found no significant
difference in local tumor recurrence (HR, 1.01; 95% CI,
0.51 to 1.98; log-rank p = 0.98) but did find a trend for
improved local control in the 14 patients with positive staple
line cytology (HR 0.22; p = 0.24) (63).

Recommendation
IORT can be considered for appropriately selected pa-
tients. Consider placing patients on institutional registries

or prospective studies to allow for greater data and follow
up. IORT can be considered at the time of surgical resection
in cases with concern for a positive margin. Intraoperative
LDR brachytherapy may improve local control outcomes in
patients undergoing sublobar resections for stage I NSCLC
when there is a concern for a positive margin.

Future directions

Additional prospective studies are needed, including
randomized trials comparing IORT-LDR to non-IORT tech-
niques, particularly in margin-positive patients.

Head and neck cancer

Head and neck cancers represent a heterogeneous group
of diseases with varied histologies, treatment paradigms,
and clinical outcomes. Despite treatment, up to 30—40%
of patients will recur locoregionally (64—69). Management
of locoregional recurrences are challenging and usually
involve surgery, reirradiation, or a combination of these op-
tions. IORT has been used for over 30 years in the treatment
of primary and recurrent head and neck cancers. However,
studies are limited by small numbers, varied histologies,
and long periods of time over which treatment paradigms
have changed (70, 71). Schuller et al. evaluated 123 patients
with primary untreated head and neck cancer of the oral cav-
ity, oropharynx, or hypopharynx. Patients received perioper-
ative chemoradiation followed by resection with [OERT with
a locoregional control rate of 91% (72). From the same
group, Nag et al. evaluated 65 patients treated with I[ORT-
HDR that was inaccessible with IOERT; at 5 years, the rate
of local control was 59% with no major intraoperative or
postoperative complications (72). Similar results have been
seen from several other small studies (74—76). Zeidan
et al. evaluated 231 patients with cervical node metastases
undergoing neck dissection as part of primary treatment or
salvage. IORT was delivered (primarily IOERT, 51% of
cases) to a dose of 15 or 20 Gy. Overall, recurrence free sur-
vival was 49% at 5 years (77). A more recent series from
Loyola University evaluated 22 patients with advanced or
recurrent head and neck cancer treated with elORT between
2014 and 2016; 7 cases were primary parotid tumors and the
rest recurrent in the parotid or neck. Patients received 12—
14 Gy definitively or a 5 Gy boost prescribed to 5 mm. With
a median followup of 16 months, in-field local control was
seen in 19 of 22 patients with 1 wound healing complication,
2 neuropathies, and 1 case of fat necrosis (78).

Recommendation

IORT can be considered for appropriately selected pa-
tients. Consider placing patients on institutional registries
or prospective studies to allow for greater data and follow up.

Future directions
In light of the utilization of intensity-modulated radio-
therapy and volumetric modulated arc therapy as well as
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the use of stereotactic body radiation therapy in the recur-
rent setting, the role of IORT in head and neck cancers
has decreased (79, 80). Future studies are needed to eval-
uate the role that IORT may have when combined with
modern radiotherapy techniques in the salvage setting (77).

Pancreatic cancer

Pancreatic cancer represents a unique clinical challenge
with its high rate of mortality, the difficulty in assessing
resectability, and the risk of systemic and local recurrence
after treatment. With respect to local recurrence, IORT as
an adjunct to EBRT or stereotactic body radiotherapy rep-
resents an opportunity to improve local control and has
been studied for more than 30 years (81, 82). Willet
et al. presented a series of 150 patients with unresectable
pancreatic cancer treated with 5-fluorouracil—based
chemotherapy, EBRT, and IOERT between 1978 and
2001. Median survival was 13 months with long-term sur-
vival observed in 8 patients, including 5 beyond 5 years.
In this series, use of smaller applicators was associated
with improved survival (83). Updated results confirmed
these findings, with multivariate analysis finding that ap-
plicators =8 cm were associated with improved survival
(84). A modern series that evaluated the role of IOERT af-
ter neoadjuvant chemotherapy and chemoradiation
included 68 patients with 41 undergoing resection; 22 pa-
tients underwent IOERT for close/positive margins. Me-
dian survival was 26.6 months for all resected patients
and 35.1 months for those who received IOERT as
compared with 24.5 months for those who did not. Of
the 18 unresectable patients, 17 received IORT with me-
dian survival of 24.8 months (85). Similar results have
been seen with additional series with limited toxicity re-
ported (86—91).

Recommendation
IORT can be considered at the time of surgical resection
in cases with concern for a close/positive margin.

Future directions

Future prospective studies with larger patient numbers
are needed to determine which subgroups of patients
benefit from IORT.

Colorectal malignancies

Despite multimodality treatment with preoperative
radiotherapy/chemoradiation, total mesorectal excision
and adjuvant chemotherapy, rectal cancers recur locally in
approximately 10% of patients and in up to 20% of patients
with positive surgical margins (92, 93). Local tumor recur-
rences can lead to significant morbidity and can be chal-
lenging to treat (94). In patients who have recurred
despite prior pelvic EBRT, further full-dose EBRT is typi-
cally not feasible due to toxicity concerns, making IORT

alone or in conjunction with lower EBRT doses a potential
treatment option to prevent further local recurrence after
surgery while minimizing morbidity. In addition, IORT
has been delivered at some centers as a radiation dose esca-
lation technique with the goal of decreasing the risk of local
tumor recurrence for patients at high risk for recurrence
such as those with expected positive surgical margins or
with recurrent disease. IORT has been delivered most
commonly as IOERT or eIORT but also with [ORT-HDR.
Guidelines on the use of HDR brachytherapy for colorectal
cancers were published previously and as such we will re-
view additional IORT techniques (1).

A recent systematic review of over 3,000 patients
receiving IOERT or IORT-HDR for colorectal cancer found
a significant improvement in local control (OR 0.22; p =
0.03), disease free survival (DFS) (HR 0.51; p = 0.009),
and overall survival (OS) (HR 0.33; p = 0.001) with no in-
creases in total (OR 1.13; p = 0.57), urologic (OR 1.35; p =
0.47), or anastomotic complications (OR 0.94; p = 0.98),
although increased wound complications (OR 1.86; p =
0.049) were noted in patients receiving IORT compared with
patients who did not (95). It should be noted that neuropathy
has been reported as occurring in 23% of patients when
=15 Gy is delivered with IOERT vs. 3% when =12.5 Gy
is delivered (96). However, a large single-institution series
of IORT-HDR for colorectal cancer using a median dose
of 15 Gy (range: 10—20 Gy) demonstrated a 2% rate of
Grade =3 neuropathy, and no association between IORT-
HDR dose and toxicity was observed (97).

IORT has been evaluated in two randomized clinical tri-
als for patients with locally advanced rectal cancers. The
largest trial, a French multicenter study, randomized 142
patients after 40 Gy of preoperative EBRT to either surgical
resection alone or in combination with 18 Gy IOERT. There
were no significant differences found in 5-year local control
(p = 0.60), OS (p = 0.26), DFES (p = 0.78), or postoper-
ative complications (p = 0.15) between the two groups
(98). Similarly, a previous smaller randomized trial of 44
patients with low rectal cancers also demonstrated no dif-
ference in oncologic outcomes with the inclusion of IORT
(99). Neither of the studies reported on surgical margin sta-
tus, and therefore, they were unable to determine if patients
with positive surgical margins benefited from IORT. In
addition, retrospective series have reported local control
rates of 65—75% in patients with gross residual disease
who receive preoperative EBRT and IOERT (96, 100).

Recommendation

IORT can be considered at the time of surgical resection
of locally advanced or recurrent colorectal cancer in cases
with concern for a positive margin, particularly when pelvic
EBRT has already been delivered. A dose of 15 Gy in a sin-
gle treatment to 5 mm depth in tissue using IORT-HDR has
been used. However, doses less than or equal to 12.5 Gy in
a single fraction should be used to reduce the risk of neu-
ropathy when IOERT is used.
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Future directions

Future prospective studies with larger patient numbers
are needed to determine which subgroups of patients with
primary or recurrent colo rectal cancer may benefit from
IORT.

Central nervous system malignancies

High-grade gliomas

IORT represents an attractive means of improving out-
comes for patients with high-grade gliomas, owing to the
fact that most tumor progression occurs within 1—2 c¢cm of
the surgical margins (101—103). Furthermore, as greater
extent of resection is an important predictor of outcomes,
IORT may theoretically account for scenarios in which gross
total resection is unable to be achieved because of proximity
to eloquent areas within the brain (104, 105). Finally, IORT
may also theoretically account for delays in initiation of
adjuvant chemoradiation after surgery during which time tu-
mor cells may be actively proliferating, although data vary as
to whether delayed adjuvant treatment has worse outcomes
than earlier adjuvant treatment (106—108). Data evaluating
IORT in the pre-temozolomide era largely consist of retro-
spective single-institutional series. Reported IORT doses
have ranged from 10 to 50 Gy prescribed to 0.5 to 3 cm,
most commonly using IOERT, followed by adjuvant EBRT.
Although initial reports demonstrated promising outcomes
and potential improvements in OS (109-111), subsequent
studies were unable to replicate the previously observed
improved outcomes (112,113).

In the temozolomide era, the INTRAGO study was the
first to prospectively use elORT in a single-arm Phase I/II
dose escalation study for patients with glioblastoma. The
IORT doses were 20, 30, and 40 Gy prescribed to the
applicator surface, which was followed by standard EBRT
with concurrent and adjuvant temozolomide. At a median
followup of 13.8 months, 15 patients received IORT, 3 of
whom did not complete adjuvant therapy (1 did not
receive EBRT). No dose limiting toxicities were observed,
and of the five Grade 3 events, two were classified as
“probably” related and three as ‘“‘possibly’ related to
IORT. Radiation necrosis occurred in 33% of cases, which
is higher than the 5—10% rates reported with standard of
care therapy, but there was no obvious correlation with
increasing IORT dose. Although conclusions regarding ef-
ficacy are unable to be made, among the 12 who
completed per protocol treatment, median local progres-
sion free survival (PFS) (“‘local” defined as within 1 cm
of the resection cavity) was 17.8 months and median
PFS was 11.3 months. Patterns of failure analysis demon-
strated local recurrence in just 2 of the 15 patients, both of
whom were in the lowest IORT dose group (20 Gy) and
one of whom did not receive adjuvant chemoradiation.
The rest of the patients failed ‘““distantly,” which was pre-
sumably outside 1 cm from the resection margin. Median
OS was 17.8 months in the per protocol group. Overall,

the study provides data in the temozolomide era and
demonstrated safety and tolerability as intended, although
with higher than expected rates of radiation necrosis
(114). This study has led to INTRAGO II, a European
multinational randomized Phase III study evaluating stan-
dard of care EBRT with concurrent and adjuvant temozo-
lomide, with or without 30 Gy IORT prescribed to the
applicator surface, and allowing a dose reduction to
20 Gy for proximity to critical structures (115). The pri-
mary endpoint is median PFS.

Recommendation. IORT can be considered for appropri-
ately selected patients. Consider placing patients on institu-
tional registries or prospective studies to allow for greater
data and follow up.

Future directions. Additional prospective studies are
ongoing to determine whether IORT improves outcomes,
as well as the optimal dose and technique to deliver [ORT
for patients with high-grade gliomas.

Brain metastases

Among patients with brain metastases, recent studies
have demonstrated postoperative radiosurgery improves
local control compared with surgery alone and also better
preserves neurocognition as compared with the addition
of whole-brain radiotherapy (116, 117). IORT may provide
similar benefits, while minimizing changes that occur be-
tween surgery and adjuvant radiosurgery, including
enlargement of the postsurgical cavity and the theoretical
advantage of immediate radiotherapy to prevent tumor cell
proliferation (118).

One method of IORT is interstitial radiosurgery using
the photon radiosurgery system (PRS, Photoelectron Corp.,
Inc., Lexington, MA), which is a miniature x-ray generator
with a dose rate in tissue that can reach 1—2 Gy per minute
at a depth of 1 cm. The largest retrospective series using the
PRS for brain metastases treated 72 lesions in 60 patients
with a median peripheral dose of 16 Gy (range, 10—
20 Gy). At median 6-month followup, local control was
81%. Three patients developed symptomatic radiation ne-
crosis, three developed cerebral edema, two had hemor-
rhagic events, and four developed postoperative seizures
(119). A subsequent prospective study treated 35 patients
with PRS for brain metastases to a median dose of 18 Gy
(range 15—18 Gy). At 6, 12, and 24 months, local
control was 64.1%, 33.0%, and 33.0%, respectively. No
Grade 5 toxicity occurred, and the rate of Radiation Ther-
apy Oncology Group (RTOG) Grade 2—4 toxicity was
34.3% (120).

Investigators at the Cleveland Clinic prospectively treated
23 patients using elORT in a nonrandomized feasibility
study to a dose of 14 Gy prescribed to 2 mm depth from
the resection cavity. All 23 patients underwent successful
and safe IORT. Seven patients had local recurrence at a me-
dian of 9 months after IORT, and three developed radiation
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necrosis (121). Three patients remained alive with a CNS
progression-free survival of 90—96 months without addi-
tional treatment for their brain metastases. Pial penetration
appeared to be a risk factor for leptomeningeal disease. A
Phase II study (INTRAMET) is currently accruing in Ger-
many assessing the feasibility of IORT for resected brain
metastases with IORT prescribed to a dose of 20—30 Gy
to the resection margin (122).

IORT-LDR after resection of brain metastases has also
been evaluated. Earlier studies used 1-125, and a
72-patient series reported 94% local control at a median
16-month followup with only 5% of patients developing
radiation necrosis using a prescribed dose of 150 Gy with
a median total activity of 16.15 mCi (123). A separate se-
ries similarly demonstrated a favorable one year local con-
trol of 92% (124). However, the median surface dose was
800 Gy with a median total activity of 31 mCi and 23%
of patients developed radiation necrosis. A concern with
this technique is that I-125 has a dose rate of 0.069 Gy/
h and a half-life of 59.4 days; it has been suggested that
the isotope may overdose the surgical cavity as it shrinks
over time (125). Cesium-131 (Cs-131), with a dose rate of
0.342 Gy/h and half-life of just 9.69 days, has been eval-
uated as a potentially safer alternative. A phase I/II study
of 24 patients received IORT-LDR with Cs-131 to a dose
of 80 Gy at 5 mm depth with a median total activity of
46.91 mCi. Local control was 100%, and no patients
developed radiation necrosis at a median 19.3 months of
followup (126). Subsequently, the same technique was
evaluated prospectively among patients with tumors larger
than 2 cm, which have poor local control with conven-
tional treatment after resection. Among the 42 patients
with 46 larger tumors, the median total activity was
58.42 mCi (127). At a median of 11.9 months of follow-
up, local control was 100% with 0% incidence of radia-
tion necrosis.

Recommendation

IORT can be considered for appropriately selected pa-
tients. Consider placing patients on institutional registries
or prospective studies to allow for greater data and follow
up. Emerging evidence suggests benefit similar to stereo-
tactic radiosurgery (SRS) to the resection cavity.

Future directions

Published data from the INTRAMET study are awaited
with future studies required to compare IORT to traditional
techniques including SRS and whole-brain radiation ther-
apy. IORT-LDR also represents a promising strategy and
should be compared with SRS.

Gynecologic cancers

The role of radiotherapy, including EBRT and LDR/
HDR brachytherapy, is well-established for gynecologic

malignancies in both the definitive and adjuvant settings.
However, disease recurrence is not uncommon and typi-
cally occurs within the pelvis. Rates of pelvic failure for
cervical cancer and early endometrial cancer range from
10-74% and 2—30%, respectively (128, 129). Management
of locoregional recurrences are challenging, owing to the
associated morbidity of disease, as well as the fact that
many patients have undergone prior radiotherapy, putting
them at increased risk for toxicities associated with reirra-
diation. IORT after salvage resection may allow for
improved local control by eradicating residual disease
while minimizing dose to normal surrounding tissue and
therefore potential toxicity.

Data assessing the impact of IORT in recurrent gyneco-
logic cancers are limited primarily to retrospective ana-
lyses, which include heterogeneous patient populations
with varying degrees of disease recurrence, extent of
salvage surgery, and proportion of patients who have under-
gone prior radiotherapy. In addition, local recurrences pose
the same challenge as other disease sites in the pelvis where
accurate targeting can be severely limited by the ability to
orient the IORT applicator over the treatment field deep into
the pelvis. In the two largest series of recurrent cervical
cancer, IORT was delivered after salvage surgery, mostly
with IOERT. Doses were typically between 15—19 Gy
but ranged from 6.25 to 30 Gy. Barney et al., which
included 73 patients with recurrent and 13 patients with
advanced cervical cancer, demonstrated 3-year relapse rates
within the IOERT field and locoregionally of 23% and
38%, respectively. Median survival was 15 months. Periph-
eral neuropathy, ureteral stenosis, and bowel fistula/perfora-
tion occurred in 16, 4, and 4 patients, respectively (130). A
separate series reviewed 70 patients with recurrent cervical
cancer who received IORT. Local control was 21% and me-
dian survival was 11 months. Grade 2—3 toxicity related to
IORT occurred in 14% of patients, and included neuropa-
thy, ureteral obstruction, or stricture (131).

Several smaller series specific to recurrent endometrial
cancer have been reported. Dowdy et al. reviewed 25 pa-
tients who underwent radical resection and IOERT to a me-
dian dose of 15 Gy with a range of 10—25 Gy.
Complications included peripheral neuropathy, functional
ureteral obstruction, and fistula formation, although the au-
thors note that it was challenging to determine which
component of treatment caused toxicity (132). For those pa-
tients who achieved RO resection, 5-year OS was 71%
compared with 40% for those who underwent R1 resection.
Local control within the IOERT field was favorable at 84%,
although 2 of the 4 local failures had a simultaneous distant
failure (132). Awtrey et al. reviewed 27 patients with recur-
rent endometrial cancer who underwent a nonexenteration
surgery, 9 of whom received IOERT. Median PFS was no
different with IOERT (12 months with IOERT vs.
15 months without), and size of residual disease was the on-
ly predictor for PFS (133). Several additional studies have
reported outcomes with IORT for recurrent gynecologic
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malignancies with doses ranging from 6 to 27 Gy and local
control ranging from 10 to 73% (134—144). Furthermore,
the addition of EBRT to IORT may improve outcomes
(132, 139, 142).

The use of IORT has also been evaluated in the primary
management of locally advanced cervical cancer. Giorda
et al. enrolled 42 patients with locally advanced cervical can-
cer in a single-arm Phase II study designed to assess radical
surgery and IORT after chemoradiation (50.4 Gy/28 fractions
with 4-field box technique and concurrent IV infusion
cisplatin 60 mg/m? on day 1 and 5-fluorouracil 750 mg/m>
on days 2—5 during the first and fifth week of radiation)
(145). No patients received brachytherapy. Surgery was lapa-
roscopic radical hysterectomy and pelvic lymphadenectomy
or pelvic exenteration if bladder involvement was present.
IORT (technique not specified) was delivered to the bilateral
pelvic sites, the obturator fossa, and external pelvic vessels,
or nodal regions, if involved or suspicious, to a mean dose
was 11 Gy (10—15 Gy). Perioperative and postoperative
complications were relatively high, with 17% of patients
developing lymphoceles and 14% developing pelvic sepsis.
Thirty five patients completed protocol therapy, and the 5-
year DES and OS were 46% and 49%, respectively. Out-
comes were significantly improved if there was no residual
tumor on pathology (145).

In summary, the addition of IORT to salvage resection
for isolated recurrence of gynecologic cancers has not been
evaluated prospectively. Retrospective data do not conclu-
sively suggest that the addition of IORT improves outcomes
but suggest favorable local control. Extent of resection,
namely RO resection, improves outcomes, and some data
suggest the addition of EBRT improves outcomes as well.
In the primary management of cervical cancer, IORT has
been used prospectively but is not standard of care. Neurop-
athy appears to be a relatively common side effect when us-
ing IORT in the pelvis.

Recommendation

IORT can be considered at the time of surgical resection
for isolated recurrent gynecologic cancer in cases with
concern for residual microscopic disease.

IORT after chemoradiation and surgery for primary
management of locally advanced cervical cancer should
not be used off protocol.

Future directions

Prospective studies are needed to determine which sub-
groups of patients with primary or recurrent gynecologic
cancer may benefit from IORT. Use of IORT-LDR is also
being evaluated for recurrent disease in conjunction with

surgery.
Pediatric cancers

Pediatric cancers represent a spectrum of diseases
ranging from CNS malignancies to sarcomas. IORT

represents a promising technique in pediatric cancers due
to the rapid fall-off seen and the potential to limit dose
received by normal tissues; also, organs at risk can be
shielded or displaced. With respect to treatment efficiency,
due to the single fraction delivered, only one anesthesia
procedure is required. The use of IORT in pediatric cancers
has been studied for several decades. Merchant et al. re-
ported on a series of 16 patients treated with IORT-HDR
for a variety of pediatric solid tumors (Ewing’s sarcoma,
rhabdomyosarcoma, synovial cell sarcoma, Wilms tumor,
osteosarcoma, immature teratoma, desmoplastic small
round cell tumor) to a variety of sites with several having
previously received EBRT and 9 undergoing resection.
IORT-HDR was delivered to a dose of 11 Gy at 0.5 cm.
With a median followup of 18 months, the 2-year local con-
trol was 61% (146). Schomberg et al. reported on a series
of 11 pediatric patients with various histologies treated with
IOERT (10—25 Gy with 6—15 MeV electrons) in conjunc-
tion with EBRT. With a median followup of 99 months,
73% were disease-free with all patients undergoing gross
resection with IOERT being free of local recurrence. Of
note, three patients required surgery secondary to complica-
tions and two developed neuropathies (147).

EBRT plays an important role in the treatment paradigm
for high-risk neuroblastoma, a radiosensitive pediatric ma-
lignancy. IORT has been used in both the upfront setting to
avoid the potential long-term toxicities associated with
EBRT and in the recurrent setting among patients who
received prior EBRT. Gillis et al. described 31 patients with
newly diagnosed high-risk neuroblastoma who underwent
IOERT (4—16 MeV electrons) to a median dose of 10 Gy
(range 7—15 Gy). Estimated 3-year local control was
85%, with treatment or disease-related side effects, namely
hypertension or vascular stenosis, occurring in 23% of pa-
tients (148). Kuneida et al. analyzed failure patterns among
27 patients with advanced neuroblastoma who received
10—15 Gy IOERT within the abdomen or retroperitoneum.
Relapse occurred in 6 patients (22%), which were typically
in proximity to the IOERT field or in adjacent structures
which were either shielded or moved away from the
electron field. These results raised caution regarding the po-
tential for marginal failures with the use of IOERT (149).
Rich et al evaluated the use of IORT-HDR using a
H.AM applicator among 44 patients with recurrent or
persistent high-risk neuroblastoma, 95% of whom received
prior EBRT. Median dose was 15 Gy (range 8—18 Gy),
resulting in a 2-year local control of 55%. Postoperative
complications occurred in 41% of patients, most commonly
consisting of hydronephrosis or bowel inflammation/necro-
sis (150).

Sarcomas represent a type of pediatric malignancy with
growing data supporting the utilization of IORT. Folkert
et al. presented a series of 75 pediatric sarcomas treated
with IORT-HDR at Memorial Sloan Kettering Cancer Cen-
ter. Patients were treated between 1993 and 2013, with 37
patients treated as part of initial therapy and 38 as part of
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salvage therapy. The majority received IORT with postoper-
ative brachytherapy (55%) with 29% previously treated
with EBRT to the IORT site. With a median followup of
7.8 years for surviving patients, the 5-year local control
was 63% overall, with local control of 46% for recurrent
disease. Acute Grade 3+ toxicity was 2.5% and late Grade
3+ toxicity was 5.3%; Grade 3 -+ toxicity occurred in pa-
tients 6 years or younger treated with doses of 12 Gy or
greater (151). A smaller series of 38 patients from Spain
included 22 osteosarcomas and 16 Ewing’s sarcomas with
90% of cases being primary disease. Most patients (n =
32) had not previously received radiotherapy with IORT
delivered with electrons (6—20 MeV, 10—20 Gy). With a
median followup of 25 months, the 5-year disease-free sur-
vival was 65% with neuropathy and soft tissue necrosis
noted (152). A larger analysis from Spain included 71 pe-
diatric sarcomas undergoing IOERT with 65% of case
incorporating IORT as part of primary treatment. With a
median followup of 72 months, local control was 74% at
10 years with 13% of patients having severe (Grade 3)
toxicity (153).

Recommendation

For pediatric sarcomas, IORT-HDR or IOERT can be
considered in the upfront setting for high-risk patients
including those with concern for close/positive margins.
IORT-HDR and IOERT can also be considered in the
setting of recurrence. For other histologies, IORT can be
considered based on clinical and surgical features on pro-
spective trials.

Future directions

Owing to its characteristics, IORT is a potential benefit
for pediatric cancers. Future studies are needed to further
elucidate roles for IORT in the management of pediatric
malignancies.

Conclusions

IORT is increasingly being used with a lack of consistent
clinical guidelines. IOERT, IORT-HDR, and IORT-LDR are
appropriate IORT modalities. The current guidelines pro-
vide recommendations for on- and off-protocol utilization
of IORT; a separate guideline will be presented for use of
electronic brachytherapy (eIORT) (3). Future prospective
randomized clinical trials are needed to better identify
appropriate patients for IORT.

References

[1] Lloyd S, Alektiar KM, Nag S, et al. Intraoperative high-dose-rate
brachytherapy: An American Brachytherapy Society consensus
report. Brachytherapy 2017;16:446—465.

[2] Cohen GN, Zaider M. Brachytherapy physics. In: Thomadsen B,
Rivard MJ, Butler WM, editors. American association of physicists
in medicine. p. 511—520. Medical physics monograph. 2nd ed.

Madison, Wis.: Published for American Association of Physicists

in Medicine by Medical Physics Pub.

Tom MC, Hepel JT, Patel R, et al. The American Brachytherapy So-

ciety consensus statement for electronic brachytherapy. Brachyther-

apy 2018.

Mourtada F. Physics of intraoperative radiotherapy for the breast. In:

Arthur DVF, Wazer D, Khan A, editors. Short course breast radio-

therapy. Cham: Springer; 2016.

McDermott PN, Orton CG. Chapter 16: brachytherapy. In: The

physics & technology of radiation therapy. Madison, Wis: Medical

Physics Publishing; 2010.

Trifiletti DM, Showalter TN, Libby B, et al. Intraoperative breast ra-

diation therapy with image guidance: findings from CT images ob-

tained in a prospective trial of intraoperative high-dose-rate
brachytherapy with CT on rails. Brachytherapy 2015;14:919—-924.

Hassinger TE, Showalter TN, Schroen AT, et al. Utility of CT im-

aging in a novel form of high-dose-rate intraoperative breast radia-

tion therapy. J Med Imaging Radiat Oncol 2018;62:835—840.

Rivard MJ, Coursey BM, DeWerd LA, et al. Update of AAPM Task

Group No. 43 Report: a revised AAPM protocol for brachytherapy

dose calculations. Med Phys 2004;31:633—674.

Aima M, Reed JL, DeWerd LA, et al. Air-kerma strength determi-

nation of a new directional 103Pd source. Med Phys 2015;42:7144—

7152.

[10] Rivard MJ. A directional (103)Pd brachytherapy device: dosimetric
characterization and practical aspects for clinical use. Brachyther-
apy 2017;16:421—-432.

[11] Cohen GN, Episcopia K, Lim SB, et al. Intraoperative implantation
of a mesh of directional palladium sources (CivaSheet): dosimetry
verification, clinical commissioning, dose specification, and prelim-
inary experience. Brachytherapy 2017;16:1257—1264.

[12] Shah C, Vicini F, Shaitelman SF, e al. The American Brachyther-
apy Society consensus statement for accelerated partial-breast irra-
diation. Brachytherapy 2018;17:154—170.

[13] Vaidya JS, Wenz F, Bulsara M, et al. Risk-adapted targeted intrao-
perative radiotherapy versus whole-breast radiotherapy for breast
cancer: 5-year results for local control and overall survival from
the TARGIT-A randomised trial. Lancet 2014;383:603—613.

[14] Haviland JS, A’'Hern R, Bentzen SM, et al. Radiotherapy for breast
cancer, the TARGIT-A trial. Lancet 2014;383:1716—1717.

[15] Veronesi U, Orecchia R, Maisonneuve P, ef al. Intraoperative radio-
therapy versus external radiotherapy for early breast cancer (ELI-
OT): a randomised controlled equivalence trial. Lancet Oncol
2013;14:1269—1277.

[16] Leonardi MC, Maisonneuve P, Mastropasqua MG, et al. How
do the ASTRO consensus statement guidelines for the applica-
tion of accelerated partial breast irradiation fit intraoperative
radiotherapy? A retrospective analysis of patients treated at
the European Institute of Oncology. Int J Radiat Oncol Biol
Phys 2012;83:806—813.

[17] Valente SA, Tendulkar RD, Cherian S, er al. TARGIT-R (retrospec-
tive): North American experience with intraoperative radiation us-
ing low-kilovoltage X-rays for breast cancer. Ann Surg Oncol
2016;23:2809—2815.

[18] Polgar C, Fodor J, Major T, et al. Breast-conserving therapy with
partial or whole breast irradiation: ten-year results of the Budapest
randomized trial. Radiother Oncol 2013;108:197—202.

[19] Strnad V, Ott OJ, Hildebrandt G, et al. 5-year results of accelerated
partial breast irradiation using sole interstitial multicatheter brachy-
therapy versus whole-breast irradiation with boost after breast-
conserving surgery for low-risk invasive and in-situ carcinoma of
the female breast: a randomised, phase 3, non-inferiority trial. Lan-
cet 2016;387:229—238.

[20] Whlean T, Julian J, Levine M, et al. RAPID: A Randomized Trial of
Accelerated Partial breast Irradiation Using 3-dimensional
Conformal Radiotherapy (3D-CRT). San Antonio Breast Cancer
Symposium 2018.

[3

—

[4

=

[5

=

[6

=

[7

—

[8

[t

[9

—


http://refhub.elsevier.com/S1538-4721(18)30778-5/sref1
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref1
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref1
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref1
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref2
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref2
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref2
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref2
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref2
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref2
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref3
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref3
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref3
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref4
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref4
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref4
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref5
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref5
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref5
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref6
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref6
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref6
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref6
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref6
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref7
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref7
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref7
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref7
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref8
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref8
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref8
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref8
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref9
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref9
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref9
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref10
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref10
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref10
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref10
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref11
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref11
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref11
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref11
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref11
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref12
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref12
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref12
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref12
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref13
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref13
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref13
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref13
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref13
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref14
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref14
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref14
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref15
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref15
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref15
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref15
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref15
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref16
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref16
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref16
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref16
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref16
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref16
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref16
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref17
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref17
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref17
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref17
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref17
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref18
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref18
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref18
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref18
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref19
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref19
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref19
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref19
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref19
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref19
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref19

254 M.C. Tom et al. / Brachytherapy 18 (2019) 242—257

[21] Rodriguez N, Sanz X, Dengra J, et al. Five-year outcomes, cosme-
sis, and toxicity with 3-dimensional conformal external beam radi-
ation therapy to deliver accelerated partial breast irradiation. Int J
Radiat Oncol Biol Phys 2013;87:1051—1057.

[22] Coles C, Agarwal R, Ah-See ML, et al. Partial breast radiotherapy
for women with early breast cancer: first results of local recurrence
data for IMPORT LOW (CRUK/06/003). Eur J Cancer 2016;57:S4.

[23] Livi L, Meattini I, Marrazzo L, et al. Accelerated partial breast irra-
diation using intensity-modulated radiotherapy versus whole breast
irradiation: 5-year survival analysis of a phase 3 randomised
controlled trial. Eur J Cancer 2015;51:451—463.

[24] Rivard MJ, Davis SD, DeWerd LA, et al. Calculated and measured
brachytherapy dosimetry parameters in water for the Xoft Axxent
X-Ray Source: an electronic brachytherapy source. Med Phys
2006;33:4020—4032.

[25] Landry G, Reniers B, Murrer L, et al. Sensitivity of low energy
brachytherapy Monte Carlo dose calculations to uncertainties in hu-
man tissue composition. Med Phys 2010;37:5188—5198.

[26] Beaulieu L, Carlsson Tedgren A, Carrier JF, et al. Report of the Task
Group 186 on model-based dose calculation methods in brachyther-
apy beyond the TG-43 formalism: current status and recommenda-
tions for clinical implementation. Med Phys 2012;39:6208—6236.

[27] Bartelink H, Maingon P, Poortmans P, et al. Whole-breast irradia-
tion with or without a boost for patients treated with breastconserv-
ing surgery for early breast cancer: 20-year follow-up of a
randomised phase 3 trial. Lancet Oncol 2015;16:47—56.

[28] Smith BD, Bellon JR, Blitzblau R, et al. Radiation therapy for the
whole breast: executive summary of an American Society for Radi-
ation Oncology (ASTRO) evidence-based guideline. Pract Radiat
Oncol 2018;8:145—152.

[29] Kaiser J, Kronberger C, Moder A, et al. Intraoperative tumor bed
boost with electrons in breast cancer of clinical stages I through
IIT: updated 10-year results. Int J Radiat Oncol Biol Phys 2018;
102:92—101.

[30] Vaidya JS, Baum M, Tobias JS, et al. Long-term results of targeted
intraoperative radiotherapy (Targit) boost during breast-conserving
surgery. Int J Radiat Oncol Biol Phys 2011;81:1091—1097.

[31] Blank E, Kraus-Tiefenbacher U, Welzel G, et al. Single-center long-
term follow-up after intraoperative radiotherapy as a boost during
breast-conserving surgery using low-kilovoltage x-rays. Ann Surg
Oncol 2010;17:352—358.

[32] Shah C, Al-Hilli Z, Schwarz G. Oncoplastic surgery in breast can-
cer: don’t forget the boost! Ann Surg Oncol 2018;25:2509—2511.

[33] Showalter SL, Petroni G, Trifiletti DM, ef al. A novel form of breast
intraoperative radiation therapy with CT-guided high-dose-rate
brachytherapy: results of a prospective phase 1 clinical trial. Int J
Radiat Oncol Biol Phys 2016;96:46—54.

[34] Shah C, Verma V, Takiar R, et al. Radiation therapy in the manage-
ment of soft tissue sarcoma: a clinician’s guide to timing, tech-
niques, and targets. Am J Clin Oncol 2016;39:630—635.

[35] Naghavi AO, Fernandez DC, Mesko N, ef al. American Brachyther-
apy Society consensus statement for soft tissue sarcoma brachyther-
apy. Brachytherapy 2017;16:466—489.

[36] Roeder F, Lehner B, Saleh-Ebrahimi L, et al. Intraoperative electron
radiation therapy combined with external beam radiation therapy
and limb sparing surgery in extremity soft tissue sarcoma: a retro-
spective single center analysis of 183 cases. Radiother Oncol
2016;119:22—-29.

[37] Stucky CC, Wasif N, Ashman JB, ef al. Excellent local control with
preoperative radiation therapy, surgical resection, and intra-
operative electron radiation therapy for retroperitoneal sarcoma. J
Surg Oncol 2014;109:798—803.

[38] Cambeiro M, Aristu JJ, Moreno Jimenez M, et al. Salvage wide
resection with intraoperative electron beam therapy or HDR brachy-
therapy in the management of isolated local recurrences of soft tis-
sue sarcomas of the extremities and the superficial trunk.
Brachytherapy 2015;14:62—70.

[39] Sindelar WF, Kinsella TJ, Chen PW, et al. Intraoperative radio-
therapy in retroperitoneal sarcomas. Final results of a prospective,
randomized, clinical trial. Arch Surg 1993;128:402—410.

[40] Fein DA, Corn BW, Lanciano RM, et al. Management of retroper-
itoneal sarcomas: does dose escalation impact on locoregional con-
trol? Int J Radiat Oncol Biol Phys 1995;31:129—134.

[41] Yu JI, Lim do H, Park HC, et al. Clinical outcomes of tissue ex-
panders on adjuvant radiotherapy of resected retroperitoneal sar-
coma. Medicine (Baltimore) 2016;95:e4123.

[42] Smith MJ, Ridgway PF, Catton CN, et al. Combined management of
retroperitoneal sarcoma with dose intensification radiotherapy and
resection: long-term results of a prospective trial. Radiother Oncol
2014;110:165—171.

[43] Gieschen HL, Spiro 1J, Suit HD, et al. Long-term results of intrao-
perative electron beam radiotherapy for primary and recurrent retro-
peritoneal soft tissue sarcoma. Int J Radiat Oncol Biol Phys 2001;
50:127—131.

[44] Yoon SS, Chen YL, Kirsch DG, et al. Proton-beam, intensity-
modulated, and/or intraoperative electron radiation therapy com-
bined with aggressive anterior surgical resection for retroperitoneal
sarcomas. Ann Surg Oncol 2010;17:1515—1529.

[45] Roeder F, Ulrich A, Habl G, et al. Clinical phase I/II trial to inves-
tigate preoperative dose-escalated intensity-modulated radiation
therapy (IMRT) and intraoperative radiation therapy (IORT) in pa-
tients with retroperitoneal soft tissue sarcoma: interim analysis.
BMC Cancer 2014;14:617.

[46] Roeder F, Schulz-Ertner D, Nikoghosyan AV, et al. A clinical phase
I/II trial to investigate preoperative dose-escalated intensity-modu-
lated radiation therapy (IMRT) and intraoperative radiation therapy
(IORT) in patients with retroperitoneal soft tissue sarcoma. BMC
Cancer 2012;12:287.

[47] Alektiar KM, Hu K, Anderson L, et al. High-dose-rate intraopera-
tive radiation therapy (HDR-IORT) for retroperitoneal sarcomas.
Int J Radiat Oncol Biol Phys 2000;47:157—163.

[48] Ballo MT, Zagars GK, Pollock RE, et al. Retroperitoneal soft tissue
sarcoma: an analysis of radiation and surgical treatment. /nt J Radi-
at Oncol Biol Phys 2007;67:158—163.

[49] Lee HJ, Song SY, Kwon TW, et al. Treatment outcome of postoper-
ative radiotherapy for retroperitoneal sarcoma. Radiat Oncol J 2011;
29:260—268.

[50] Dziewirski W, Rutkowski P, Nowecki ZI, ef al. Surgery combined
with intraoperative brachytherapy in the treatment of retroperitoneal
sarcomas. Ann Surg Oncol 2006;13:245—252.

[51] Davis AM, O’Sullivan B, Turcotte R, et al. Late radiation morbidity
following randomization to preoperative versus postoperative radio-
therapy in extremity soft tissue sarcoma. Radiother Oncol 2005;75:
48—53.

[52] CalvoFA, Ortiz de Urbina D, Abuchaibe O, et al. Intraoperative radio-
therapy during lung cancer surgery: technical description and early
clinical results. Int J Radiat Oncol Biol Phys 1990;19:103—109.

[53] Smolle-Juettner FM, Geyer E, Kapp KS, et al. Evaluating intraoper-
ative radiation therapy (IORT) and external beam radiation therapy
(EBRT) in non-small cell lung cancer (NSCLC). Five years experi-
ence. Eur J Cardiothorac Surg 1994;8:511-516.

[54] Aristu J, Rebollo J, Martinez-Monge R, et al. Cisplatin, mitomycin,
and vindesine followed by intraoperative and postoperative radio-
therapy for stage III non-small cell lung cancer: final results of a
phase II study. Am J Clin Oncol 1997;20:276—281.

[55] Martinez-Monge R, Herreros J, Aristu JJ, ef al. Combined treatment
in superior sulcus tumors. Am J Clin Oncol 1994;17:317—322.

[56] Ginsberg RJ, Rubinstein LV. Randomized trial of lobectomy versus
limited resection for T1 NO non-small cell lung cancer. Lung Cancer
Study Group. Ann Thorac Surg 1995;60:615—622. discussion 622-
613.

[57] Birdas TJ, Koehler RP, Colonias A, et al. Sublobar resection with
brachytherapy versus lobectomy for stage Ib nonsmall cell lung can-
cer. Ann Thorac Surg 2006;81:434—438. discussion 438-439.


http://refhub.elsevier.com/S1538-4721(18)30778-5/sref21
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref21
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref21
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref21
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref21
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref22
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref22
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref22
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref23
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref23
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref23
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref23
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref23
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref24
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref24
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref24
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref24
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref24
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref25
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref25
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref25
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref25
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref26
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref26
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref26
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref26
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref26
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref27
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref27
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref27
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref27
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref27
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref28
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref28
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref28
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref28
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref28
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref29
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref29
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref29
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref29
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref29
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref30
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref30
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref30
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref30
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref31
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref31
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref31
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref31
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref31
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref32
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref32
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref32
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref33
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref33
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref33
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref33
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref33
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref34
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref34
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref34
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref34
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref35
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref35
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref35
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref35
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref36
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref36
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref36
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref36
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref36
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref36
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref37
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref37
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref37
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref37
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref37
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref38
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref38
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref38
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref38
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref38
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref38
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref39
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref39
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref39
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref39
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref40
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref40
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref40
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref40
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref41
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref41
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref41
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref42
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref42
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref42
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref42
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref42
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref43
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref43
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref43
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref43
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref43
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref44
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref44
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref44
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref44
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref44
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref45
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref45
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref45
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref45
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref45
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref46
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref46
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref46
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref46
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref46
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref47
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref47
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref47
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref47
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref48
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref48
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref48
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref48
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref49
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref49
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref49
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref49
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref50
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref50
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref50
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref50
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref51
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref51
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref51
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref51
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref51
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref52
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref52
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref52
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref52
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref53
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref53
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref53
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref53
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref53
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref54
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref54
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref54
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref54
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref54
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref55
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref55
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref55
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref56
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref56
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref56
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref56
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref56
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref57
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref57
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref57
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref57

M.C. Tom et al. / Brachytherapy 18 (2019) 242—257 255

[58] d’Amato TA, Galloway M, Szydlowski G, et al. Intraoperative
brachytherapy following thoracoscopic wedge resection of stage I
lung cancer. Chest 1998;114:1112—1115.

[59] Fernando HC, Santos RS, Benfield JR, et al. Lobar and sublobar
resection with and without brachytherapy for small stage IA non-
small cell lung cancer. J Thorac Cardiovasc Surg 2005;129:261—
267.

[60] Lee W, Daly BD, DiPetrillo TA, et al. Limited resection for non-
small cell lung cancer: observed local control with implantation
of 1-125 brachytherapy seeds. Ann Thorac Surg 2003;75:237—242.
discussion 242-233.

[61] McKenna RJ Jr, Mahtabifard A, Yap J, er al. Wedge resection and
brachytherapy for lung cancer in patients with poor pulmonary func-
tion. Ann Thorac Surg 2008;85:S733—S736.

[62] Santos R, Colonias A, Parda D, et al. Comparison between sublobar
resection and 125lodine brachytherapy after sublobar resection in
high-risk patients with Stage I non-small-cell lung cancer. Surgery
2003;134:691—697. discussion 697.

[63] Fernando HC, Landreneau RJ, Mandrekar SJ, et al. Impact of
brachytherapy on local recurrence rates after sublobar resection: re-
sults from ACOSOG Z4032 (Alliance), a phase III randomized trial
for high-risk operable non-small-cell lung cancer. J Clin Oncol
2014;32:2456—2462.

[64] Ang KK, Zhang Q, Rosenthal DI, et al. Randomized phase III trial
of concurrent accelerated radiation plus cisplatin with or without ce-
tuximab for stage III to IV head and neck carcinoma: RTOG 0522. J
Clin Oncol 2014;32:2940—2950.

[65] Forastiere AA, Zhang Q, Weber RS, er al. Long-term results of
RTOG 91-11: a comparison of three nonsurgical treatment strategies
to preserve the larynx in patients with locally advanced larynx can-
cer. J Clin Oncol 2013;31:845—852.

[66] Beitler JJ, Zhang Q, Fu KK, ef al. Final results of local-regional
control and late toxicity of RTOG 9003: a randomized trial of
altered fractionation radiation for locally advanced head and neck
cancer. Int J Radiat Oncol Biol Phys 2014;89:13—20.

[67] Adelstein DJ, Li Y, Adams GL, et al. An intergroup phase III com-
parison of standard radiation therapy and two schedules of concur-
rent chemoradiotherapy in patients with unresectable squamous cell
head and neck cancer. J Clin Oncol 2003;21:92—98.

[68] Bonner JA, Harari PM, Giralt J, et al. Radiotherapy plus cetuximab
for squamous-cell carcinoma of the head and neck. N Engl J Med
2006;354:567—578.

[69] Morris LG, Sikora AG, Patel SG, et al. Second primary cancers after
an index head and neck cancer: subsite-specific trends in the era of
human papillomavirus-associated oropharyngeal cancer. J Clin On-
col 2011;29:739—746.

[70] Kyrgias G, Hajiioannou J, Tolia M, et al. Intraoperative radiation
therapy (IORT) in head and neck cancer: a systematic review. Med-
icine (Baltimore) 2016;95:¢5035.

[71] Garrett P, Pugh N, Ross D, et al. Intraoperative radiation therapy for
advanced or recurrent head and neck cancer. Int J Radiat Oncol Biol
Phys 1987;13:785—788.

[72] Schuller DE, Ozer E, Agrawal A, et al. Multimodal intensification
regimens for advanced, resectable, previously untreated squamous
cell cancer of the oral cavity, oropharynx, or hypopharynx: a 12-
year experience. Arch Otolaryngol Head Neck Surg 2007;133:
320—326.

[73] Nag S, Koc M, Schuller DE, et al. Intraoperative single fraction
high-dose-rate brachytherapy for head and neck cancers. Brachy-
therapy 2005;4:217—223.

[74] Freeman SB, Hamaker RC, Singer MI, et al. Intraoperative radio-
therapy of head and neck cancer. Arch Otolaryngol Head Neck Surg
1990;116:165—168.

[75] Spaeth J, Andreopoulos D, Unger T, ef al. Intra-operative ra-
diotherapy— 5 years of experience in the palliative treatment
of recurrent and advanced head and neck cancers. Oncology
1997;54:208—213.

[76] Schleicher UM, Phonias C, Spaeth J, et al. Intraoperative radio-
therapy for pre-irradiated head and neck cancer. Radiother Oncol
2001;58:77—81.

[77] Zeidan YH, Yeh A, Weed D, et al. Intraoperative radiation therapy
for advanced cervical metastasis: a single institution experience. Ra-
diat Oncol 2011;6:72.

[78] Emami B, Borrowdale RW, Sethi A, et al. Intraoperative radiation
therapy in head and neck cancers. Int J Radiat Oncol Biol Phys
2017;99:e335—e336.

[79] Ward MC, Riaz N, Caudell JJ, et al. Refining patient selection for
reirradiation of head and neck squamous carcinoma in the IMRT
era: a multi-institution cohort study by the MIRI collaborative. Int
J Radiat Oncol Biol Phys 2018;100:586—594.

[80] Vargo JA, Ward MC, Caudell JJ, et al. A multi-institutional compar-
ison of SBRT and IMRT for definitive reirradiation of recurrent or
second primary head and neck cancer. Int J Radiat Oncol Biol Phys
2018;100:595—605.

[81] Shipley WU, Wood WC, Tepper JE, et al. Intraoperative electron
beam irradiation for patients with unresectable pancreatic carci-
noma. Ann Surg 1984;200:289—296.

[82] Wood WC, Shipley WU, Gunderson LL, et al. Intraoperative irradi-
ation for unresectable pancreatic carcinoma. Cancer 1982;49:
1272—1275.

[83] Willett CG, Del Castillo CF, Shih HA, et al. Long-term results of
intraoperative electron beam irradiation (IOERT) for patients with
unresectable pancreatic cancer. Ann Surg 2005;241:295—299.

[84] Cai S, Hong TS, Goldberg SI, et al. Updated long-term outcomes
and prognostic factors for patients with unresectable locally
advanced pancreatic cancer treated with intraoperative radiotherapy
at the Massachusetts General Hospital, 1978 to 2010. Cancer 2013;
119:4196—4204.

[85] Keane FK, Wo JY, Ferrone CR, et al. Intraoperative radiotherapy in
the era of intensive neoadjuvant chemotherapy and chemoradiother-
apy for pancreatic adenocarcinoma. Am J Clin Oncol 2018;41:607—
612.

[86] Chen Y, Che X, Zhang J, er al. Long-term results of intraoperative
electron beam radiation therapy for nonmetastatic locally advanced
pancreatic cancer: retrospective cohort study, 7-year experience
with 247 patients at the National Cancer Center in China. Medicine
(Baltimore) 2016;95:e4861.

[87] Calvo FA, Sole CV, Atahualpa F, ef al. Chemoradiation for resected
pancreatic adenocarcinoma with or without intraoperative radiation
therapy boost: long-term outcomes. Pancreatology 2013;13:576—
582.

[88] Rahy-Martin AC, Cruz-Benavides F, Sanchez-Lauro M, et al. Intra-
operative radiotherapy with the Intrabeam((R)) device for the treat-
ment of resectable pancreatic adenocarcinoma. Cir Esp 2018;96:
482—487.

[89] Krempien R, Roeder E. Intraoperative radiation therapy (IORT) in
pancreatic cancer. Radiat Oncol 2017;12:8.

[90] Palta M, Willett C, Czito B. The role of intraoperative radiation
therapy in patients with pancreatic cancer. Semin Radiat Oncol
2014;24:126—131.

[91] Jingu K, Tanabe T, Nemoto K, et al. Intraoperative radiotherapy for
pancreatic cancer: 30-year experience in a single institution in
Japan. Int J Radiat Oncol Biol Phys 2012;83:e507—e511.

[92] Sauer R, Liersch T, Merkel S, et al. Preoperative versus postopera-
tive chemoradiotherapy for locally advanced rectal cancer: results of
the German CAO/ARO/AIO-94 randomized phase III trial after a
median follow-up of 11 years. J Clin Oncol 2012;30:1926—1933.

[93] Marijnen CA, Nagtegaal ID, Kapiteijn E, et al. Radiotherapy does
not compensate for positive resection margins in rectal cancer pa-
tients: report of a multicenter randomized trial. Int J Radiat Oncol
Biol Phys 2003;55:1311—1320.

[94] Bird TG, Ngan SY, Chu J, et al. Outcomes and prognostic factors of
multimodality treatment for locally recurrent rectal cancer with
curative intent. Int J Colorectal Dis 2018;33:393—401.


http://refhub.elsevier.com/S1538-4721(18)30778-5/sref58
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref58
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref58
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref58
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref59
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref59
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref59
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref59
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref60
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref60
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref60
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref60
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref60
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref61
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref61
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref61
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref61
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref62
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref62
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref62
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref62
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref62
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref63
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref63
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref63
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref63
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref63
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref63
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref64
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref64
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref64
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref64
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref64
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref65
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref65
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref65
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref65
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref65
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref66
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref66
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref66
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref66
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref66
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref67
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref67
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref67
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref67
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref67
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref68
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref68
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref68
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref68
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref69
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref69
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref69
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref69
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref69
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref70
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref70
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref70
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref71
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref71
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref71
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref71
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref72
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref72
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref72
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref72
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref72
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref72
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref73
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref73
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref73
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref73
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref74
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref74
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref74
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref74
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref75
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref75
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref75
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref75
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref75
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref75
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref76
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref76
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref76
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref76
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref77
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref77
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref77
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref78
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref78
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref78
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref78
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref79
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref79
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref79
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref79
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref79
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref80
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref80
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref80
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref80
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref80
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref81
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref81
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref81
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref81
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref82
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref82
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref82
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref82
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref83
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref83
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref83
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref83
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref84
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref84
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref84
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref84
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref84
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref84
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref85
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref85
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref85
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref85
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref86
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref86
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref86
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref86
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref86
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref87
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref87
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref87
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref87
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref88
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref88
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref88
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref88
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref88
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref89
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref89
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref90
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref90
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref90
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref90
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref91
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref91
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref91
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref91
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref92
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref92
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref92
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref92
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref92
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref93
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref93
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref93
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref93
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref93
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref94
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref94
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref94
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref94

256 M.C. Tom et al. / Brachytherapy 18 (2019) 242—257

[95] Mirnezami R, Chang GJ, Das P, et al. Intraoperative radiotherapy in
colorectal cancer: systematic review and meta-analysis of tech-
niques, long-term outcomes, and complications. Surg Oncol 2013;
22:22-35.

[96] Gunderson LL, Nelson H, Martenson JA, et al. Locally advanced
primary colorectal cancer: intraoperative electron and external beam
irradiation +/- 5-FU. Int J Radiat Oncol Biol Phys 1997;37:601—
614.

[97] Terezakis S, Morikawa L, Wu A, et al. Long-term survival after
high-dose-rate brachytherapy for locally advanced or recurrent colo-
rectal adenocarcinoma. Ann Surg Oncol 2015;22:2168—2178.

[98] Dubois JB, Bussieres E, Richaud P, ef al. Intra-operative radio-
therapy of rectal cancer: results of the French multi-institutional
randomized study. Radiother Oncol 2011;98:298—303.

[99] Masaki T, Takayama M, Matsuoka H, er al. Intraoperative radio-
therapy for oncological and function-preserving surgery in patients
with advanced lower rectal cancer. Langenbecks Arch Surg 2008;
393:173—180.

[100] Nakfoor BM, Willett CG, Shellito PC, et al. The impact of 5-
fluorouracil and intraoperative electron beam radiation therapy on
the outcome of patients with locally advanced primary rectal and
rectosigmoid cancer. Ann Surg 1998;228:194—200.

[101] Gaspar LE, Fisher BJ, Macdonald DR, et al. Supratentorial malig-
nant glioma: patterns of recurrence and implications for external
beam local treatment. Int J Radiat Oncol Biol Phys 1992;24:55—57.

[102] Gebhardt BJ, Dobelbower MC, Ennis WH, et al. Patterns of failure
for glioblastoma multiforme following limited-margin radiation and
concurrent temozolomide. Radiat Oncol 2014;9:130.

[103] Petrecca K, Guiot MC, Panet-Raymond V, et al. Failure pattern
following complete resection plus radiotherapy and temozolomide
is at the resection margin in patients with glioblastoma. J Neuroon-
col 2013;111:19—-23.

[104] Li YM, Suki D, Hess K, et al. The influence of maximum safe resec-
tion of glioblastoma on survival in 1229 patients: can we do better
than gross-total resection? J Neurosurg 2016;124:977—988.

[105] Grabowski MM, Recinos PF, Nowacki AS, efr al. Residual tumor
volume versus extent of resection: predictors of survival after sur-
gery for glioblastoma. J Neurosurg 2014;121:1115—1123.

[106] Do V, Gebski V, Barton MB. The effect of waiting for radiotherapy
for grade III/IV gliomas. Radiother Oncol 2000;57:131—136.

[107] Sun MZ, Oh T, Ivan ME, et al. Survival impact of time to initiation
of chemoradiotherapy after resection of newly diagnosed glioblas-
toma. J Neurosurg 2015;122:1144—1150.

[108] Han SJ, Rutledge WC, Molinaro AM, et al. The effect of timing of
concurrent chemoradiation in patients with newly diagnosed glio-
blastoma. Neurosurgery 2015;77:248—253. discussion 253.

[109] Fujiwara T, Honma Y, Ogawa T, et al. Intraoperative radiotherapy
for gliomas. J Neurooncol 1995;23:81—86.

[110] Sakai N, Yamada H, Andoh T, ef al. Intraoperative radiation therapy
for malignant glioma. Neurol Med Chir (Tokyo) 1991;31:702—707.

[111] Matsutani M, Nakamura O, Nagashima T, et al. Intra-operative ra-
diation therapy for malignant brain tumors: rationale, method, and
treatment results of cerebral glioblastomas. Acta Neurochir (Wien)
1994;131:80—90.

[112] Nemoto K, Ogawa Y, Matsushita H, et al. Intraoperative radiation
therapy (IORT) for previously untreated malignant gliomas. BMC
Cancer 2002;2:1.

[113] Schueller P, Micke O, Palkovic S, ef al. 12 years’ experience with
intraoperative radiotherapy (IORT) of malignant gliomas. Strah-
lenther Onkol 2005;181:500—506.

[114] Giordano FA, Brehmer S, Murle B, et al. Intraoperative radio-
therapy in newly diagnosed glioblastoma (INTRAGO): an open-
label, dose-escalation phase I/II trial. Neurosurgery 2018;84:41—49.

[115] Intraoperative radiotherapy in newly diagnosed glioblastoma multi-
forme - full text view - clinicaltrials.gov. Available at. https:/
clinicaltrials.gov/ct2/show/NCT02685605. Accessed December 28,
2018.

[116] Mahajan A, Ahmed S, McAleer MF, et al. Post-operative stereotac-
tic radiosurgery versus observation for completely resected brain
metastases: a single-centre, randomised, controlled, phase 3 trial.
Lancet Oncol 2017;18:1040—1048.

[117] Brown PD, Ballman KV, Cerhan JH, et al. Postoperative stereotactic
radiosurgery compared with whole brain radiotherapy for resected
metastatic brain disease (NCCTG N107C/CEC.3): a multicentre,
randomised, controlled, phase 3 trial. Lancet Oncol 2017;18:
1049—1060.

[118] Patel RA, Lock D, Helenowski IB, ef al. Postsurgical cavity evolu-
tion after brain metastasis resection: how soon should postoperative
radiosurgery follow? World Neurosurg 2018;110:e310—e314.

[119] Curry WT Jr, Cosgrove GR, Hochberg FH, et al. Stereotactic inter-
stitial radiosurgery for cerebral metastases. J Neurosurg 2005;103:
630—635.

[120] Pantazis G, Trippel M, Birg W, et al. Stereotactic interstitial radio-
surgery with the Photon Radiosurgery System (PRS) for metastatic
brain tumors: a prospective single-center clinical trial. Int J Radiat
Oncol Biol Phys 2009;75:1392—1400.

[121] Weil RJ, Mavinkurve GG, Chao ST, et al. Intraoperative radio-
therapy to treat newly diagnosed solitary brain metastasis: initial
experience and long-term outcomes. J Neurosurg 2015;122:825—
832.

[122] Intraoperative radiotherapy after the resection of brain metastases -
full text view - ClinicalTrials.gov. Available at. https://clinicaltrials.
gov/ct2/show/NCT03226483. Accessed December 28, 2018.

[123] Petr MJ, McPherson CM, Breneman JC, et al. Management of
newly diagnosed single brain metastasis with surgical resection
and permanent 1-125 seeds without upfront whole brain radio-
therapy. J Neurooncol 2009;92:393—400.

[124] Huang K, Sneed PK, Kunwar S, et al. Surgical resection and perma-
nent iodine-125 brachytherapy for brain metastases. J Neurooncol
2009;91:83—93.

[125] Wowra B, Schmitt HP, Sturm V. Incidence of late radiation necrosis
with transient mass effect after interstitial low dose rate radio-
therapy for cerebral gliomas. Acta Neurochir (Wien) 1989;99:
104—108.

[126] Wernicke AG, Yondorf MZ, Peng L, et al. Phase I/II study of resec-
tion and intraoperative cesium-131 radioisotope brachytherapy in
patients with newly diagnosed brain metastases. J Neurosurg
2014;121:338—348.

[127] Wernicke AG, Hirschfeld CB, Smith AW, et al. Clinical outcomes of
large brain metastases treated with Neurosurgical resection and in-
traoperative cesium-131 brachytherapy: results of a prospective
trial. Int J Radiat Oncol Biol Phys 2017;98:1059—1068.

[128] Perez CA, Grigsby PW, Camel HM, et al. Irradiation alone or com-
bined with surgery in stage IB, IIA, and IIB carcinoma of uterine
cervix: update of a nonrandomized comparison. Int J Radiat Oncol
Biol Phys 1995;31:703—716.

[129] Bosse T, Peters EE, Creutzberg CL, ef al. Substantial lymphvascular
space invasion (LVSI) is a significant risk factor for recurrence in
endometrial cancer—A pooled analysis of PORTEC 1 and 2 trials.
Eur J Cancer 2015;51:1742—1750.

[130] Barney BM, Petersen 1A, Dowdy SC, et al. Intraoperative Electron
Beam Radiotherapy (IOERT) in the management of locally
advanced or recurrent cervical cancer. Radiat Oncol 2013;8:80.

[131] Mahe MA, Gerard JP, Dubois JB, et al. Intraoperative radiation ther-
apy in recurrent carcinoma of the uterine cervix: report of the
French intraoperative group on 70 patients. Int J Radiat Oncol Biol
Phys 1996;34:21—26.

[132] Dowdy SC, Mariani A, Cliby WA, et al. Radical pelvic resection
and intraoperative radiation therapy for recurrent endometrial can-
cer: technique and analysis of outcomes. Gynecol Oncol 2006;
101:280—286.

[133] Awtrey CS, Cadungog MG, Leitao MM, et al. Surgical resection of
recurrent endometrial carcinoma. Gynecol Oncol 2006;102:480—
488.


http://refhub.elsevier.com/S1538-4721(18)30778-5/sref95
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref95
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref95
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref95
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref95
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref96
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref96
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref96
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref96
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref96
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref97
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref97
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref97
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref97
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref98
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref98
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref98
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref98
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref99
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref99
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref99
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref99
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref99
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref100
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref100
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref100
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref100
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref100
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref101
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref101
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref101
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref101
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref102
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref102
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref102
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref103
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref103
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref103
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref103
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref103
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref104
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref104
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref104
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref104
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref105
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref105
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref105
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref105
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref106
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref106
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref106
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref107
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref107
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref107
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref107
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref108
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref108
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref108
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref108
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref109
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref109
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref109
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref110
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref110
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref110
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref111
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref111
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref111
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref111
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref111
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref112
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref112
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref112
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref113
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref113
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref113
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref113
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref114
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref114
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref114
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref114
https://clinicaltrials.gov/ct2/show/NCT02685605
https://clinicaltrials.gov/ct2/show/NCT02685605
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref116
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref116
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref116
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref116
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref116
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref117
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref117
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref117
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref117
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref117
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref117
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref118
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref118
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref118
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref118
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref119
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref119
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref119
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref119
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref120
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref120
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref120
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref120
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref120
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref121
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref121
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref121
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref121
https://clinicaltrials.gov/ct2/show/NCT03226483
https://clinicaltrials.gov/ct2/show/NCT03226483
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref123
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref123
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref123
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref123
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref123
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref124
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref124
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref124
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref124
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref125
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref125
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref125
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref125
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref125
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref126
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref126
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref126
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref126
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref126
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref127
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref127
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref127
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref127
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref127
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref128
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref128
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref128
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref128
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref128
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref129
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref129
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref129
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref129
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref129
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref129
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref130
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref130
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref130
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref131
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref131
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref131
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref131
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref131
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref132
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref132
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref132
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref132
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref132
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref133
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref133
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref133

[134]

[135]

[136]

[137]

[138]

[139]

[140]

[141]

[142]

[143]

M.C. Tom et al. / Brachytherapy 18 (2019) 242—257

Garton GR, Gunderson LL, Webb MJ, et al. Intraoperative radiation
therapy in gynecologic cancer: update of the experience at a single
institution. Int J Radiat Oncol Biol Phys 1997;37:839—843.
Stelzer KJ, Koh WJ, Greer BE, et al. The use of intraoperative ra-
diation therapy in radical salvage for recurrent cervical cancer:
outcome and toxicity. Am J Obstet Gynecol 1995;172:1881—1886.
discussion 1886-1888.

del Carmen MG, Mclntyre JF, Fuller AF, et al. Intraoperative radi-
ation therapy in the treatment of pelvic gynecologic malignancies: a
review of fifteen cases. Gynecol Oncol 2000;79:457—462.
Martinez-Monge R, Jurado M, Aristu 1], et al. Intraoperative elec-
tron beam radiotherapy during radical surgery for locally advanced
and recurrent cervical cancer. Gynecol Oncol 2001;82:538—543.
Tran PT, Su Z, Hara W, et al. Long-term survivors using intraoper-
ative radiotherapy for recurrent gynecologic malignancies. Int J Ra-
diat Oncol Biol Phys 2007;69:504—511.

Calvo FA, Sole CV, Lozano MA, et al. Intraoperative electron
beam radiotherapy and extended surgical resection for gynecolog-
ical pelvic recurrent malignancies with and without external beam
radiation therapy: long-term outcomes. Gynecol Oncol 2013;130:
537—544.

Backes FJ, Billingsley CC, Martin DD, et al. Does intra-operative
radiation at the time of pelvic exenteration improve survival for pa-
tients with recurrent, previously irradiated cervical, vaginal, or
vulvar cancer? Gynecol Oncol 2014;135:95—99.

Foley OW, Rauh-Hain JA, Clark RM, et al. Intraoperative radiation
therapy in the management of gynecologic malignancies. Am J Clin
Oncol 2016;39:329—334.

Sole CV, Calvo FA, Lozano MA, et al. External-beam radiation
therapy after surgical resection and intraoperative electron-beam ra-
diation therapy for oligorecurrent gynecological cancer. Long-term
outcome. Strahlenther Onkol 2014;190:171—180.

Arians N, Foerster R, Rom J, et al. Outcome of patients with local
recurrent gynecologic malignancies after resection combined with
intraoperative electron radiation therapy (IOERT). Radiat Oncol
2016;11:44.

[144]

[145]

[146]

[147]

[148]

[149]

[150]

[151]

[152]

[153]

257

Gemignani ML, Alektiar KM, Leitao M, er al. Radical surgical
resection and high-dose intraoperative radiation therapy
(HDRIORT) in patients with recurrent gynecologic cancers. Int J
Radiat Oncol Biol Phys 2001;50:687—694.

Giorda G, Boz G, Gadducci A, et al. Multimodality approach in ex-
tra cervical locally advanced cervical cancer: chemoradiation, sur-
gery and intra-operative radiation therapy. A phase II trial. Eur J
Surg Oncol 2011;37:442—447.

Merchant TE, Zelefsky MJ, Sheldon JM, et al. High-dose rate intra-
operative radiation therapy for pediatric solid tumors. Med Pediatr
Oncol 1998;30:34—39.

Schomberg PJ, Gunderson LL, Moir CR, et al. Intraoperative elec-
tron irradiation in the management of pediatric malignancies. Can-
cer 1997;79:2251-2256.

Gillis AM, Sutton E, Dewitt KD, et al. Long-term outcome and tox-
icities of intraoperative radiotherapy for high-risk neuroblastoma.
Int J Radiat Oncol Biol Phys 2007;69:858—864.

Kunieda E, Hirobe S, Kaneko T, et al. Patterns of local recurrence
after intraoperative radiotherapy for advanced neuroblastoma. Jpn J
Clin Oncol 2008;38:562—566.

Rich BS, McEvoy MP, LaQuaglia MP, et al. Local control, survival,
and operative morbidity and mortality after re-resection, and intra-
operative radiation therapy for recurrent or persistent primary
high-risk neuroblastoma. J Pediatr Surg 2011;46:97—102.

Folkert MR, Tong WY, LaQuaglia MP, et al. 20-year experience
with intraoperative high-dose-rate brachytherapy for pediatric sar-
coma: outcomes, toxicity, and practice recommendations. Int J Ra-
diat Oncol Biol Phys 2014;90:362—368.

Calvo FA, Ortiz de Urbina D, Sierrasesumaga L, et al. Intraopera-
tive radiotherapy in the multidisciplinary treatment of bone sar-
comas in children and adolescents. Med Pediatr Oncol 1991;19:
478—485.

Sole CV, Calvo FA, Polo A, et al. Intraoperative electron-beam ra-
diation therapy for pediatric ewing sarcomas and rhabdomyosar-
comas: long-term outcomes. Int J Radiat Oncol Biol Phys 2015;
92:1069—1076.


http://refhub.elsevier.com/S1538-4721(18)30778-5/sref134
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref134
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref134
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref134
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref135
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref135
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref135
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref135
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref135
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref136
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref136
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref136
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref136
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref137
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref137
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref137
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref137
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref138
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref138
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref138
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref138
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref139
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref139
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref139
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref139
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref139
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref139
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref140
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref140
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref140
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref140
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref140
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref141
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref141
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref141
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref141
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref142
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref142
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref142
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref142
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref142
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref143
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref143
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref143
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref143
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref144
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref144
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref144
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref144
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref144
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref145
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref145
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref145
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref145
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref145
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref146
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref146
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref146
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref146
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref147
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref147
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref147
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref147
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref148
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref148
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref148
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref148
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref149
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref149
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref149
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref149
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref150
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref150
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref150
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref150
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref150
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref151
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref151
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref151
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref151
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref151
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref152
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref152
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref152
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref152
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref152
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref153
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref153
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref153
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref153
http://refhub.elsevier.com/S1538-4721(18)30778-5/sref153

	The American Brachytherapy Society consensus statement on intraoperative radiation therapy
	Introduction
	Methods
	Results
	Review of IORT techniques
	Electron beam IORT
	Radionuclide-based IORT-HDR
	Low-energy electronic-based IORT
	Intraoperative permanent low-dose-rate brachytherapy

	Clinical sites
	Breast cancer
	Recommendation
	Lumpectomy cavity boost


	Recommendation
	Future directions
	Sarcoma
	Recommendation
	Retroperitoneal sarcomas


	Recommendation
	Future directions
	Thorax
	Recommendation
	Future directions

	Head and neck cancer
	Recommendation
	Future directions

	Pancreatic cancer
	Recommendation
	Future directions

	Colorectal malignancies
	Recommendation
	Future directions

	Central nervous system malignancies
	High-grade gliomas
	Recommendation
	Future directions

	Brain metastases

	Recommendation
	Future directions
	Gynecologic cancers
	Recommendation
	Future directions

	Pediatric cancers
	Recommendation
	Future directions


	Conclusions
	References


