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Simple Summary

Intraoperative radiotherapy (IORT) is a technique used to deliver a concentrated dose
of radiation during surgery, allowing for the precise targeting of cancerous tissues while
minimizing exposure to healthy structures. This review explores the clinical applications
of IORT and the limitations related to the lack of image-guided treatment planning. We
review recent developments in artificial intelligence (AI)—including machine learning, deep
learning, and radiomics—that may further enhance IORT by improving image analysis,
predicting treatment outcomes, and optimizing workflow efficiency. Integrating AI in IORT
may lead to more personalized and effective cancer care, reduce treatment variability, and
improve clinical decision-making.

Abstract

Intraoperative radiotherapy (IORT) is a radiation technique that allows for the delivery of
a high radiation dose to the target while preserving the surrounding structures, which can
be displaced during the surgical procedure. An important limitation of this technique is
the lack of real-time image guidance, which is one of the main achievements of modern
radiation therapy because it allows for treatment optimization. IORT can be delivered
by low-energy X-rays or by accelerated electrons. The present review describes the most
relevant clinical applications for IORT and discusses the potential advantages of using
artificial intelligence (AI) to overcome some of the current limitations of IORT. In recent
decades, IORT has proven to be an effective treatment in several cancer types. In breast
cancer, IORT can be used to deliver a single dose of radiation (partial breast irradiation)
or as a boost in high-risk patients. In locally advanced rectal cancer, a single dose to the
tumor bed can improve local control and prevent pelvic relapse in primary and recurrent
tumors. In sarcomas, IORT enables the delivery of high doses, achieving good functional
outcomes with low toxicity in tumors located in the retroperitoneum and extremities. In
pancreatic cancer, IORT shows promising results in borderline resectable and unresectable
cases. Ongoing technological advances are addressing current challenges in imaging
and radiation planning, paving the way for personalized, image-guided IORT. Recent
innovations such as CT- and MRI-equipped hybrid operating theaters allow for real-time
imaging, which could be used for AI-assisted segmentation and planning. Moreover,
the implementation of AI in terms of machine learning, deep learning, and radiomics
can improve the interpretation of imaging, predict treatment outcomes, and optimize
workflow efficiency.
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1. Introduction
Intraoperative irradiation is a procedure by which radiation is delivered to a target

during surgery to improve local tumor control while limiting irradiation of the skin and
superficial tissues. This procedure was first performed more than 120 years ago in a woman
with endometrial cancer. Since that time, a series of major technological advances have
led to the increasing clinical use of intraoperative radiotherapy (IORT) around the world.
From the 1930s to the 1950s, low-energy X-rays were used to treat abdominal, thoracic,
and head and neck cancers. In the 1960s, Cobalt gamma rays and betatron electrons were
used to deliver a single, high dose of radiation, an approach that was first performed at
Kyoto University in Japan by Abe et al. [1]. In the 1970s, two hospitals in the United States
(Howard University Hospital and Massachusetts General Hospital) used conventional
linear accelerators for IORT. In the 1990s, dedicated mobile electron linear accelerators
and miniaturized low-energy X-ray machines first became commercially available and
introduced into routine clinical practice at several centers around the world [1,2]. Later,
a new intraoperative modality based on megavoltage electrons was developed. That
technique eventually became known as intraoperative electron radiotherapy (IOERT). The
main difference between X-rays IORT and IOERT is the dose distribution at the target. IORT
uses spherical applicators to deliver low-energy X-rays (20–50 KeV). By contrast, IOERT
delivers accelerated electrons, with higher energies (ranging from 3 to 15 MeV). These
two techniques also differ in terms of the penetration depth, which is only 0.5–1.0 cm from
the surface of the IORT applicator but approximately up to 4–5 cm for IOERT, depending on
the electron energy and reference isodose. The main characteristics and differences between
these two intraoperative techniques are shown in Table 1. Although both kilovoltage IORT
and IOERT have been shown to yield excellent treatment outcomes, there is an intense,
ongoing debate in the field of radiation oncology among experts and opinion leaders with
regard to which of these two techniques is superior [3]. A challenge related to intraoperative
irradiation is that it requires a multidisciplinary staff with specific professional skills related
to this specific treatment modality and the need for expensive equipment and professional
expertise [4].

In an effort to promote the clinical use of this innovative treatment modality, the
International Society of Intraoperative Radiation Therapy (ISIORT) was founded in 1998 to
foster sharing of clinical experience among treatment centers and. The European section of
the ISIORT (ISIORT-Europe), which was created in 2006, established a database registry in
that same year [5,6]. The whole purpose was to collect and record technical and clinical
data related to IORT at the affiliated centers. Analyses of the data from the ISIORT registry
provide a clear picture of the patterns of care in IORT among the participating centers
(n = 46, mostly in Europe, but also in Asia and Central America), including the IORT
technique, the main tumor types, and patient selection criteria. A presentation at the
2021 meeting of the European Society for Radiotherapy and Oncology (ESTRO) reported
results from a study of data from approximately 15,000 patients that showed that breast
cancer accounted for the vast majority (81%) of IORT treatments, followed by rectal cancer,
sarcoma, prostate, and pancreatic cancers [7]. Over time, numerous clinical studies of
retrospective cohorts have been performed, with pooled analyses from experienced centers.
In some tumor types, randomized clinical trials have been conducted. The ESTRO-ACROP
has published recommendations for the use of IORT in selected tumor types. As a result,
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IORT is widely recognized for its capacity to achieve dose intensification to maximize
the local control (in combination with surgery) while limiting the potential side effects
associated with external beam radiation, which can harm the surrounding structures.

Table 1. Differences between intraoperative irradiation techniques: low-energy X-ray versus electrons.

IORT by Low-Energy X-Rays
(Spherical Applicator) IORT by Electrons (6–12 MeV)

Dose at surface (% of maximum dose) Higher (100%) Lower (86–94%)

Dose at 2 cm depth Lower (<20%) Higher (70–100%)

Dose homogeneity (surface to depth) >150% variation <15% variation

Depth of useful dose 0 cm–1 cm Up to 4–5 cm

Treatment time (or Beam-on time) 30–45 min 2–4 min

Procedure time 45–120 min 30–45 min

Treatment sites Small target volume within 1 cm
from the applicator surface

Larger target volume accessible with
applicators of about 10 cm in max diameter

According to some experts, one disadvantage of both kilovoltage X-ray IORT and
megavoltage IOERT is that dose distributions must be determined in real-time (i.e., during
treatment), which may lead to inaccuracies. In all other modern radiotherapy treatment
modalities, by contrast, the dose distribution is precisely determined prior to treatment. The
dose distribution is essential for patient positioning and to ensure accurate clinical decision-
making. In IORT/IOERT, it is not possible to determine the dose distribution without 3D
images obtained immediately after surgery but before the initiation of IORT. Moreover, in
the operating room, there is only a short window of time to perform dose optimization
following surgery. However, computed tomography (CT) scanners are now available in
the operating rooms at a growing number of centers, thus overcoming this important
obstacle to dose distribution optimization. In recent years, the application of artificial
intelligence (AI) in oncology has revolutionized the diagnostic accuracy and efficiency of
imaging. Advanced algorithms, particularly machine and deep learning models (a type
of AI), are now able to analyze complex imaging data, identifying subtle patterns present
in tumors that the human eye is unable to detect. In oncology, these algorithms may help
to improve patient selection for specific treatment types, including IORT [8]. In the near
future, advances in computational capacity applied to radiotherapy are expected to allow
medical physicists to quickly and accurately calculate dose distributions, even under the
demanding conditions of the operating room.

Given this background, the purpose of this article is to comprehensively review intra-
operative radiotherapy in the context of recent technological advances. More specifically,
the aims are to (1) describe the most important clinical data for IORT, and (2) explain
how advances in computational capacity and large imaging datasets will permit faster
and more reliable processing for segmentation (contouring), dose distribution calculations,
and evaluation.

2. Main Clinical Achievements of IORT
The main rationale for IORT is that it only requires a single, high dose of radiation

while simultaneously limiting radiation exposure to the surrounding structures, which can
be displaced during surgery to avoid unnecessary irradiation. Moreover, the energy of
electron beams can be easily set up to minimize the dose beyond the target. In addition
to this advantage in spatial selectivity, in recent years another highly intriguing biologi-
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cal rationale has emerged: several studies have shown a positive influence on the local
microenvironment, which can improve local immunity to potentially reduce the risk of
local recurrence [9–12]. In fact, recent studies support further research into the role of
single high-dose radiation with immunotherapy to increase long-term disease control and
to promote abscopal effects on distant tumor sites [13,14].

IORT has been used to treat a wide range of cancer types, with two main but different
purposes. First, to achieve dose intensification by combining IORT with EBRT to improve
local control in locally advanced or recurrent tumors (e.g., rectal cancer, sarcoma, pancreatic
cancer, among others). Second, as an alternative to other radiation modalities (e.g., EBRT)
with a proven capacity to successfully treat certain tumor types. In this case, the entire radi-
ation treatment can be performed with IORT during surgery to reduce the total treatment
time. The best example of this approach is seen in early breast cancer, whose efficacy and
safety has been confirmed at specialist IORT centers through non-inferiority trials of single
shot irradiation.

To better characterize the main indications for IORT we reviewed the available liter-
ature and reported a descriptive review including prospective clinical trials, major case
series, meta-analysis, and systematic reviews. The findings of this literature review are
summarized in Table 2 and described in more detail in the paragraphs below.

Table 2. Selected clinical trials of IORT and IOERT for breast cancer, rectal cancer, sarcoma, and
pancreatic cancer.

Tumor Site Author/Year Series Study Design Modality IORT Dose
(Gy) Sample Size Key Outcomes

Breast Fastner et al.,
2013 [15]

ISIORT, Multi-
institutional

Observational
(pooled analysis) IOERT boost 10 1109 LC 99.2% after median

F/U of 72.4 months

Breast Orecchia et al.,
2021 [16]

ELIOT, Mono-
Institutional Phase III IOERT vs. WBRT 21 1305

15-yr LR: WBRT 2.4% vs.
10.2% IORT %. p =

<0.001; in lower-risk pts
no significant difference

for LR

Breast Vaidya et al.,
2023 [17]

TARGIT-A, Multi-
institutional Phase III Intrabeam IORT vs.

WBRT 20 2298
No statistically

significant difference for
LC

Rectum Calvo et al.,
2002 [18]

Mono-
institutional,

LARC
Observational CRT + surgery + IORT 12 100 1 in-field IORT failure;

14 distant failures

Rectum Kusters et al.,
2010 [19]

Multi-
institutional,

LARC

Observational
(pooled analysis) CRT + IORT + CT 12.5 605 LR rate 12.5%

Rectum Masaki et al.
2010 [20]

Mono-
institutional Phase III

Preserved bilateral
pelvic plexus + IORT
vs. partial bilateral

pelvic plexus
preservation without

IORT

18–20 76
Higher number of

distant metastases in
IORT patients (p = 0.04)

Rectum Dubois et al.,
2011 [21]

Multi-
institutional,

LARC
Phase III Pre-RT + surgery ±

IORT 18 142 No benefit for IORT in
local control or survival

Sarcoma Sindelar et al.,
1993 [22]

NIH, Mono-
institutional, RPS Phase III

IORT + Low dose
EBRT versus High

dose EBRT
20 35

IORT patients
experienced lower

toxicity; LC 6/15 IORT;
16/20 EBRT

Sarcoma Calvo et al.,
2014 [23]

Multi-
institutional,

Extremities, limb
sparing

Observational
(pooled analysis) IORT + EBRT 10–20 159

5-year IOERT in-field
control 86%, DFS 61%,

OS 72%

Sarcoma Roeder et al.,
2018 [24]

Multi-
institutional, RPS Observational IORT+/− EBRT 15 156

5-year OS 63% in the
primary situation and
68% after R0 resection

Sarcoma Seidensaal et al.,
2023 [25]

Mono-
institutional, RPS Phase I/II IMRT + IORT boost 12–20 37

Primary endpoint
(5-year LC = 70%) was

not met
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Table 2. Cont.

Tumor Site Author/Year Series Study Design Modality IORT Dose
(Gy) Sample Size Key Outcomes

Pancreas Tepper et al.,
1991 [26]

RTOG, Multi-
institutional

series
Observational IORT + EBRT + chemo 20 51 Median OS 9 months; LC

not assessed

Pancreas Valentini et al.
2009 [27]

ISIORT, Multi-
institutional

Observational
(pooled analysis)

Surgery + IORT +/−
EBRT 15 270 5-yr LC 23.3%

Pancreas Ren et al.,
2021 [28]

Multi-
institutional,

LAPC

Retrospective,
CCRT vs. IORT 15–20 Gy 15–20 103 G3-G4 toxicity higher in

CCRT pts (34% vs. 0%)

Abbreviations: IOERT: Intraoperative electron radiotherapy; WBRT: Whole breast irradiation; LR: Local recurrence;
LC: Local control; R0: Complete excision; EBRT: External beam radiotherapy; RPS: Retroperitoneal sarcomas;
IMRT: Intensity modulated radiotherapy; DFS, Disease-free survival.

2.1. IORT in Breast Cancer

Numerous centers now use IORT as a routine treatment for breast cancer. In some
centers, IORT is administered as the single radiation modality, which has the advantage of
reducing overall local treatment time, thus improving quality of life, while also reducing
waiting lists. In other centers, IORT is administered as a boost in combination with EBRT
to improve local control (LC) in high-risk patients (Table 2).

The feasibility and the efficacy of single-shot IORT, a type of partial breast irradiation
(PBI), has been studied in well-selected patients [29,30]. The ESTRO and the American
Society for Radiation Oncology (ASTRO) have separately developed criteria to guide
treatment indications for PBI and accelerated PBI (APBI) [31–33]. Numerous studies have
described the use of IORT—whether delivered through electrons or low-energy X-rays—in
the treatment of breast cancer, either as a single shot modality or combined with EBRT.

The ELIOT trial compared IOERT (21 Gy) to whole breast irradiation (WBI) in women
with early breast cancer. Although in-breast tumor recurrence (IBTR) was higher in the
IOERT group compared to the WBI group (15-year IBTR: 12.6% vs. 2.4%, p < 0·0001), there
were no significant differences between the groups in overall survival (OS), nor were there
any differences in IBTR in the low-risk patients. Based on those findings, the authors
concluded that IOERT could be offered to selected patients at low risk of IBTR [16,34]. A
few studies have also reported encouraging results with the administration of a single
fraction to the surgical bed after local tumor recurrences [35]. A metanalysis compared PBI
to non-IORT techniques, IORT, and WBI in early-stage disease, finding no differences in
IBTR between PBI and WBI while IORT was inferior to WBI [36].

Fastner et al. performed a pooled analysis of data from the ISIORT centers, which
showed that IOERT administered as a boost for dose intensification reduced local recurrence.
In that study, a 10 Gy IOERT boost delivered prior to WBI yielded a local tumor control
rate of 99.2% at a median of 72.4 months of follow-up, which was superior to the LC rates
obtained in similar studies without IORT [15]. More recently, the ESTRO-ACROP (Advisory
Committee for Radiation Oncology Practice) conducted a review of published data on
IOERT, concluding that IOERT should be considered as a boost technique in higher risk
patients. That review also showed that single shot IOERT is a feasible APBI technique for
patients with low-risk disease, despite mild acute and late toxicity [35]. A metanalysis
showed that IORT boost + WBI was more effective than conventional radiotherapy after
breast-conserving surgery, with a similar cosmetic and safety profile to that of conventional
radiotherapy [37]. The Targit-A trial found no differences between IORT (low-energy
X-rays) and WBI in terms of local recurrence-free survival, survival without mastectomy,
survival without distant relapse, or breast cancer-related mortality [17]. Moreover, 5-year
LC rates were 94.15% for TARGIT-IORT vs. 94.19% for EBRT, with breast conservation
rates of 92.32% and 91.64%, respectively. A subsequent metanalysis compared LR rates
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in patients treated with and without neoadjuvant IORT (low-energy X-rays), finding no
differences between the groups [38].

In short, the available clinical data clearly show that IORT—whether delivered with
electrons or low-energy X-rays—delivered as PBI, is a safe alternative to EBRT in patients
with low-risk breast cancer and as a boost in patients at higher risk of local recurrence.

2.2. IORT in Rectal Cancer

In rectal cancer, studies have shown that a single, high dose of IOERT to the tumor
bed can improve local control and prevent pelvic relapse in locally advanced primary
tumors. IOERT can also be used to treat recurrent tumors (Table 2). This is important
given that up to 50% of these patients develop metastatic disease, which has a poor prog-
nosis. Several studies have shown that IOERT improves local control in locally advanced
primary tumors and recurrent tumors [18,39,40]. A pooled analysis of 605 patients with
locally advanced rectal cancer (LARC) who underwent multimodal treatment—including
IOERT—found low local recurrence rates (12%) at 5 years, even though these patients were
considered high risk [19]. In the same study, distant metastasis and OS rates were 29.2%
and 67.1%, respectively.

To date, only two randomized trials have compared IOERT to other treatment modali-
ties in relatively low risk patients (i.e., those who are unlikely to benefit from IOERT) [21,41].
Dubois et al. conducted a small trial to compare conventional preoperative EBRT to EBRT
plus IOERT; however, there were no significant differences in treatment outcomes between
the two groups [21]. In 2020, Masaki et al. reported the results of a randomized trial
involving patients with LARC. That trial compared oncologic outcomes in patients who
underwent surgery with IORT and bilateral pelvic autonomic nerve preservation (treat-
ment arm) versus no IORT and limited nerve preservation (controls). The trial was closed
early because the interim analysis showed that distant metastasis-free survival rates were
significantly lower in the IORT arm, without significant between-group differences in OS
or LC [41].

In the last decade, several systematic reviews and meta-analyses have been performed
to clarify the role of IOERT in LARC [42]. In 2020, the ESTRO-ACROP published recom-
mendations for the use of IORT in locally recurrent rectal cancer based on a comprehensive
review of the literature, which included 2843 patients from 21 different studies, with re-
ported LC rates ranging from 35% to 72% [43]. Based on the findings of that review, IOERT
was recommended in patients with potentially resectable stage T3–T4 disease after preoper-
ative chemotherapy + EBRT in case of gross residual disease or microscopically positive
or close (< 2–5 mm) soft tissue margins. The total recommended doses were as follows:
R0: 10–12.5 Gy; R1: 12.5–15 Gy; R2: 15–20 Gy. The NCCN guidelines (v. 3.2024) also
recommend IORT as a boost in patients with very close or positive margins, particularly in
stage T4 or recurrent cancers.

2.3. IORT in Sarcomas

IOERT can be considered part of the multimodal treatment of sarcoma due to its ability
to deliver a high dose of radiation to the target volume [30]. The potential advantage of
IOERT in this setting is that only a limited volume of healthy tissue is exposed to high dose
radiation, which is crucial given the negative correlation between irradiation of healthy
tissue and late toxicity (e.g., edema, fibrosis and impaired joint function), which can lead to
poor functional outcomes [44,45]. An intraoperative boost can be delivered under visual
control precisely to the high-risk region, without the need for additional margins to com-
pensate for daily setup uncertainties. Moreover, key structures—including the peripheral
nerves, great vessels, and skin—can all be excluded from the target volume, further reduc-
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ing the risk of late toxicity [46]. Several reviews have shown that IOERT can achieve high
control rates in selected cases of soft tissue sarcoma of the trunk and extremities [22,47–50].
Table 2 summarizes the findings of relevant studies and clinical trials.

Studies in patients with retroperitoneal sarcomas have consistently shown that preop-
erative EBRT + IOERT achieves 5-year LC rates ranging from 51% to 89%, which compare
favorably to surgery alone and surgery + EBRT [51]. A randomized trial by the US National
Cancer Institute compared surgery + IORT to the conventional approach consisting of
surgery in combination or not with postoperative EBRT showing significantly improved
local control with similar late gastrointestinal toxicity [22]. In general, preoperative radio-
therapy should be preferred to postoperative radiotherapy due to better LC rates and less
toxicity [52]. A recent single-arm, phase I-II dose escalation study was performed in patients
with retroperitoneal sarcoma, many of whom had grade (G3) lesions and leiomyosarcoma.
Treatment included preoperative IMRT, surgery, and IOERT. Five-year LC and OS rates
were 59.6% and 59.5%, respectively, in the whole cohort, but LC rate was higher (64.8%) in
the group of patients treated with IORT [25]. The results of the EORTC STRASS trial showed
that preoperative irradiation can improve abdominal recurrence-free survival in patients
with primary, well-differentiated liposarcoma and G1-2 dedifferentiated liposarcomas,
although only some patients with sarcoma benefitted from this treatment [53].

The main aim of combined radiotherapy (IOERT + EBRT) in patients with sarcoma
of the extremities treated with limb-sparing surgery is to achieve local control [23]. In
the review by Roeder et al., 5-year LC rates ranged from 82 to 97% and treatments that
included IOERT consistently achieved excellent limb preservation rates (81–100%) with
good functional outcomes (59–100%) [54]. The ESTRO IORT Task Force recommendations,
based on a literature review, were published in 2020. Those recommendations defined the
indications and technical characteristics of IORT-based approaches that have been shown
to provide high local control rates with low rates of acute and late toxicity [51].

2.4. IORT in Pancreatic Cancer

IOERT is an innovative therapeutic approach to dose intensification to improve local
control in patients with locally advanced pancreatic cancer (LAPC), one of the most lethal
cancer types (5-year OS < 5%) [26]. Numerous reviews have demonstrated that IOERT
improves treatment outcomes in pancreatic cancer. However, because IOERT is typically
administered as part of a multimodal approach, it is difficult to determine the extent to
which this modality influences treatment outcomes [26,27,55]. A selection of relevant
studies is reported in Table 2.

IOERT can be used in multimodal treatments as a boost strategy for dose intensification
in borderline resectable disease or as the only radiation treatment for localized, non-resected,
borderline, or post-resection pancreatic cancer [56,57]. IORT has been shown to improve
local control in patients undergoing extended resection [58]. IOERT can be used as an
individualized, risk-adapted technique to maximize locoregional control through dose
escalation [59].

A non-randomized, retrospective study compared IOERT to concurrent chemoradio-
therapy (CRT) in patients with LAPC [28]. Disease progression was observed in 76% of
patients after IOERT and in 69.8% after CRT. No significant differences in OS were observed
between the two groups (p = 0.458). There were fewer adverse events in the IOERT arm,
with a shorter treatment time.

A systematic review and metanalysis of 15 studies (834 patients) showed that IORT
significantly improved locoregional control (relative risk [RR], 0.70; 95% CI, 0.51–0.97,
p = 0.03) and OS (median survival rate, 1.20; 95% CI, 1.06–1.37; p = 0.005) in patients with
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resectable pancreatic cancer, without increasing postoperative complications or surgery-
related mortality rates [60].

The ESTRO IORT Task Force recommendations for IORT in borderline-resected pan-
creatic cancer and unresected pancreatic cancer were both published in 2020 [61,62]. Those
articles described the treatment modalities and recommendations for IOERT in patients
with close surgical margins or residual disease and in selected cases with unresectable
tumors. More recently, Lee et al. evaluated immune response activity in a group of sur-
gically treated patients with pancreatic cancer who received IORT. Patients treated with
IORT showed increased levels of cytokines involved in the PI3K/SMAD pathway in the
peritoneal fluid, which are associated with inhibition in the growth, migration, and inva-
siveness of pancreatic cancer cells [63]. The findings of that study seem to support the
hypothesis that IORT activates immune mechanisms that could prevent local recurrence
and, potentially, even distant relapse. Yanagi et al. recently compared patients (n = 99)
diagnosed with non-metastatic pancreatic cancer who underwent one of three different
treatment regimens: (1) IOERT + surgery, (2) surgery + postoperative radiotherapy (PORT),
or (3) radiotherapy alone [64]. At 2-years, LC rates were 33%, 35%, and 0% in the IOERT,
PORT, and radiotherapy alone groups, respectively. Five -year OS rates were 13%, 3.2%,
and 0%, respectively, with no cases of grade 3–4 toxicity. Of note, distant metastases were
less common in the IORT group.

Although current ESMO (European Society for Medical Oncology) guidelines rec-
ommend chemotherapy alone for LAPC, data from dose intensification studies suggest
that radiotherapy should be considered as an individualized treatment option in selected
patients [56]. The results of the CONKO-007 trial showed no significant differences between
chemotherapy and CRT in median OS and resection rates; however, the R0 and pathologic
complete response rates were both higher in the CRT group [65]. Moreover, OS was longer
in the patients who underwent surgical resection. Among long-term survivors, 5-year
OS rates were higher in the CRT group (especially the resected subgroup), a finding that
suggests that induction chemotherapy followed by radiotherapy could potentially improve
outcomes in patients with LAPC.

2.5. IORT in Other Cancers

In addition to the cancer types described above, IORT has also been widely used to
treat several other types of cancer, usually administered as a boost in combination with
pre- or post-operative radiotherapy. An analysis of the ISIORT registry described the
treatment characteristics of IORT in a wide range of cancer types (gastric, esophageal,
prostate, gynecological, central nervous system, skull base, head and neck, lung, kidney,
and bladder) [6].

3. Technological Advances in Intraoperative Radiotherapy Planning
and Delivery

One of the major advantages of intraoperative radiotherapy is that the radiation is
delivered during surgery. Both X-rays IORT and IOERT have substantially improved
over time through a series of continuous technological advances, including the advent of
modern, mobile accelerators for IOERT [66–68]. One of the main drawbacks of IORT versus
EBRT has long been the lack of high-quality images from advanced imaging techniques
(CT, PET-CT, and/or MRI), which are needed to ensure accurate contouring of the volumes
of interest (gross tumor volume [GTV], clinical tumor volume [CTV], and organs at risk
[OAR]). High-quality images are also needed to accurately calculate the dose distribution.
This drawback is especially apparent when compared to the highly advanced computerized
treatment planning systems (TPS) that are now in widespread use for EBRT. These modern
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TPS show the isodose locations inside the body in three dimensions. This allows physicists
to adjust the radiation parameters and to instantly visualize the dose distribution, which
can be rapidly recalculated to suit the new patient set up [69].

During IORT, radiation oncologists and surgeons work closely together in the oper-
ating room to estimate the size and depth of the CTV based on anatomical landmarks in
the surgical bed. In some cases, ultrasound probes, which permit visualization of deeper
body structures, are used to ensure radiation sparing [70]. However, the accuracy of this
process is highly reliant on the clinical experience of the operators, who then select the
most appropriate collimator and beam energy (for electron beams). Unfortunately, in IORT,
the true dose distribution in the body cannot be visualized at the time of dose application
due to the lack of high-quality images, as CT and MRI scanner are not usually available
in the operating room. However, the dose distribution could be easily modified, similar
to EBRT, if the necessary images were available. In this regard, the introduction of hybrid
operating rooms equipped with CT and MRI allows clinicians to obtain real-time images
of the patient’s anatomy. While these images are essential to accurately plan IOERT, they
are also useful for the surgical intervention. This allows for rapid contouring of the target
and non-target structures to create a treatment plan based on real-time data. Clearly, real-
time imaging is essential for optimal treatment planning. The integration of navigation
systems with IOERT systems could significantly enhance the accuracy and efficiency of
collimator setup.

Several reviews have shown that in-room CT imaging increases dose calculation ac-
curacy because the dose distribution is based on a real-time assessment of the patient’s
anatomy [65,66,70,71]. CT imaging is crucial because some tissues and/or structures are
temporarily displaced to avoid the radiation beam. While in-room imaging is a prerequisite
to improving IORT, some technical constraints associated with real-time 3D treatment
planning (i.e., visualization of the dose distribution for individual patient anatomy) still
need to be resolved. To determine the combined effect of IORT and EBRT doses, deformable
registration systems are needed to map the dose distribution based on the patient’s anatom-
ical status immediately prior to the second treatment [72,73]. Even after resolving the
issues related to differences in terms of tissue arrangement between IORT and EBRT, the
distinct biological effects per dose unit in IORT and EBRT—delivered on different time
schedules—must be addressed. These considerations should be approached in a manner
similar to that used for the combination of brachytherapy and EBRT.

CT scans are required to perform dose calculations in the target location, which must
take into account the current clinical and anatomical status of the patient during the
operation. An indirect solution is to simulate the applicator position on CT scans taken
before the procedure (virtual planning). This approach may be sufficiently accurate, but
only if accurate modeling algorithms (a type of AI) can be developed. At present, the
most accurate, direct dose calculation method is to perform imaging immediately prior to
or after tumor resection [72]. Ideally, the CT scan would be performed in the operating
room. However, if in-room scans are not available, the patients could be transferred under
anesthesia to another room. The drawback of this approach is that the imaging room must
provide a sterile environment (similar to that of the operating room). Clearly, this approach
would increase the complexity of the procedure and require more time. A better solution
would be to use an in-room imaging system to perform image-guided IOERT, which could
include ultrasound, cone-beam CT, or CT [74–76].

To accurately represent the patient’s anatomical status, images must be acquired with
the collimator in place and positioned as it would be during treatment. This requires a
CT scanner with a bore large enough to cover the entire treatment region—including the
patient and the applicator in situ—without risking collision with the treatment table or



Cancers 2025, 17, 3124 10 of 19

surgical accessories. The CT scanner must also provide images of sufficient quality to allow
for real-time electron beam dose calculations. To minimize imaging artifacts, the applicator
should be made of non-metallic materials [77].

Target delineation is an essential aspect of IORT to ensure precision. However, con-
touring can prolong the surgical procedure and could negatively influence the quality of
the intervention by allowing fluid to accumulate in the wound, which alters the geometry.
In addition, the extra time required could affect the overall performance of the unit by
reducing the number of procedures that can be performed in a given time period. This
disadvantage could be overcome by using automated contouring methods. Several dif-
ferent methods are available, including advanced algorithms to compare differences in
densities and deep learning approaches that use previously compared images as a learning
set. The main obstacle to using deep learning (a type of AI) is the need for a reasonably
large learning set (i.e., a large number of cases).

Automated Segmentation and Instant Dose Distribution in IORT: Advances in AI

Computers have long been used to perform dose calculations, although there is always
a degree of uncertainty. For this reason, the process might better be described as dose
prediction. Even when the calculations are based on well-established formulas, small errors
in the input parameters can negatively affect the results. In this regard, an important
advantage of modern computers is that they are not limited to pre-set algorithms but can
actually develop their own algorithms or models through “repeated options checks” to
predict the development of events. The more data available and the more frequently these
patterns are checked against known results (the learning set), the more accurate the results
become. The accuracy is highly dependent not only on the size of the learning set and the
calculation capacity of the computer, but also on the relevance of the learning set used to
train the model.

Due to the major technical advancements that have been made in recent years, artificial
neural networks (ANNs) can now match—and even surpass—human neural networks in
terms of accuracy. While ANNs have long had the ability to process previously structured
data (selected parameters), they only recently gained the capacity to process raw data,
especially images, which represented an enormous advance in their processing capacity;
similarly, the development of convolutional neural networks (CNNs) is considered pivotal,
especially for image analysis [78,79]. Deep learning from unstructured data (raw images) is
a major development, as it permits images obtained from diverse sources to be used for
training (“big data” approach). This process is a clear example of artificial “intelligence”,
as it is similar to how humans draw conclusions.

In the last decade, the implementation of AI applications has had a substantial impact
on radiotherapy. AI can optimize treatment planning, greatly reducing the time needed
to segment tumors and organs at risk and to perform treatment planning. Similarly, AI
has important potential applications in quality control and assurance of treatment plans.
It can also be used to assist in performing image-guided RT, which is especially useful
to monitor mobile tumors during treatment. Another potential application of AI is for
prognosis and prediction of tumor outcomes and side effects, with radiomics being a
prominent area of research [80,81].The increased potential to closely integrate computers
into decision-making processes has raised concerns about the appropriateness of learning
datasets. For instance, if the images used to create the learning dataset do not adequately
cover all scenarios, the resulting machine-based segmentation may not be correct. In turn,
low quality training datasets that are not fitted to the real data might introduce bias and
systematic errors, thereby reducing the accuracy and reliability of clinical predictions [8,82].
One solution to overcome this challenge would be to increase the number of training cases
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through multicenter data sharing (e.g., federated learning) [82,83]. However, in practice,
only a relatively small number of centers are actively performing IORT, and an even smaller
number are using intraoperative CT imaging. Moreover, inter-center differences in imaging
protocols, treatment planning, and contouring practices increase the heterogeneity of the
available training data, making these data less reliable.

Another challenge related to AI is that it requires advanced infrastructure (technical
and computational requirements), which can limit its availability at some centers. In
addition, the lack of regulations on the use AI and the current domination of “black box”
models in deep learning makes it difficult to fully understand how these models work, thus
undermining clinical trust [80,84]. Another obstacle is related to patient data protection
(e.g., GDPR) for AI development, as models rely on large and diverse datasets require to
fulfill strict regulatory compliance [79].

If the human responsible for supervising the proposed segmentation (the physicist
or physician) fails to detect this error, the patient may be harmed. Currently, AI can
perform some of the steps in the radiotherapy process, including segmentation (OARs and
target), deformable image registration, and treatment planning. AI can also be used
in image-guided and adaptive radiotherapy as well as to predict treatment response
and determine prognosis, which may have an important potential impact on patient
selection [73]. However, all of these applications require large, relevant learning datasets.

There are many benefits to automated segmentation. First, manual segmentation
is a highly time-consuming process, and automated segmentation can reduce this from
hours to mere minutes. Moreover, segmentation is highly dependent on the individual
radiation oncologist (high interobserver variability) and can be affected by the number of
sections, the complexity of the involved structures, and the availability of support software.
One study found that AI-assisted EBRT reduces segmentation time by 65% (5.4 min) and
decreases inter-observer variability for the GTV by 32% [85]. These findings are relevant
in the surgical setting in which IORT is performed due to the importance of limiting the
time required for target delineation following image acquisition. In EBRT, delineation is
performed prior to treatment and can be performed manually because time constraints
are less important than in IORT. Even so, AI-assisted software is increasingly employed
in EBRT.

The development of CNNs has advanced segmentation beyond traditional approaches
(intensity analysis, shape modeling, and atlas-based methods) by enabling the automatic
extraction of hierarchical features directly from imaging data. The U-Net architecture has
emerged as the most widely applied model in radiotherapy segmentation, characterized
by its contracting and expanding paths—an encoder and a decoder—that together form
the distinctive U-shaped structure [79,86]. However, several commercial solutions also
use CNNs for segmentation, most notably MVision (Helsinki, Finland), AutoContour
(Radformation, New York, NY, USA), RayStation (RaySearch, Stockholm, Sweden), and
Annotate (Therapanacea, Paris, France) [83].

In IOERT, contouring must be performed during surgery, with an open wound sus-
ceptible to infection. In this setting, time is a crucial factor.

In IORT, the target volume is the surgical bed, with the surrounding healthy tissues
temporarily displaced to permit direct irradiation of the target. As a result, the tissue
anatomy depends on the time point (i.e., preoperative, intra-operative, and after sutur-
ing) [75]. Thus, there is a clear need for automated support to reduce the time needed for
contouring, ideally to only a few minutes.

In EBRT, automated segmentation is based on large databases of image atlases. Similar
imaging databases are needed for IORT, especially because the shape and volume of the
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body structures can be substantially altered during surgery. This loss of body integrity
alters the relationships between organs and tissues and must be accounted for during IORT.

Deep learning methods, based on raw images acquired pre- and post-resection, may
enable AI to be used to automatically segment key structures and to rapidly perform the
dose calculation. In this approach, images obtained preoperatively are combined with
images acquired immediately after surgery (assuming the operating room has a CT scanner).
Over time, we may eventually have a sufficiently large learning set. At present, however, it
is not clear exactly how these self-developed patterns—in which the learning set is based on
numerous preoperative cases but many fewer postoperative cases—will work. Moreover,
the accuracy of these patterns is also uncertain. In most cases, in-room CT and MRI-based
imaging is not available, and thus the radiation parameters for IORT are selected without
the assistance of these images or isodoses. Under these conditions, AI-based automated
segmentation seems to be justified. Moreover, since automated segmentation can be
completed in only a few seconds and the dose distribution calculated nearly instantly, the
applicator can be placed in the optimal location to avoid irradiating healthy tissues.

Although anatomic variability represents a major challenge in using AI for segmenta-
tion and treatment planning during IORT, the wide variety of surgical procedures in use is
another important obstacle.

The validity of learning datasets in large population settings is an unresolved question
because a dataset acquired from one population may not be relevant to a different pop-
ulation due to differences in body build, including height, weight, and other anatomical
differences (body mass index, obesity, etc.). In this sense, the dataset should take het-
erogeneity in these parameters into account, many of which are related to differences in
age, sex, and body structure. In the future, it may be possible to use AI to create, prior
to treatment, virtual reality-based representations of the patient’s probable anatomical
status during IORT. This representation could include expected alterations to the organs
and any displacements related to open surgery or minimally invasive laparoscopic or
robotic procedures.

AI can have a large impact on dose distributions in IOERT. Knowledge-based treatment
planning (KBP), a machine learning model, was first introduced in 2014 and is now widely
used in IMRT [76]. In this model, data from prior treatment plans are registered and
then used to create a semiautomatic plan, thus significantly reducing the time needed for
treatment planning. Commercial systems such as RapidPlan from Varian and RayStation
from RaySearch apply KBP to create consistent, high-quality automated treatment plans [87,
88]. More recent developments include deep learning methods capable of generating new
dose distributions based on previous treatments plans, offering the potential to rapidly
deliver and optimize treatment planning, in some cases in a question of minutes or even
seconds [77,78,87,89]. In DL-based approaches (such as U-Net models), dose estimation is
possible to directly predict dose distributions and/or monitor units, leaf positions, and jaw
positions for VMAT plans, eliminating the need for traditional planning methods [88,90].
“Intraplanning”, a technique in which the treatment plan is adapted to the patient’s real-
time anatomy, may become the standard approach to planning in the next generation of
IOERT TPS [91].

AI can also support the management of internal body movements that impact target
positioning during radiotherapy. For example, in breast cancer treatments, AI-driven sys-
tems can account for the respiratory phase in breath-hold settings or help reduce respiratory
motion, thereby minimizing or preventing target displacement during irradiation. Similar
strategies can be applied to thoracic and upper abdominal cancers. A specific aspect of
IORT is related to artificial ventilation during general anesthesia, which makes respiratory
movements more reproducible than during spontaneous respiration, therefore more open
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to modeling. Irradiation of the lower abdomen typically involves relatively high dose
rates, which means treatment is short and bowel movement-related anatomical changes
are limited. Similarly, bladder filling is typically managed by catheterization. For cancers
located in the head and neck region or the extremities, no significant changes due to internal
body movements are expected during IOERT.

AI is currently used in EBRT to help determine prognosis through radiomic analysis of
imaging studies. AI could be used in the same way for IORT. It could also be used to help
identify the patients most likely to benefit from IORT. Individual radiation sensitivity is also
relevant to IORT. Several different molecular methods are used to evaluate resected tissues
(including cells from the tumor microenvironment). It is now possible to analyze molecular
data from both cancerous and non-cancerous cells, enabling the use of these datasets to
train machine learning and deep learning algorithms. Furthermore, these molecular data
can be integrated with information on dose distribution and side effects to help personalize
IORT. Although researchers are actively developing such predictive models, no validated
models are currently available [92,93].

Machine support and automation have long been used in industry—particularly in
aviation—and now play a well-established role in radiotherapy, where they can greatly
reduce the time needed for clinical decision-making. These tools help medical physicists
and physicians to optimize treatment-related decisions and to adapt the treatment to suit
the individual patient’s needs. However, as automation takes on a greater role in the
decision-making process, there is a growing risk of liability. At present, clinical decisions
are evaluated according to the available information and on adherence to well-established
good practices. If a clinical decision based on a machine-generated pattern turns out to be
incorrect, there may be no protocol to address this type of error. In current clinical practice,
machine-generated contouring must be reviewed and approved by a human, thus ensuring
adherence to clinical protocols and good clinical practice. However, in the IORT setting, this
practice is more challenging due to the real-time nature of this technique, in which there
is only a short window of time to assess AI-generated recommendations. In turn, these
advances will allow for better clinical decision-making based on the unique properties of
the specific tumor and individual patient. These datasets could potentially also be reused
to help in developing treatment plans for external radiotherapy, if necessary.

One of the main limitations of this study is the appropriateness of the available learning
datasets in terms of size and case characteristics. These datasets are based on highly
heterogeneous patient populations, which may affect the validity of a specific learning
dataset due to differences in age, sex, and body structure. Moreover, it is important to
account for the impact of different surgical approaches on patient anatomy. In any case, it is
clear that all of the steps performed by AI tools must be carefully reviewed and approved by
the professionals involved in the clinical and technical aspects of the radiotherapy process,
including contouring and dose delivery.

4. Conclusions
Intraoperative radiotherapy plays an important role in radiotherapy, offering numerous

well-documented advantages in several types of cancers. Given the current capabilities of
modern computer systems, together with recent advances in machine-generated decision-
making patterns, it is clear that AI could greatly improve various aspects of IORT (as is
currently performed in EBRT), most notably real-time segmentation and isodose calculations.

In the near future, AI may be used to facilitate patient selection and to predict clinical
response and radiation-induced complications in IORT by taking into account individual
risk factors such as genetics, environmental factors, and lifestyle habits. This approach to
the wider application of AI could help to expand the use of intraoperative radiotherapy,
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which is a highly remains a promising cancer treatment modality that could be combined
with anticancer agents such as immunotherapy to further improve treatment outcomes.
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J.M.; et al. Intraoperative radiotherapy electron boost followed by moderate doses of external beam radiotherapy in resected
soft-tissue sarcoma of the extremities. Radiother. Oncol. 2003, 67, 331–337. [CrossRef]

48. Petersen, I.A.; Haddock, M.G.; Donohue, J.H.; Nagorney, D.M.; Grill, J.P.; Sargent, D.J.; Gunderson, L.L. Use of intraoperative
electron beam radiotherapy in the management of retroperitoneal soft tissue sarcomas. Int. J. Radiat. Oncol. Biol. Phys. 2002, 52,
469–475. [CrossRef]

49. Oertel, S.; Treiber, M.; Zahlten-Hinguranage, A.; Eichin, S.; Roeder, F.; Funk, A.; Hensley, F.W.; Timke, C.; Niethammer, A.G.;
Huber, P.E.; et al. Intraoperative electron boost radiation followed by moderate doses of external beam radiotherapy in limb-
sparing treatment of patients with extremity soft-tissue sarcoma. Int. J. Radiat. Oncol. Biol. Phys. 2006, 64, 1416–1423. [CrossRef]
[PubMed]

50. Krempien, R.; Roeder, F.; Oertel, S.; Weitz, J.; Hensley, F.W.; Timke, C.; Funk, A.; Lindel, K.; Harms, W.; Buchler, M.W.; et al.
Intraoperative electron-beam therapy for primary and recurrent retroperitoneal soft-tissue sarcoma. Int. J. Radiat. Oncol. Biol.
Phys. 2006, 65, 773–779. [CrossRef]

51. Roeder, F.; Morillo, V.; Saleh-Ebrahimi, L.; Calvo, F.A.; Poortmans, P.; Albiach, C.F. Intraoperative radiation therapy (IORT) for soft
tissue sarcoma—ESTRO IORT Task Force/ACROP recommendations. Radiother. Oncol. 2020, 150, 293–302. [CrossRef] [PubMed]

52. Van De Voorde, L.; Delrue, L.; Van Eijkeren, M.; De Meerleer, G. Radiotherapy and surgery-an indispensable duo in the treatment
of retroperitoneal sarcoma. Cancer 2011, 117, 4355–4364. [CrossRef]

53. Callegaro, D.; Raut, C.P.; Ajayi, T.; Strauss, D.; Bonvalot, S.; Ng, D.; Stoeckle, E.; Fairweather, M.; Rutkowski, P.; Van Houdt, W.J.;
et al. Preoperative Radiotherapy in Patients With Primary Retroperitoneal Sarcoma: EORTC-62092 Trial (STRASS) Versus Off-trial
(STREXIT) Results. Ann. Surg. 2023, 278, 127–134. [CrossRef] [PubMed]

54. Roeder, F. Radiation Therapy in Adult Soft Tissue Sarcoma-Current Knowledge and Future Directions: A Review and Expert
Opinion. Cancers 2020, 12, 3242. [CrossRef]

55. Ruano-Ravina, A.; Ortega, R.A.; Guedea, F. Intraoperative radiotherapy in pancreatic cancer: A systematic review. Radiother.
Oncol. 2008, 87, 318–325. [CrossRef] [PubMed]

56. Krempien, R.; Roeder, F. Intraoperative radiation therapy (IORT) in pancreatic cancer. Radiat. Oncol. 2017, 12, 8. [CrossRef]
57. Ogawa, K.; Karasawa, K.; Ito, Y.; Ogawa, Y.; Jingu, K.; Onishi, H.; Aoki, S.; Wada, H.; Kokubo, M.; Etoh, H.; et al. Intraoperative

radiotherapy for resected pancreatic cancer: A multi-institutional retrospective analysis of 210 patients. Int. J. Radiat. Oncol. Biol.
Phys. 2010, 77, 734–742. [CrossRef] [PubMed]

58. Hiraoka, T.; Uchino, R.; Kanemitsu, K.; Toyanoga, M.; Saitoh, N.; Nakamura, I.; Tashiro, S.; Miyauchi, Y. Combination of
intraoperative radiation with resection of cancer of the pancreas. Int. J. Pancreatol. 1990, 7, 201–207. [CrossRef]

59. Calvo, F.A.; Sole, C.V.; Atahualpa, F.; Lozano, M.A.; Gomez-Espi, M.; Calin, A.; Garcia-Alfonso, P.; Gonzalez-Bayon, L.; Herranz,
R.; Garcia Sobrido, J.L. Chemoradiation for resected pancreatic adenocarcinoma with or without intraoperative radiation therapy
boost: Long-term outcomes. Pancreatology 2013, 13, 576–582. [CrossRef]

60. Jin, L.; Shi, N.; Ruan, S.; Hou, B.; Zou, Y.; Zou, X.; Jin, H.; Jian, Z. The role of intraoperative radiation therapy in resectable
pancreatic cancer: A systematic review and meta-analysis. Radiat. Oncol. 2020, 15, 76. [CrossRef] [PubMed]

61. Calvo, F.A.; Asencio, J.M.; Roeder, F.; Krempien, R.; Poortmans, P.; Hensley, F.W.; Krengli, M. ESTRO IORT Task Force/ACROP
recommendations for intraoperative radiation therapy in borderline-resected pancreatic cancer. Clin. Trans. Radiat. Oncol. 2020,
23, 91–99. [CrossRef]

62. Calvo, F.A.; Krengli, M.; Asencio, J.M.; Serrano, J.; Poortmans, P.; Roeder, F.; Krempien, R.; Hensley, F.W. ESTRO IORT Task
Force/ACROP recommendations for intraoperative radiation therapy in unresected pancreatic cancer. Radiother. Oncol. 2020, 148,
57–64. [CrossRef]

63. Lee, Y.S.; Kim, H.S.; Cho, Y.; Lee, I.J.; Kin, H.J.; Lee, D.E.; Kang, H.W.; Park, J.S. Intraoperative radiation therapy induces immune
response activity after pancreatic surgery. BMC Cancer 2021, 21, 1097. [CrossRef]

64. Yanagi, T.; Takama, N.; Kato, E.; Baba, F.; Kitase, M.; Shimohira, M.; Sawai, H.; Kato, T.; Matsuo, K.; Shibamoto, Y. Clinical
Outcomes of Intraoperative Radiotherapy, Postoperative Radiotherapy, and Definitive Radiotherapy for Non-metastatic Pancreatic
Cancer. Kurume Med. J. 2023, 67, 163–170. [CrossRef]

https://doi.org/10.1016/j.radonc.2004.12.020
https://doi.org/10.1016/j.ijrobp.2024.05.024
https://doi.org/10.1186/s13014-016-0751-2
https://doi.org/10.1016/S0167-8140(03)00163-4
https://doi.org/10.1016/S0360-3016(01)02595-0
https://doi.org/10.1016/j.ijrobp.2005.10.009
https://www.ncbi.nlm.nih.gov/pubmed/16413697
https://doi.org/10.1016/j.ijrobp.2006.01.028
https://doi.org/10.1016/j.radonc.2020.07.019
https://www.ncbi.nlm.nih.gov/pubmed/32679306
https://doi.org/10.1002/cncr.26071
https://doi.org/10.1097/SLA.0000000000005492
https://www.ncbi.nlm.nih.gov/pubmed/35833413
https://doi.org/10.3390/cancers12113242
https://doi.org/10.1016/j.radonc.2007.12.002
https://www.ncbi.nlm.nih.gov/pubmed/18199514
https://doi.org/10.1186/s13014-016-0753-0
https://doi.org/10.1016/j.ijrobp.2009.09.010
https://www.ncbi.nlm.nih.gov/pubmed/20207498
https://doi.org/10.1007/BF02924238
https://doi.org/10.1016/j.pan.2013.09.002
https://doi.org/10.1186/s13014-020-01511-9
https://www.ncbi.nlm.nih.gov/pubmed/32272945
https://doi.org/10.1016/j.ctro.2020.05.005
https://doi.org/10.1016/j.radonc.2020.03.040
https://doi.org/10.1186/s12885-021-08807-3
https://doi.org/10.2739/kurumemedj.MS674002


Cancers 2025, 17, 3124 18 of 19

65. Fietkau, R.; Grutzmann, R.; Wittel, U.A.; Croner, R.S.; Jacobash, L.; Neumann, U.P.; Reinacher-Shick, A.; Inhoff, D.; Boeck, S.;
Keilholz, L.; et al. R0 resection following chemo (radio)therapy improves survival of primary inoperable pancreatic cancer
patients. Interim results of the German randomized CONKO-007 ± trial. Strahlenther. Onkol. 2021, 197, 8–18.

66. Wootton, L.S.; Meyer, J.; Kim, E.; Phillips, M. Commissioning, clinical implementation, and performance of the Mobetron 2000 for
intraoperative radiation therapy. J. Appl. Clin. Med. Phys. 2017, 18, 230–242. [CrossRef]

67. Ryczkowski, A.; Pawalowski, B.; Krusyna-Mochalska, M.M.; Misiarz, A.; Jodda, A.; Adrich, P.; Piotrowski, T. Implementation and
validation of the method for the energy spectra reconstruction of electron beams generated by the AQURE mobile accelerator.
Rep. Pract. Oncol. Radiother. 2025, 30, 62–70. [CrossRef]

68. Lenartowicz-Gasik, A.; Misiarz, A. Experimental verification of the applicability of the AQURE IOERT accelerator for FLASH
radiotherapy. Pol. J. Med. Phys. Eng. 2025, 31, 62–72.

69. Malicki, J.; Bly, R.; Bulot, M.; Godet, J.L.; Jahnen, A.; Krengli, M.; Maingon, P.; Martin, C.P.; Skrobala, A.; Valero, M.; et al. Patient
safety in external beam radiotherapy, results of the ACCIRAD project: Recommendations for radiotherapy institutions and
national authorities on assessing risks and analysing adverse error-events and near misses. Radiother. Oncol. 2018, 127, 164–170.
[CrossRef]

70. Krengli, M.; Terrona, C.; Ballarè, A.; Loi, G.; Tarabuzzi, R.; Marchioro, G.; Beldi, D.; Mones, E.; Bolchini, C.; Volpe, A.; et al.
Intraoperative radiotherapy during radical prostatectomy for locally advanced prostate cancer: Technical and dosimetric aspects.
Int. J. Radiat. Oncol. Biol. Phys. 2010, 76, 1073–1077. [CrossRef]

71. Amsbaugh, M.J.; Mahajan, A.; Thall, P.F.; McAleer, M.F.; Paulino, A.C.; Grosshans, D.; Khatua, S.; Ketonen, L.; Fontanilla, H.;
McGovern, S.L. A Phase 1/2 Trial of Reirradiation for Diffuse Intrinsic Pontine Glioma. Int. J. Radiat. Oncol. Biol. Phys. 2019, 104,
144–148. [CrossRef] [PubMed]

72. García-Vázquez, V.; Calvo, F.A.; Ledesma-Carbayo, M.J.; Sole, C.V.; Calvo-Haro, J.; Desco, M.; Pascau, J.; Zhang, R. Intraoperative
computed tomography imaging for dose calculation in intraoperative electron radiation therapy: Initial clinical observations.
PLoS ONE 2020, 15, e0227155. [CrossRef] [PubMed]

73. Cavedon, C.; Mazzarotto, R. Treatment Planning in Intraoperative Radiation Therapy (IORT): Where Should We Go? Cancers
2022, 14, 3532. [CrossRef]

74. Pouyanrad, Z.; Zafarghandi, M.S.; Setayeshi, S. A Novel Treatment Planning Design for Intraoperative Electron Radiation Therapy
(IOERT) using an Electronic Board. J. Biomed. Phys. Eng. 2024, 14, 119–128.

75. Franciosini, G.; Carlotti, D.; Cattani, F.; De Gregorio, A.; De Liso, V.; De Rosa, F.; Di Francesco, M.; Di Martino, F.; Felici, G.;
Pensavalle, J.H.; et al. IOeRT conventional and FLASH treatment planning system implementation exploiting fast GPU Monte
Carlo: The case of breast cancer. Phys. Med. 2024, 121, 103346. [CrossRef]

76. Roeder, F.; Fastner, G.; Fussl, C.; Sedlmayer, F.; Stana, M.; Berchtold, J.; Jäger, T.; Presl, J.; Emmanuel, K.; Colleselli, D.; et al. First
clinical application of image-guided intraoperative electron radiation therapy with real time intraoperative dose calculation in
recurrent rectal cancer: Technical procedure. Radiat. Oncol. 2023, 18, 186. [CrossRef]

77. García-Vázquez, V.; Marinetto, E.; Guerra, P.; Valdivieso-Casique, M.F.; Calvo, F.Á.; Alvarado-Vásquez, E.; Sole, C.V.; Vosburgh,
K.G.; Desco, M.; Pascau, J. Assessment of intraoperative 3D imaging alternatives for IOERT dose estimation. Z. Med. Phys. 2017,
27, 218–231. [CrossRef]

78. Skrobala, A.; Malicki, J. Beam orientation in stereotactic radiosurgery using an artificial neural network. Radiother. Oncol. 2014,
111, 296–300. [CrossRef]

79. Erdur, A.C.; Rusche, D.; Scholz, D.; Kiechle, J.; Fischer, S.; Llorian-Salvador, O.; Buchner, J.A.; Nguyen, M.Q.; Etzel, L.; Weidner,
J.; et al. Deep learning for autosegmentation for radiotherapy treatment planning: State-of-the-art and novel perspectives.
Strahlenther. Onkol. 2025, 201, 236–254. [CrossRef] [PubMed]

80. Shan, G.; Yu, S.; Lai, Z.; Xuan, Z.; Zhang, J.; Wang, B.; Ge, Y. A Review of Artificial Intelligence Application for Radiotherapy.
Dose-Response 2024, 22, 15593258241263687. [CrossRef] [PubMed]

81. Piotrowski, T.; Ryczkowski, A.; Kalendralis, P.; Adamczewski, M.; Sadowski, P.; Bajon, B.; Kruszyna-Mochalska, M.; Jodda, A.
Forecasting model for qualitative prediction of the results of patient-specific quality assurance based on planning and complexity
metrics and their interrelations. Pilot study. Rep. Pract. Oncol. Radiother. 2024, 29, 318–328. [CrossRef]

82. Hurkmans, C.; Bibault, J.E.; Clementel, E.; Dhont, J.; van Elmpt, W.; Kantidakis, G.; Andratschke, N. Assessment of bias in scoring
of AI-based radiotherapy segmentation and planning studies using modified TRIPOD and PROBAST guidelines as an example.
Radiother. Oncol. 2024, 194, 110196. [CrossRef]

83. Bibault, J.E.; Giraud, P. Deep learning for automated segmentation in radiotherapy: A narrative review. Br. J. Radiol. 2024, 97,
13–20. [CrossRef] [PubMed]

84. Cui, S.; Traverso, A.; Niraula, D.; Zou, J.; Owen, D.; El Naqa, I.; Wei, L. Interpretable artificial intelligence in radiology and
radiation oncology. Br. J. Radiol. 2023, 96, 20230142. [CrossRef]

85. Kawamura, M.; Kamomae, T.; Yanagawa, M.; Kamagata, K.; Fujita, S.; Ueda, D.; Matsui, Y.; Fushimi, Y.; Fujioka, T.; Nozaki, T.;
et al. Revolutionizing radiation therapy: The role of AI in clinical practice. J. Radiat. Res. 2024, 65, 1–9. [CrossRef]

https://doi.org/10.1002/acm2.12027
https://doi.org/10.5603/rpor.104511
https://doi.org/10.1016/j.radonc.2018.04.006
https://doi.org/10.1016/j.ijrobp.2009.03.037
https://doi.org/10.1016/j.ijrobp.2018.12.043
https://www.ncbi.nlm.nih.gov/pubmed/30610915
https://doi.org/10.1371/journal.pone.0227155
https://www.ncbi.nlm.nih.gov/pubmed/31923183
https://doi.org/10.3390/cancers14143532
https://doi.org/10.1016/j.ejmp.2024.103346
https://doi.org/10.1186/s13014-023-02374-6
https://doi.org/10.1016/j.zemedi.2016.07.002
https://doi.org/10.1016/j.radonc.2014.03.010
https://doi.org/10.1007/s00066-024-02262-2
https://www.ncbi.nlm.nih.gov/pubmed/39105745
https://doi.org/10.1177/15593258241263687
https://www.ncbi.nlm.nih.gov/pubmed/38912333
https://doi.org/10.5603/rpor.101093
https://doi.org/10.1016/j.radonc.2024.110196
https://doi.org/10.1093/bjr/tqad018
https://www.ncbi.nlm.nih.gov/pubmed/38263838
https://doi.org/10.1259/bjr.20230142
https://doi.org/10.1093/jrr/rrad090


Cancers 2025, 17, 3124 19 of 19

86. Henderson, E.G.A.; Vasquez Osorio, E.M.; Van Herk, M.; Green, A.F. Optimising a 3D convolutional neural network for head and
neck computed tomography segmentation with limited training data. Phys. Imaging Radiat. Oncol. 2022, 22, 44–50. [CrossRef]

87. Kubo, K.; Monzen, H.; Ishii, K.; Tamura, M.; Kamaworita, R.; Sumida, I.; Mizuno, H.; Nishimura, Y. Dosimetric comparison of
RapidPlan and manually optimized plans in volumetric modulated arc therapy for prostate cancer. Phys. Med. 2017, 44, 199–204.
[CrossRef]

88. Duke, K.; Papanikolaou, N. Artificial intelligence in radiation therapy: From imaging to delivery—A comprehensive review. Br. J.
Radiol. 2025, 2, ubaf012. [CrossRef]

89. Kajikawa, T.; Kadoya, N.; Ito, K.; Takayama, Y.; Chiba, T.; Tomori, S.; Nemoto, H.; Dobashi, S.; Takeda, K.; Jingu, K. A convolutional
neural network approach for IMRT dose distribution prediction in prostate cancer patients. J. Radiat. Res. 2019, 60, 685–693.
[CrossRef] [PubMed]

90. Heilemann, G.; Buschmann, M.; Lechner, W.; Dick, V.; Eckert, F.; Heilmann, M.; Herrmann, H.; Moll, M.; Knoth, J.; Konrad, S.;
et al. Clinical Implementation and Evaluation of Auto-Segmentation Tools for Multi-Site Contouring in Radiotherapy. Phys.
Imaging Radiat. Oncol. 2023, 28, 100515. [CrossRef] [PubMed]

91. Lastrucci, A.; Wandael, Y.; Ricci, R.; Maccioni, G.; Giansanti, D. The Integration of Deep Learning in Radiotherapy: Exploring
Challenges, Opportunities, and Future Directions through an Umbrella Review. Diagnostics 2024, 14, 939. [CrossRef]

92. Guerra, P.; Udías, J.M.; Herranz, E.; Santos-Miranda, J.A.; Herraiz, J.L.; Valdivieso, M.F.; Rodríguez, R.; Calama, J.A.; Pascau, J.;
Calvo, F.A.; et al. Feasibility assessment of the interactive use of a Monte Carlo algorithm in treatment planning for intraoperative
electron radiation therapy. Phys. Med. Biol. 2014, 59, 7159–7179. [CrossRef]

93. Fountzilas, E.; Pearce, T.; Baysal, M.A.; Chakraborty, A.; Tsimberidou, A.M. Convergence of evolving artificial intelligence and
machine learning techniques in precision oncology. NPJ Digit. Med. 2025, 8, 75. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.phro.2022.04.003
https://doi.org/10.1016/j.ejmp.2017.06.026
https://doi.org/10.1093/bjrai/ubaf012
https://doi.org/10.1093/jrr/rrz051
https://www.ncbi.nlm.nih.gov/pubmed/31322704
https://doi.org/10.1016/j.phro.2023.100515
https://www.ncbi.nlm.nih.gov/pubmed/38111502
https://doi.org/10.3390/diagnostics14090939
https://doi.org/10.1088/0031-9155/59/23/7159
https://doi.org/10.1038/s41746-025-01471-y
https://www.ncbi.nlm.nih.gov/pubmed/39890986

	Introduction 
	Main Clinical Achievements of IORT 
	IORT in Breast Cancer 
	IORT in Rectal Cancer 
	IORT in Sarcomas 
	IORT in Pancreatic Cancer 
	IORT in Other Cancers 

	Technological Advances in Intraoperative Radiotherapy Planning and Delivery 
	Conclusions 
	References

