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Abstract
Background Local cancer therapy by combining real-time surgical exploration and resection with delivery of a single dose 
of high-energy electron irradiation entails a very precise and effective local therapeutic approach. Integrating the benefits 
from minimally invasive surgical techniques with the very precise delivery of intraoperative electron irradiation results in 
an efficient combined modality therapy.
Methods Patients with locally advanced disease, who are candidates for laparoscopic and/or thoracoscopic surgery, received 
an integrated multimodal management. Preoperative treatment included induction chemotherapy and/or chemoradiation, 
followed by laparoscopic surgery and intraoperative electron radiation therapy.
Results In a period of 5 consecutive years, 125 rectal cancer patients were treated, of which 35% underwent a laparoscopic 
approach. We found no differences in cancer outcomes and tolerance between the open and laparoscopic groups. Two 
esophageal cancer patients were treated with IOeRT during thoracoscopic resection, with the resection specimens showing 
intense downstaging effects. Two oligo-recurrent prostatic cancer patients (isolated nodal progression) had a robotic-assisted 
surgical resection and post-lymphadenectomy electron boost on the vascular and lateral pelvic wall.
Conclusions Minimally invasive and robotic-assisted surgery is feasible to combine with intraoperative electron radiation 
therapy and offers a new model explored with electron-FLASH beams.

Keywords Intraoperative radiation therapy · Electron beams · Laparoscopic surgery · Robotic surgery · Cancer surgery · 
FLASH

Introduction

Intraoperative electron radiation therapy (IOeRT) 
and laparoscopic surgery: the locally advanced 
rectal cancer model

Laparoscopic resection is a surgical standard: IOeRT is fea-
sible to be integrated to boost post-resection pelvic areas at 
high risk.

In experienced groups, oncologic surgery (e.g., lymph 
node removal, negative resection margins) is performed using 
laparoscopy [1]. In patients with rectal cancer, laparoscopy-
assisted surgical resection is safe after preoperative CRT and 
the quality of resection is equivalent to that obtained using 
an open procedure [2]. Although laparoscopic surgery has 
the advantages of reduced postoperative ileus and pain and 
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a shorter length of stay than open surgery [2], the literature 
contains few reports of laparoscopic IOeRT for rectal cancer 
[3, 4].

The positive experience with laparoscopic surgery to early-
stage rectal cancer led us to incorporate this approach in the 
multimodal management of locally advanced rectal cancer 
(LARC) patients. Preoperative treatment including induction 
chemotherapy and chemoradiation was followed by laparo-
scopic surgery and IOeRT delivered to the posterior pelvic 
wall (post-resection and pre-reconstruction).

Materials and methods

Methodology and patient selection: single-institution IOeRT 
expert experience.

In the period June 2005 to December 2010, 125 patients 
with LARC [cT3-T4 and/or cN + , staged with endoscopic 
ultrasound and with pelvic magnetic resonance imaging] met 
these criteria [5]. A total of 12 senior surgeons (3 surgical 
teams) were involved in the program. The process of assign-
ment to a surgical team (laparoscopic or open surgery) was 
done by clinical condition (e.g., extreme obesity precluded 
laparoscopic surgery). Forty-four patients (35%) were treated 
according to the laparoscopic protocol. The remaining 81 
patients (65%) were treated with an open surgical approach 
and served as the control cohort (retrospective case–control 
study). All patients received two courses of induction FOL-
FOX-4 (oxaliplatin, leucovorin, 5-fluorouracil) [6]. Thereafter, 
preoperative conformal three-dimensional radiation therapy 
was used to deliver a tumor dose of 50.4 Gy with concur-
rent oral tegafur (oral 5-FU prodrug). Adjuvant chemotherapy 
(4–6 courses) consisting of a bolus of 5-fluorouracil (425 mg/
m2) combined with leucovorin (20 mg/m2) on days 1–5 every 
21 days was recommended following the institutional protocol. 
Radical surgery was scheduled for 6 weeks after completion 
of CRT. Compliance with the principles of TME was manda-
tory. After surgery and before pelvic reconstruction, 10–15 Gy 
(median 12.5 Gy) was delivered in a single fraction (via 
suprapubically localized mini-laparotomy [Pfannenstiel inci-
sion]) to the posterior presacral space, using a median energy 
of 12 MeV (Fig. 1). The dose was determined based on the 
completeness of surgical resection, considering the possibility 
of a positive radial resection margin. Posttreatment changes 
observed in rectal cancer specimens were staged according 
to the sixth edition of the AJCC classification (ypTNM) [7].

Results

Procedures‑related radiosurgical results: mature 
cancer outcomes

Table 1 presents the demographics and the tumor-, treat-
ment-, and outcome-related data of the cohorts treated 
with laparoscopic or open surgery in the same time period. 
No statistically significant differences were found in any 
of the relevant clinical–therapeutic parameters analyzed, 
except for more female patients in the laparoscopy group 
(59 vs. 33%, p = 0.005).

Patients in the laparoscopy group lost less blood and 
had a shorter hospital stay than those in the open surgery 
group. Postoperative complications (at least 1 postopera-
tive complication) were reported in 14 of 44 patients (32%) 
in the laparoscopy group and in 36 of 81 patients (44%) in 
the open surgery group. The proportion of patients who 
underwent a second intervention within 28 days after sur-
gery was similar between the two groups. Intraoperative, 
acute, and late toxicity was similar among groups.

The distribution of the different procedures was simi-
lar in both groups. An abdominoperineal procedure was 
performed in 34% of the patients in the laparoscopy group 
and in 26% in the open surgery group. Laparoscopic proce-
dures were converted to open surgery in 5 of 44 patients. 
Macroscopically incomplete resected specimens were 

Fig. 1  IOeRT procedure for rectal cancer: a Laparoscopic approach: 
the retractor removes the rectal stump and the anterior pelvic struc-
tures out of the electron beam applicator; b open procedure vision: 
retractors in place to assure presacral space exposure with protection 
of pelvic sensitive structures and organs; c suprapubic laparotomy 
incision to extract the resected specimen and introduce the electron 
applicator during a laparoscopic procedure and docking completed to 
the linear accelerator; d internal visual control of the tumor bed after 
applicator positioning
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obtained in 1 of 44 patients (2%) after laparoscopic sur-
gery and 5 of 81 (6%) after open surgery. The median 
distal resection margin was 2.84 cm in the laparoscopic 
group and 3.17 cm in the open surgery group (p = 0.25). 
The median distance to the circumferential resection mar-
gin was 7 cm in the laparoscopic group and 8 mm in the 
open surgery group (p = 0.42). The median number of 
lymph nodes harvested after surgery was not significantly 
different between the groups. Tumor and nodal downstag-
ing after preoperative treatment did not differ significantly 
between the two groups. Median follow-up time for the 
entire cohort of patients was 59.5 months (range 7.8–90). 
Seven patients had a loco-regional recurrence (5.6%), 
and 22 out of the original 125 patients (18%) developed 
distant metastases. Two out of the seven patients with 

loco-regional recurrence were rescued with a second sur-
gical procedure and achieved long-term survival (24 and 
55 months).

No significant differences in 5-year OS were detected 
between the groups (Fig.  2). Disease-free survival at 
5 years was 74.1%. Multivariate analysis showed that dis-
tal margin ≤ 10 mm, CRM ≤ 1 mm, tumor grade 3, tumor 
regression grade 3–4, and ypN + disease were significantly 
associated with disease-free survival. Five-year LRC was 
94% (Fig. 1c). No significant differences in 5-year loco-
regional control were observed between the laparoscopic 
and the open surgery groups (Fig. 2). Multivariate analysis 
showed that distal margin ≤ 10 mm, CRM ≤ 1 mm, and 
tumor grade 3 were statistically associated with loco-
regional control.

Table 1  Demographics and outcomes in an IOeRT expert institution experience on rectal cancer (2005–2010)

Variable Total [n = 125(%)] Laparoscopic surgery 
[n = 44 (35%)]

Open surgery [n = 81 (65%)] P value

Demographics
Median age (range) 63 (31–86) 62 (31–84) 64 (33–86) 0.62
Male 72 (58) 18 (41) 54 (67) 0.005
Female 53 (42) 26 (59) 27 (33)
Median time interval to surgery (days) 47 (22–83) 46 (22–83) 47 (25–78) 0.83
Location of tumor (distance to anal verge)
 Lower rectum (< 5 cm) 41 (33) 15 (34) 26 (32) 0.93
 Clinical tumor stage
 cT2–T3 93 (74) 30 (68) 63 (79) 0.24
 cT4 32 (26) 14 (32) 18 (22)

Clinical nodal stage
 cN0 12 (10) 2 (5) 10 (12) 0.16
 cN + 113 (90) 42 (95) 71 (88)

Median IOeRT cone size 6 (5–8) 6 (5–8) 6 (5–8) 0.92
Median IOeRT dose (cGy) 1.250 (1.000–1.500) 1.250 (1.000–1.500) 1.250 (1.000–1.500) 0.94
Median IOeRT energy (MeV) 12 (6–18) 12 (6–18) 12 (6–18) 0.93
Outcomes
 Intervention
  Abdominoperineal 36 (29) 15 (34) 21 (26) 0.5
  Anterior resection 8 (6) 2 (5) 6 (7)
  Low anterior resection 52 (42) 20 (45) 32 (40)
  Ultralow anterior resection 29 (23) 7 (16) 22 (27)

 Total mesorectal excision
  Complete 119 (95) 43 (98) 76 (94) 0.44
  Incomplete 6 (5) 1 (2) 5 (6)

Pathologic tumor stage
 ypT3 49 (39) 15 (34) 34 (42)
 ypT4 7 (6) 07 7 (8.5)

Pathologic nodal stage
 ypN0 90 (72) 32 (73) 58 (71)



432 Clinical and Translational Oncology (2023) 25:429–439

1 3

Discussion

The evolution of laparoscopy and IOeRT 
in the management of rectal cancer patients

The results of several prospective randomized trials on 
laparoscopic resection for mid- to low rectal cancer have 
been reported [1, 2, 8–10]. A large randomized trial (1103 
patients) showed less blood loss in the laparoscopy group 
compared to the open surgery group (median 200 vs 
400 ml, p < 0.0001). However, laparoscopy prolonged sur-
gical times (240 vs 188 min; p < 0.0001). In the laparos-
copy group, bowel function was regained sooner (2.0 vs. 
3.0 days; p < 0.0001) and hospital stay was shorter (8.0 vs. 
9.0 days; p = 0.036). Macroscopically, the completeness 
of resection was not different between the groups (88 vs 
92%; p = 0.250). A positive CRM (< 2 mm) was noted in 
10% of patients in both the laparoscopy and the open sur-
gery groups (p = 0.850). Postoperative morbidity (40% vs 
37%; p = 0.424) and mortality (1% vs 2%, p = 0.409) within 
28 days after surgery were similar.

A recent meta-analysis (7 randomized trials involving 
1767 laparoscopic and 1293 open resections for rectal can-
cer) concluded that laparoscopic rectal cancer resection does 
not compromise long-term oncologic outcomes compared 
with open surgery with potential survival benefits (supe-
rior disease-free survival) for a minimal access approach in 
patients with stage II and III rectal cancer [11].

An important remark is that most of the laparoscopic 
data were generated excluding patients with T3 rectal cancer 
within 2 mm of the endopelvic fascia or T4 cancers. There-
fore, their findings require validation in LARC patients after 
contemporary multidisciplinary treatment including expo-
sure to intensive preoperative systemic and radiation treat-
ments. The demonstration of the equivalence and possibly 

benefits in some of the parameters analyzing clinical toler-
ance and the induction of similar downstaging effects, with-
out increased toxicity in tissues exposed to extensive com-
bined modality therapy and different surgical approaches, 
will form solid evidence to promote the use of minimally 
invasive surgery and IOeRT also in patients with locally 
advanced disease at diagnosis.

Most of the challenges in the treatment of rectal cancer 
concern the lowest located and the locally advanced tumors. 
Several reports have described the availability and effective-
ness of IOeRT combined with preoperative chemoradiation 
for controlling LARC [12] and promoting improved local 
control results compared to non-IOeRT strategies based on 
systematic reviews [13, 14]. In particular, the data reported 
in cT4 patients and isolated recurrences, using IOeRT as 
a component of local intensification treatments [15, 16], 
are incorporated in the experts’ guidelines as a component 
of the multimodal treatment that is recommended in clini-
cal practice [17, 18]. Laparoscopic dissection preceded by 
a multimodal preoperative treatment combines accuracy 
with reduced invasiveness and faster recovery. Long-term 
outcomes are encouraging, and confirmatory larger series 
are necessary to draw a comparison with the long-term out-
comes of open surgery so that laparoscopy can be further 
incorporated into the radiosurgical practice.

Locally advanced rectal cancer has broadly been defined 
as T3, T4, or lymph node-positive disease. Preoperative 
chemoradiation is the standard of care, based on acceptable 
toxicity and reduced local recurrence rates, as well as higher 
rates of sphincter preservation compared with postoperative 
chemoradiation. Both short-course radiation and long-course 
chemoradiation followed by TME and adjuvant chemother-
apy are currently accepted methods, with recent trials show-
ing equivalence in outcomes, with longer follow-up ongoing. 
MRI is increasingly being used to determine pCR following 

Fig. 2  Rectal cancer outcomes in patients treated in an expert IOeRT institution comparing laparoscopy or open surgical approaches after preop-
erative combined modality therapy
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preoperative therapy to either predict optimal surgical can-
didates or as a mechanism for monitoring patients without 
immediate surgical intervention. Currently, TME remains 
the cornerstone of treatment for locally advanced rectal can-
cer, nonoperative management is an emerging alternative 
treatment paradigm for achieving comparable oncologic 
control with encouraging early results [19].

Intraoperative electron radiation therapy (IOeRT) 
and minimally invasive surgery: the esophageal 
cancer model

Outcomes including intraoperative electron irradiation in the 
multimodal approach have been reported in the treatment of 
locally advanced gastric cancer [20–22], gastroesophageal 
[23] and esophageal cancer [24]. High loco-regional con-
trol rates and tolerability in dose-escalated trials designed 
were described. Local control promotion was observed using 
IOeRT as a boost (combined with external conventional irra-
diation) and this effect was significant compared to surgery 
and external irradiation standard combination [24] or to the 
surgery alone approach [25]. The results observed in the 
esophageal cancer model to the combination of surgery plus 
external irradiation and electron boost after esophagectomy 
and mediastinal dissection have reported favorable tolerance 
with nerve-spacing maneuvers and multiple field arrange-
ments [26]. Additionally, promotion of loco-regional control 
by boosting the upper abdominal lymphatic regions with 
IOeRT has been described [27, 28].

Intraoperative electron radiation therapy (IOeRT) 
in esophago‑gastric cancer and open surgery: 
institutional experiences and meta‑analysis

A meta-analysis including 11 studies, 9 for gastric cancer 
and 2 for esophageal cancer reported [29] on 1581 patients, 
570 in the IOeRT group and 1011 in the control group. 
IOeRT showed favorable effects for patients with cancer in 
stage II and stage III with improvement of loco-regional con-
trol. Complications were similar between the IOeRT group 
and control group (OR = 1.15; 95% CI 0.77–1.72; P = 0.50). 
The results supported findings observed in a previous meta-
analysis showing a statistically significant loco-regional 
control benefit with the addition of IOeRT in patients with 
resectable gastric cancer and the indication that IOeRT may 
provide promising results on overall survival for the sub-
group of patients with stage III disease [30].

Results from a prospective registry [31] (Hospital General 
Universitario Gregorio Marañon, Madrid, Spain) of patients 
treated with and without IOeRT were reported. The radiation 
boost was integrated in an intensive multimodality treatment 
approach. A retrospective analysis reported feasibility, toler-
ance, anatomical topography of loco-regional recurrence, 

and long-term outcome for esophageal and esophago-gastric 
cancer patients treated with preoperative chemoradiation and 
surgery with or without a radiation boost of IOeRT to the 
areas at risk or involved after resection (Fig. 1). In sum-
mary, 53 patients with primary esophageal (n = 26; 44%) 
or esophago-gastric carcinoma (n = 30; 56%), with disease 
confined to loco-regional area, were evaluated. Thirty-seven 
patients also received a perianastomotic reconstruction 
IOeRT boost over the tumor bed in the mediastinum and 
upper abdominal lymph node area. Loco-regional recur-
rence rate was 15% (n = 8). Five-year overall survival and 
disease-free survival was 48 and 36%, respectively. Univari-
ate and multivariate log-rank analyses showed that receiving 
IOeRT was associated with lower risk of local recurrence 
(p = 0.004; p = 0.01) (Fig. 3).

Esophagectomy and minimally invasive surgery 
in cancer patients

Overall progress in the treatment of local and locally 
advanced esophageal, gastroesophageal junction, and gas-
tric adenocarcinomas led to level-one evidence including 
heterogeneous histologies and locations, associated with 
these tumors. The accepted standard of chemoradiotherapy 
for locally advanced esophageal and gastroesophageal junc-
tion cancers is based on trials. However, staging evaluations 
are not uniform and optimal chemotherapy and total dose of 
radiation remain controversial [32]. Innovative technologies 
for minimally invasive surgery for esophageal resection [33, 
34] have proved the feasibility and safety, and several sys-
tematic review and meta-analysis have identified significant 
clinical benefits in outcomes for minimally open approaches 
versus traditional open techniques [35, 36]. Esophagectomy 
for cancer is associated with a high risk of complications. A 
minimally invasive approach might be less traumatic, lead-
ing to fewer complications and may also improve the onco-
logical outcome. The meta-analysis of six RCTs including 
822 patients showed a lower risk of postoperative complica-
tions compared to open resection. Overall and disease-free 
survival was comparable for the two techniques [37].

Clinical experiences during mentoring and training of 
minimally invasive esophagectomy and the feasibility of 
intraoperative electron radiation therapy were explored 
(IOeRT).

Since the first laparoscopic procedure, there has been a 
steady increase in advanced minimally invasive surgery. 
These procedures include oncological colorectal, hepato-
biliary, and upper gastrointestinal surgery. Implementation 
of these procedures requires different and new skills for 
the surgeons who wish to perform these procedures. To 
accomplish this surgical teaching program, a mentorship 
seems the most ideal method to teach the apprentice sur-
geon these specific skills. A pioneering teaching program 
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for a minimally invasive esophagectomy for esophageal 
cancer was started in 2009 [38]. As part of the mentoring 
cancer institutes throughout Europe, the Hospital General 
Universitario Gregorio Marañon (Madrid, Spain) explored 
the feasibility of integrating of intraoperative electron 

irradiation while the mentoring process in the Surgical 
Department by Prof. Cuesta as part of the innovation 
launched for esophageal cancer patients requiring mul-
timodal therapy for locally advanced cancer stages [31] 
(Fig. 4). Patients piloting this experience are described 
in Table 2. 

Fig. 3  Intraoperative electron irradiation (IOeRT) during open sur-
gery for gastro-esophageal cancer. Lateral thoracotomy to approach 
circumferential resection margin in the lower mediastinum and nodal 

regions in the upper abdomen. 3D reconstruction of the anatomy and 
applicator positioning

Fig. 4  View of minimally invasive esophagectomy procedure and 
intraoperative electron irradiation. a Abdominal time: laparoscopic 
approach; b intraabdominal view of celiac trunk boost after nodal 
resection. Notice that the stomach, colon, small bowel, duodenum 
and hepatic hilum are displaced and protected from the electron beam 

directed by the applicator; c beam’s-eye view of the selected target at 
the celiac trunk; d miniaturized linear accelerator after the docking 
procedure delivering the radiation beam; e thoracoscopic time and 
extraction of the final surgical specimen
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Intraoperative electron radiation therapy 
and robotic‑assisted surgery: initial clinical 
experiences

The theoretical advantages of robotic surgery are the 
enhanced three-dimensional and magnified views of closed 
spaces that can be obtained as well as increased dexterity 
with fine precision surgical instruments, which make it ideal 
for operating in confined anatomical spaces such as the pel-
vis. Considering the great complexity of pelvic anatomy, 
robotic surgery has been reported to be feasible and related 
to beneficial outcomes in urological malignancy includ-
ing prostatectomy [39] and nodal dissections [40], rectal 
[41], and exenterative pelvic surgery [42]. Recently, robotic 
esophagectomy is reported as an extension of this technol-
ogy to the thoracic cavity [43–45]. Table 3 describes the 
demographics and characteristics of tumor and treatment 
involved in the initial experience at Clinica Universidad de 
Navarra in the rescue of oligo-recurrent patients with pros-
tate cancer diagnosis (Fig. 5). 

The potential of intraoperative electron‑FLASH 
and laparoscopic or thoracoscopic cancer resection

FLASH irradiation with electron beams has proven to 
be protective in normal tissue damage in animal models, 

while maintaining similar tumor control effect [46]. Elec-
tron-FLASH technology allows integration into current 
IOeRT strategies, similar to the successful investigations 
in human cancer models [47]. Minimally invasive lapa-
roscopic or thoracoscopic surgery, as a relevant progress 
in cancer surgery, can be integrated with intraoperative 
high-energy electron irradiation. The IOeRT dose can 
adequately be directed at the predefined high-risk cancer 
target area by modifying the incision used to resect and 
extract the surgical specimen.

IOeRT can be delivered as a boost component after pre-
operative chemoradiation in gastroesophageal cancer as 
a dose-escalation strategy to improve local tumor control 
in the nodal regions of the upper abdomen (laparoscopic 
modality) and in the lower mediastinal space covering the 
circumferential margin tumor extension (thoracoscopic 
approach). The normal tissues exposed to electron boost are 
relatively dose resistant (vessels, pancreas, aorta, preverte-
bral ligament and vertebral body, which remains however 
limited due to the single dose concept of IOeRT [48–52]. In 
the pelvic region, after radical rectal cancer resection fol-
lowing preoperative chemoradiation, dose-sensitive tissues 
include the peripheral nerve structures in the presacral space 
and in the lateral pelvic wall regions. Peripheral neuropathy 
is a well-described toxicity related to the use of escalated 
IOeRT [53].

Table 2  Patients treated with 
thoracoscopic esophagectomy 
and intraoperative electron 
irradiation following 
neoadjuvant therapy

Variables Case 1 Case 2

Age 72 50
Gender Male Female
Co-morbidity Dyslipidemia, pericarditis –
Cancer Esophageal Esophageal
Location Esophago-gastric junction Esophago-gastric junction
Histology Adenocarcinoma Adenocarcinoma
Stage cT2N1Mx
Status Primary locally advanced Primary locally advanced
Previous Tx Chemoradiation 45 Gy + Chemoradiation 45 Gy + 
Response Minor endoscopic Major endoscopic
Surgery
 Duration 8 h 10 min 9 h 15 min

IOeRT
 Applicator size 5 cm 5 cm
 Beveled angle 30° 30°
 Dose 15 Gy 15 Gy
 Energy 10 MeV 12 MeV
 Target Celiac trunk Celiac trunk
 Access Abdominal Abdominal
 Pathology YpT2 YpN2 YpT0 YpN0
 Hospital discharge 5 days 12 days

Outcomes
  Loco-regional control 18 months 48 months
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A promising relevant potential of using electron-FLASH 
for IOeRT dose delivery entails the sparing of normal tissue 
effects, lowering the risks for late side effects while main-
taining tumor control or, in the case of escalation of can-
cer dose, even further improving disease-related outcome 
parameters. Another scenario of particular interest to explore 
electron-FLASH IOeRT combined with surgery, in this case 
after reducing or omitting the preoperative external beam 
radiation therapy component, concerns oligo-recurrent can-
cer patients in intrapelvic sites that are previously irradiated 
and/or already symptomatic due to direct cancer involvement 
[54].

Laparoscopic liver resection is an alternative approach 
to open surgery for hepatocellular carcinoma and metastatic 
liver disease [55]. Liver tolerance in large animal models 
to intraoperative electrons has a favorable profile and is an 

additional area of research and development for the electron-
FLASH technology [56–59].

The potential of electron‑FLASH in cancer patients 
who are candidates for robotic surgery

Robotic surgery for cancer patients is well established, e.g., 
for prostatectomy, pelvic nodal resection and a number of 
sites of oligo-metastatic or -recurrent disease. IOeRT has 
been explored pre-prostatectomy, combining open surgery 
with 10–12 Gy of IOeRT delivered with 9–12 MeV electron 
energy beams. In vivo dosimetry was feasible and accurate 
in terms of dose deposit prediction [60]. A similar approach 
integrating the delivery of 12 Gy IOeRT after exposure of 
the prostate, followed by prostatectomy, compared to pros-
tatectomy with or without external beam, and irradiation if 
indicated (matched pair analysis) did not show differences in 
continence rate and no major complications in either group. 
The acute and late toxicity and biochemical progression-free 
survival were equivalent [61]. The tolerance of dose-sensi-
tive tissues to high-single doses of electrons as delivered 
intraoperatively have been studied in large animal models 
including the ureter [62], bladder [53, 63], and the peripheral 
nerves. The studies described that below 15 Gy, detectable 
histopathological tissue damage or functional impairment 
was not observed. Electron-FLASH offers now the oppor-
tunity to further explore increased doses of IOeRT with 
robotic prostatectomy to further improve local control, while 
minimally compromising continence and erectile function.

Conclusions

State-of-the-art cancer care through medical innovation 
opens a significant opportunity for individualizing cancer 
management across a broad spectrum of diseases. Minimally 
invasive surgery significantly improves the tolerance for sur-
gical procedures in cancer patients, while maintaining estab-
lished quality standards in cancer surgery. The combination 
of improved surgical standards and improved delivery of 
radiation therapy forms an essential component of integral 
quality oncologic care. Intraoperative electron radiation ther-
apy delivery is feasible during laparoscopic, thoracoscopic, 
and robotic-assisted surgical procedures. An electron beam 
delivered at ultrahigh dose rates (electron-FLASH) promises 
to further improve the tolerance of normal tissues. In this 
scenario, escalating the intraoperative dose delivered during 
minimally invasive surgery might significantly improve local 
tumor control without jeopardizing normal tissue tolerance.
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