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Abstract
Purpose  Stereotactic radiotherapy (SRT) is the predominant method for the irradiation of resection cavities after resection of 
brain metastases (BM). Intraoperative radiotherapy (IORT) with 50 kV x-rays is an alternative way to irradiate the resection 
cavity focally. We have already reported the outcome of our first 40 IORT patients treated until 2020. Since then, IORT has 
become the predominant cavity treatment in our center due to patients´ choice.
Methods  We retrospectively analyzed the outcomes of all patients who underwent resection of BM and IORT between 2013 
and August 2023 at Augsburg University Medical Center (UKA).
Results  We identified 105 patients with 117 resected BM treated with 50 kV x-ray IORT. Median diameter of the resected 
metastases was 3.1 cm (range 1.3 – 7.0 cm). Median applied dose was 20 Gy. All patients received standardized follow-up 
(FU) including three-monthly MRI of the brain. Mean FU was 14 months, with a median MRI FU for patients alive of nine 
months. Median overall survival (OS) of all treated patients was 18.2 months (estimated 1-year OS 57.7%). The observed 
local control (LC) rate of the resection cavity was 90.5% (estimated 1-year LC 84.2%). Distant brain control (DC) was 61.9% 
(estimated 1-year DC 47.9%). Only 16.2% of all patients needed WBI in the further course of disease. The observed radio 
necrosis rate was 2.6%.
Conclusion  After 117 procedures IORT still appears to be a safe and appealing way to perform cavity RT after neurosurgical 
resection of BM with low toxicity and excellent LC.
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Introduction

Surgical resection is the preferred treatment of large and 
symptomatic brain metastases (BM)[1–3]. Due to high 
local recurrence rates after surgery alone, additional radio-
therapy (RT) is necessary to achieve optimal local control 
(LC) [4]. In this setting whole brain irradiation (WBI) has 
been replaced by focal RT of the resection cavity because of 
favorable long term neurotoxicity rates [5, 6]. Stereotactic 
radiotherapy (SRT) is the predominant method for the irra-
diation of resection cavities after resection of brain metas-
tases (BM)[7]. Intraoperative radiotherapy (IORT) with 
50 kV x-rays is an alternative way to irradiate the resection 
cavity focally [8, 9]. This method holds the advantage of 
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steeper dose gradients compared to SRT[10, 11]. This leads 
to a lesser treated volume of brain tissue, which is likely 
to transform into lower radio necrosis rates with improved 
LC. From a radio-biological point of view 50 kV x-rays 
have a higher relative biological efficacy compared to 6MV 
photons. This means 1 Gy of 50 kV X-rays has the same 
biological effect as approximately 1.3 Gy of 6MV photons. 
Furthermore IORT shortens the interval between surgery 
and radiotherapy to literally zero. This interval is known 
to be an important factor influencing LC in several settings 
of adjuvant RT[12]. Finally there are hints that high focal 
doses of IORT modulate the immunologic response to tumor 
surgery in a favorable way, enhancing antitumor immune 
responses[13, 14].

We have already reported the outcome of our first 40 
IORT patients treated until 2020[15]. Since then, IORT has 
become the predominant cavity treatment in our center due 
to patients´ choice. In the last two and a half years until 
August 2023 we treated more patients with IORT after BM 
resection than within the eight years period of our first pub-
lication. This rose the question whether the use of IORT 
after resection of BM in a high-volume routine setting would 
have an impact on the oncological outcome and toxicity of 
this procedure.

Material & methods

We conducted a retrospective analysis of all patients, who 
were treated with IORT after neurosurgical resection of 
BM between January 2013 and August 2023 at UKA. The 
study protocol was approved by the local ethics commit-
tee in accordance to the Declaration of Helsinki. For this 
retrospective observational study, no individual informed 
consent was necessary according to the ethics committee’s 
guidelines and regulations. We identified all patients from 
our oncology information system MOSAIQ (ELEKTA AB, 
Stockholm) and gained additional information via the hos-
pital information system ORBIS (DEDALUS Healthcare 
Group AG, Bonn) and the radiology information and picture 
archiving and communication system Deep Unity (DEDA-
LUS Healthcare Group AG, Bonn). The time point for the 
last FU included in this analysis was October 18th 2023.

Treatment of all cases followed the recommendations of 
UKA multidisciplinary tumor board (MTB). With regard 
to patient selection, a minimal distance of 5 mm between 
the border of the contrast enhancing lesion in MRI and the 
optic tract/brainstem was mandatory. Depending on the 
decision of the neurosurgeon some, but not all patients with 
centrally located metastases or metastases in the posterior 
fossa have been excluded. After informed consent of the 
patient microsurgical BM resection was performed includ-
ing a frozen section to confirm malignancy of the removed 

tumor. Hereafter the resection cavity was irradiated with 
50 kV x-rays via an INTRABEAM system (ZEISS MED-
ITEC AG, Oberkochen) equipped with spherical applicators. 
The device and procedure has already been described before 
[8, 16]. Spherical applicator sizes of this IORT system range 
from 15 to 50 mm in diameter in 5 mm increments. The suit-
able applicator size was chosen by neurosurgeon and radio-
oncologist corresponding to the size of the resection cavity, 
providing direct contact of the cavity walls to the surface of 
the applicator. Radiation dose was prescribed to the surface 
of the applicator (tissue depth 0 mm), corresponding to the 
target volume/ dose concept of postoperative SRT cavity 
treatment (GTV = CTV = cavity). Due to the dose distribu-
tion of the system a 2 mm rim around the cavity received 
between 63 and 84% of the prescribed dose depending on 
the size of the applicator. The applied dose is reduced to 
38–53% in 5 mm and 18–32% in 10 mm tissue depth. After 
IORT, the applicator was removed and surgery was com-
pleted. After treatment, all patients received standardized FU 
including 3-monthly MRI of the brain, according to UKA 
FU policy for SRT. All statistical analyses of this article 
were performed with EZR (Version 3.4.1 /The R Foundation 
for statistical computing)[17] using Kaplan–Meier methods 
and log rank tests.

Results

We identified 105 patients (55 female/ 50 male) with 117 
resected BM, who were treated with 50 kV x-ray IORT. 
For patients characteristics see Table 1. Median age of 
these patients at time of treatment was 65 years (range 
39—88 years). Most patients fitted to recursive partition-
ing analysis (RPA) [18] class 2 (76 pts. / class 1: 16 pts. / 
class 3: 13 pts.). Median diameter of the resected metas-
tases was 3.1 cm (range 1.3 – 7.0 cm). Median applied 
dose was 20 Gy (range 13.4 – 30 Gy). Four patients had a 
history of previous external beam radiotherapy in the area 
of resection. Five other patients had received focal RT to 
BM distant to the resection area before. All other patients 
were newly diagnosed with BM prior to resection. Median 
number of BM at treatment time was one (range 1–6). 
Maximum number of IORT procedures per patient was 
two. All other non-resected brain lesions were treated with 
SRT with exception of one patient receiving additional 
WBI. The predominant histology of the resected metasta-
ses was non-small-cell lung cancer (50 metastases), fol-
lowed by malignant melanoma (16 metastases) and breast 
carcinoma (13 metastases). Sixty-five of all patients were 
simultaneously suffering from additional tumor burden in 
other organs than brain. Mean FU was 14 months (SD: 
18 months), with a median MRI FU for patients alive of 
9 months (range 0–79 months). At the time of this analysis 
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52 of these 105 patients had died. Median overall sur-
vival of all treated patients was 18.2 months (range 0.5 
-79.0 months) with an estimated overall survival at 1 year 
of 57.7% (95% CI: 46.6–67.4%). The observed LC rate of 
the resection cavity was 90.5% with estimated LC (Fig. 1) 
of 84.2% at 1 year (95% CI: 71.3–91.6%). All recurrences 
despite one were histologically proven (3xNSCLC, breast 
cancer, malignant melanoma, ovarian cancer, colorectal 
cancer, esophageal cancer, renal cell cancer and blad-
der cancer). Observed distant brain control (DC) was 
61.9% with estimated DC of 47.9% at 1 year (95% CI: 
34.7–60.0%), including six patients (5.7%), who developed 
leptomeningeal disease (LMD). The estimated LMD rate 
was 10.4% at 1 year (95% CI: 4.7–22.1%). Only 16% of 

all patients received WBI in the further course of disease 
to achieve DC. All other patients could be salvaged via 
focal treatment.

IORT did not increase the perioperative toxicity of brain 
surgery. Thirty-day mortality of the 114 interventions was 
5.3%, not related to IORT. All of these patients had been 
already discharged from hospital after brain surgery and 
most of them had even received another course of systemic 
treatment before their death. Five patients died from a sepsis 
arising either of the genitourinary or respiratory tract and 
one patient suffered a lethal infarction of the arteria cerebri 
media 12 days postoperatively. The latter was an 82 year old 
male patient, treated for a singular symptomatic 2.5 cm left 
occipital BM from NSCLC. Staging showed no evidence of 
metastatic disease elsewhere. He had a history of myocardial 
infarction treated with a coronary stent 14 years before and 
a pulmonary embolism five years earlier. Anticoagulation 
with acetylsalicylic acid was paused for 2 weeks in total 
due to brain surgery. After complete microsurgical resection 
an IORT with 18 Gy to the surface of the spherical 1.5 cm 
applicator was performed. The patient was discharged from 
hospital in good health six days after surgery. Another five 
days later he was brought to the emergency room after a 
syncopal collapse with multiple bruises. CT showed signs 
of an infarction of the left medial cerebral artery. Due to 
the recent neurosurgery no lysis therapy was performed and 
patient died one day later.

Six postoperative bleedings (2 revisions), four postopera-
tive formations of hygromas and four wound infections (1 
revision) in the area of the craniotomy were observed. One 
IORT procedure in the posterior fossa had to be terminated 
prematurely (applied 13.4 Gy of planned 18 Gy) due to the 

Table 1   Patients charactersitics

Patients characteristics
  number of patients 105
  male/female 50/55
  patients alive 53
  median age (range) 65 years (39–88 years)
  patients with previous brain RT 9
  patients with metastases in other organs 65

RPA
  class 1 16
  class 2 76
  class 3 13

lesion characteristics
  median number of BM at treatment 

(range)
1 (1–6)

  median size of treated lesion (range) 3.1 cm (1.3- 7.0 cm)
  median size of applicator (range) 2.0 cm (1.5 – 4.0 cm)
  median dose (range) 20 Gy (13.4–30 Gy)
  suspected incomplete resection in MRI 41

localization of brain metastases
  frontal 33
  parietal 25
  occipital 26
  temporal 18
  posterior fossa 15

histology of resected metastases
  NSCLC 50
  melanoma 16
  breast cancer 13
  colorectal carcinoma 9
  renal cell carcinoma 8
  SCLC 4
  upper gastro-intestinal cancer 3
  bladder cancer 3

other 11
ovarian cancer/ parotid cancer/ head and neck cancer/ prostate 

cancer/ sarcoma

Fig. 1   Probability of local control after resection of BM and IORT 
(the dotted lines represent the 95% confidence intervals)
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detection of an air embolism, which could be treated without 
consequential damage for the patient. It was a 79 year old 
female patient treated for a symptomatic 3.5 cm right sided 
metastasis in the cerebellum from a malignant melanoma. 
Surgery was performed in semi-sitting position. In this set-
ting air embolism is a well-known surgical complication. 
IORT was performed with a spherical 2.5 cm applicator. A 
dose of 18 Gy on the surface of the applicator was intended. 
Despite of the reduced applied dose no local failure occurred 
in the further FU of this patient. Our institutional review of 
this case found no impact of the IORT on the occurrence 
of the air embolism. It was assumed that the air was sucked 
in via a vein affected during the surgical procedure before. 
After changing the surgical patient positioning to a lateral 
approach, no further air embolisms were observed during 
an IORT procedure. In an already published analysis of our 
center [19] we found no increased toxicity of IORT in the 
posterior fossa compared to supratentorial lesions.

Median time from surgery to discharge from hospital was 
6 days (range 2–41 days). IORT procedure prolonged opera-
tion room (OR) time for 25 min in mean (range 15–42 min). 
Mean operation time including IORT was 150 min (range 
97 to 308 min). Mean radiation time was 15:13 min (range 
6:00–28:13 min). Fifty-eight patients in this series needed sys-
temic treatment due to additional tumor burden in other organs. 
Median time to start of systemic treatment after surgery was 
24 days (range 1 to 136 days) for these patients. Symptomatic 
brain necrosis (RN) after IORT was observed and histologically 
proven in one single case of a lesion in a pre-irradiated area. 
Two other patients developed radiological signs of RN on FU 
MRI scans 83 days and 538 days after surgery without any 
neurological symptoms. These contrast enhancing zones next to 
the resection cavity diminished without any specific treatment 
during further FU (observed brain necrosis rate 2.6% /estimated 
brain necrosis rate of 3.9% at 1 year).

Discussion

To our knowledge, this is the largest published mono institu-
tional series of patients treated with IORT after resection of 
BM. Since 2020 more patients were treated with IORT than 
with SRT after microsurgical resection of BM. This is due 
to patients´ choices, who find the “one stop shop” character 
of this treatment very appealing. Nevertheless all patients of 
the UKA, who are planned for BM resection after decision 
of the MTB, are offered the option of a postoperative cavity 
SRT as well as the option of IORT.

The observed LC rate of 90.4% with an estimated LC of 
84.2% at 1 year (95% CI: 71.3–91.6%) is as well in line with 
the smaller IORT series of De Castro et al. and Cifarelli et al. 
[8, 9] as with postoperative cavity SRT series [3, 20–23] 
and it stayed unchanged compared to our last publication 

2021 [15] after the first 40 treated patients. Remarkably, 
the high rate of suspected incomplete resections on post-
operative MRI of 34.6% did not transfer into worse local 
control (84.7% (95% CI: 66.5–93.4%) R0 vs. 82.1% (95% 
CI: 58.9–93.0%) R1; p = 0.606) in univariate analysis. This 
stands in contrast to the findings of Cifarelli et al. [8], who 
found this to be the only predictor of LC in their data set. 
We hypothesize that contrast enhancements on the cavity 
rim as a reaction of the brain tissue after IORT might blur 
the distinction between residual disease and IORT related 
tissue changes (Picture 1).

Patients´ median OS of 18.2  months (range 0.5 
-79.0 months) stresses the relevance of LC without rele-
vant treatment associated neurotoxicity in this population. 
Most patients live long enough to experience the impair-
ments either by local recurrence or by therapy associated 
neurotoxicity. Taking in account the estimated DC of 47.9% 
at 1 year (95% CI: 34.7–60.0%) close MRI FU is of utter-
most importance in this setting to detect the frequent distant 
relapses before they become symptomatic and deteriorate 
patients´ quality of life. With the applied UKA FU policy 
of three-monthly MRIs we were able to detect all distant 
brain relapses in an asymptomatic state. Most of them could 
be salvaged with SRT. Only 16% of our patients required 
WBI due to multiple BMs and/ or LMD during their whole 
course of cancer treatment. This is in line with data from 
BM patients treated with SRT [3, 7, 20]. LMD among our 
patients with an estimated one- year LMD rate of 10.4% 
(95% CI: 4.7–22.1%) was not observed more frequently than 
reported in patient series treated with postoperative SRT 
with one-year LMD rates ranging between 7 and 30% [20, 
24–26]. We published the data of patients treated with SRT 
after neurosurgical BM resection in our center[7]. In this 
series the estimated one- year LMD rate was 16% (95%CI 
7.3–32.9%). Hence, there is no evidence that the IORT pro-
cedure increases the risk of tumor cell spillage to the cer-
ebrospinal fluid by neurosurgery. It cloud even be hypoth-
esized that IORT might decrease the LMD rate, as LMD 
could be affected negatively by the interval between surgery 
and SRT of the non-sterilized surgical cavity. To address this 
question a randomized trial is obligatory.

IORT did not increase the perioperative complica-
tions rate of brain surgery. Although our series contains 
cases with huge metastases up to 7 cm diameter, 12% 
of the treated patients fitted to RPA class 3 and 13% of 
the metastases were located in the posterior fossa, the 
30-days- mortality and complication rate were within the 
range described in recent publications of patient cohorts 
after neurosurgical BM resection with or without IORT [3, 
9, 19, 27–30]. The complete IORT procedure prolonged 
OR time for 25 min in mean including less than 16 min 
radiation time. This and the limited radiation protection 
measures, comparable to the protection measures required 
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for the use of fluoroscopy, made it possible for our center 
to integrate the IORT procedure in our routine workflow 
for microsurgical BM resections easily.

Median time from surgery to discharge from hospital 
was 6 days (range 2–41 days) for our patients, which is 
as long as it is for patients after BM resection without 
IORT. Dejonckheere et al.[31] compared the mean time to 
next treatment of patients after BM resection with IORT 
to patients treated with postoperative SRT to the cavity 
in a retrospective single center study. They found a sig-
nificant difference in favor of patients treated with IORT 
(36 (9 − 94) days) versus patients treated with postopera-
tive SRT (52 (11 − 126) days). We observed a mean time 
to systemic treatment (TTST) of 31 days (median TTST: 
24 days (range 1 -136 days)) in our patient set, which is in 
line with the results of the quoted study.

Within this retrospective single center study we 
observed an extremely low rate of RN during FU. With an 
observed RN rate 2.6% and an estimated RN rate of 3.9% 
at one year, we report a markedly lower RN rate compared 
to other published data on focal BM cavity radiotherapy. 
In the current literature the rates of RN rage from 5 to 25% 
for patients treated with SRT after resection of BM [3, 20, 
32–34]. Our comparatively low RN rate could possibly be 
explained by the relatively small volume of surrounding 
brain tissue receiving 10 Gy (V10), due to the steep dose 
gradient of 50 kV x-rays [15]. V10 is an established risk 
factor for RN in SRT. In our series the mean applicator 
size was 2.0 cm (range 1.5–4.0 cm), corresponding to a 
nominal mean V10 of 6.12 cm3 (range 3.08–35.95 cm3). 
Taking into account relative biological efficacy (RBE) of 
low energy X-rays, the corresponding mean V10 (RBE) 
is 12.97 cm3 (range 4.6–48.94 cm3). This data supports 
the clinical benefit gained from the steep dose gradient 
of 50 kV x-ray IORT around the resection cavity already 
described by other groups [10, 35].

Nevertheless there are some restrictions to the inter-
pretation of our data. As a retrospective study it is sub-
jected to bias due to patient selection and reporting. We 
treated the majority of our patients within the last two and 
a half years, which puts a limit to the FU time of this data. 
Some patients were lost to FU, which is a source of fur-
ther uncertainty. These effects may be partly balanced by 
the large number of procedures reported. Thus, the results 
represent the clinical status of IORT after microsurgical 
resection of BM, which can be achieved as institutional 
standard treatment in a university center. Never the less 
future randomized trials are needed to prove the possible 
advantages of IORT compared to postoperative SRT sci-
entifically sound, which is also true for the comparison of 
postoperative stereotactic radiosurgery versus fractionated 
SRT in the same setting.

Conclusion

After117 procedures IORT as an institutional standard treat-
ment appears to be a safe and appealing way to perform 
cavity RT after microsurgical resection of BM with low tox-
icity and excellent LC. For patients with additional systemic 
tumor burden IORT in this situation holds the chance for an 
early start of adjacent systemic therapy. Three-monthly FU 
with MRI is paramount to detect the frequent distant brain 
failure (DBF) early. In this setting WBI could be avoided 
for over 80% of the patients in the further course of disease 
using SRT as effective salvage therapy for DBF.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s11060-​024-​04691-6.

Author contributions  K.H.K. and E.S. developed the concept, reviewed 
the MRI follow up and wrote the main manuskript text. S.S., Z.R. E.L. 
C.D. and T.J. supervised the physics part. C.M. supervised the review 
of the MRI follow up. P.E.K., B.S. und E.S. supervised and provided 
the neurosurgical part. G.S., M.N., N.B. and K.H.K. provided the radio-
oncological part. All authors reviewed the manuscript.

Funding  Open Access funding enabled and organized by Projekt 
DEAL.

Data Availability  The datasets generated during and/or analyzed dur-
ing the current study are available from the corresponding author on 
reasonable request.

Declarations 

Competing interests  KHK has received travel grants and speakers 
honoria from Varian, Elekta, Zeiss Meditec, AstraZeneca, BMS, MSD, 
Sanofi-Aventis, Merck and Icotec. All other authors declare no compet-
ing interests.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

	 1.	 Vogelbaum MA, Brown PD, Messersmith H, Brastianos PK, Burri 
S, Cahill D, Dunn IF, Gaspar LE, Gatson NTN, Gondi V, Jordan 
JT, Lassman AB, Maues J, Mohile N, Redjal N, Stevens G, Sul-
man E, Van Den Bent M, Wallace HJ, Weinberg JS, Zadeh G, 
Schiff D (2022) Treatment for Brain Metastases: ASCO-SNO-
ASTRO Guideline. JCO 40:492–516. https://​doi.​org/​10.​1200/​
JCO.​21.​02314

https://doi.org/10.1007/s11060-024-04691-6
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1200/JCO.21.02314
https://doi.org/10.1200/JCO.21.02314


192	 Journal of Neuro-Oncology (2024) 169:187–193

	 2.	 Le Rhun E, Guckenberger M, Smits M, Dummer R, Bachelot T, 
Sahm F, Galldiks N, De Azambuja E, Berghoff AS, Metellus P, 
Peters S, Hong Y-K, Winkler F, Schadendorf D, Van Den Bent M, 
Seoane J, Stahel R, Minniti G, Wesseling P, Weller M, Preusser 
M (2021) EANO–ESMO Clinical Practice Guidelines for diag-
nosis, treatment and follow-up of patients with brain metastasis 
from solid tumours. Ann Oncol 32:1332–1347. https://​doi.​org/​10.​
1016/j.​annonc.​2021.​07.​016

	 3.	 Gutschenritter T, Venur VA, Combs SE, Vellayappan B, Patel 
AP, Foote M, Redmond KJ, Wang TJC, Sahgal A, Chao ST, Suh 
JH, Chang EL, Ellenbogen RG, Lo SS (2020) The Judicious Use 
of Stereotactic Radiosurgery and Hypofractionated Stereotactic 
Radiotherapy in the Management of Large Brain Metastases. Can-
cers 13:70. https://​doi.​org/​10.​3390/​cance​rs130​10070

	 4.	 Kocher M, Soffietti R, Abacioglu U, Villà S, Fauchon F, Baumert 
BG, Fariselli L, Tzuk-Shina T, Kortmann R-D, Carrie C, Hassel 
MB, Kouri M, Valeinis E, van den Berge D, Collette S, Collette L, 
Mueller R-P (2011) Adjuvant Whole-Brain Radiotherapy Versus 
Observation After Radiosurgery or Surgical Resection of One to 
Three Cerebral Metastases: Results of the EORTC 22952–26001 
Study. JCO 29:134–141. https://​doi.​org/​10.​1200/​JCO.​2010.​30.​
1655

	 5.	 Brown PD, Ballman KV, Cerhan JH, Anderson SK, Carrero XW, 
Whitton AC, Greenspoon J, Parney IF, Laack NNI, Ashman JB, 
Bahary J-P, Hadjipanayis CG, Urbanic JJ, Barker FG, Farace E, 
Khuntia D, Giannini C, Buckner JC, Galanis E, Roberge D (2017) 
Postoperative stereotactic radiosurgery compared with whole 
brain radiotherapy for resected metastatic brain disease (NCCTG 
N107C/CEC·3): a multicentre, randomised, controlled, phase 3 
trial. Lancet Oncol 18:1049–1060. https://​doi.​org/​10.​1016/​S1470-​
2045(17)​30441-2

	 6.	 Chang EL, Wefel JS, Hess KR, Allen PK, Lang FF, Kornguth 
DG, Arbuckle RB, Swint JM, Shiu AS, Maor MH, Meyers CA 
(2009) Neurocognition in patients with brain metastases treated 
with radiosurgery or radiosurgery plus whole-brain irradiation: a 
randomised controlled trial. Lancet Oncol 10:1037–1044. https://​
doi.​org/​10.​1016/​S1470-​2045(09)​70263-3

	 7.	 Kahl K-H, Shiban E, Gutser S, Maurer CJ, Sommer B, Müller 
H, Konietzko I, Grossert U, Berlis A, Janzen T, Stüben G (2022) 
Focal cavity radiotherapy after neurosurgical resection of brain 
metastases: sparing neurotoxicity without compromising locore-
gional control. Strahlenther Onkol 198:1105–1111. https://​doi.​
org/​10.​1007/​s00066-​022-​02003-3

	 8.	 Cifarelli CP, Brehmer S, Vargo JA, Hack JD, Kahl KH, Sarria-Var-
gas G, Giordano FA (2019) Intraoperative radiotherapy (IORT) 
for surgically resected brain metastases: outcome analysis of 
an international cooperative study. J Neurooncol 145:391–397. 
https://​doi.​org/​10.​1007/​s11060-​019-​03309-6

	 9.	 De Castro DG, Sanematsu PI, Pellizzon ACA, Suzuki SH, Foga-
roli RC, Dias JES, Gondim GRM, Estrada DA, Silva MLG, 
Rassi MS, Chen MJ, Giacomelli R, Ramos H, Neto ES, Abrahão 
CH, Coelho TM, Yu LS, De Queiroz Tannous C, Calsavara VF, 
Giordano FA, De Oliveira JG (2023) Intraoperative radiotherapy 
for brain metastases: first-stage results of a single-arm, open-label, 
phase 2 trial. J Neurooncol 162:211–215. https://​doi.​org/​10.​1007/​
s11060-​023-​04266-x

	10.	 Vargo JA, Sparks KM, Singh R, Jacobson GM, Hack JD, Cifarelli 
CP (2018) Feasibility of dose escalation using intraoperative 
radiotherapy following resection of large brain metastases com-
pared to post-operative stereotactic radiosurgery. J Neurooncol 
140:413–420. https://​doi.​org/​10.​1007/​s11060-​018-​2968-4

	11.	 Calvo FA, Meirino RM, Orecchia R (2006) Intraoperative radia-
tion therapy. Crit Rev Oncol Hematol 59:106–115. https://​doi.​org/​
10.​1016/j.​critr​evonc.​2005.​11.​004

	12.	 Giordano FA, Brehmer S, Abo-Madyan Y, Welzel G, Sperk E, 
Keller A, Schneider F, Clausen S, Herskind C, Schmiedek P, 

Wenz F (2014) INTRAGO: intraoperative radiotherapy in glio-
blastoma multiforme – a Phase I/II dose escalation study. BMC 
Cancer 14:992. https://​doi.​org/​10.​1186/​1471-​2407-​14-​992

	13.	 Herskind C, Wenz F, Giordano FA (2017) Immunotherapy Com-
bined with Large Fractions of Radiotherapy: Stereotactic Radio-
surgery for Brain Metastases—Implications for Intraoperative 
Radiotherapy after Resection. Front Oncol 7:147. https://​doi.​org/​
10.​3389/​fonc.​2017.​00147

	14.	 Herskind C, Wenz F (2009) Is There More to Intraoperative Radi-
otherapy Than Physical Dose? Int J Radiation Oncol Biol Phys 
74:976–977. https://​doi.​org/​10.​1016/j.​ijrobp.​2009.​02.​042

	15.	 Kahl K-H, Balagiannis N, Höck M, Schill S, Roushan Z, Shiban 
E, Müller H, Grossert U, Konietzko I, Sommer B, Maurer CJ, 
Berlis A, Heidecke V, Janzen T, Stüben G (2021) Intraoperative 
radiotherapy with low-energy x-rays after neurosurgical resec-
tion of brain metastases—an Augsburg University Medical Center 
experience. Strahlenther Onkol 197:1124–1130. https://​doi.​org/​
10.​1007/​s00066-​021-​01831-z

	16.	 Weil RJ, Mavinkurve GG, Chao ST, Vogelbaum MA, Suh JH, 
Kolar M, Toms SA (2015) Intraoperative radiotherapy to treat 
newly diagnosed solitary brain metastasis: initial experience 
and long-term outcomes. JNS 122:825–832. https://​doi.​org/​10.​
3171/​2014.​11.​JNS14​49

	17.	 Kanda Y (2013) Investigation of the freely available easy-to-use 
software ‘EZR’ for medical statistics. Bone Marrow Transplant 
48:452–458. https://​doi.​org/​10.​1038/​bmt.​2012.​244

	18.	 Gaspar L, Scott C, Rotman M, Asbell S, Phillips T, Wasser-
man T, McKenna WG, Byhardt R (1997) Recursive partitioning 
analysis (RPA) of prognostic factors in three radiation therapy 
oncology group (RTOG) brain metastases trials. Int J Radiation 
Oncol Biol Phys 37:745–751. https://​doi.​org/​10.​1016/​S0360-​
3016(96)​00619-0

	19.	 Krauss P, Kahl KH, Bonk MN, Wolfert C, Sommer B, Stueben 
G, Shiban E (2023) Intraoperative radiotherapy after resection 
of brain metastases located in the posterior fossa Analysis of 
postoperative morbidity and mortality in a single center cohort. 
J Clin Neurosci 118:1–6. https://​doi.​org/​10.​1016/j.​jocn.​2023.​09.​
014

	20.	 Diehl CD, Giordano FA, Grosu A-L, Ille S, Kahl K-H, Onken 
J, Rieken S, Sarria GR, Shiban E, Wagner A, Beck J, Brehmer 
S, Ganslandt O, Hamed M, Meyer B, Münter M, Raabe A, 
Rohde V, Schaller K, Schilling D, Schneider M, Sperk E, Thomé 
C, Vajkoczy P, Vatter H, Combs SE (2023) Opportunities and 
Alternatives of Modern Radiation Oncology and Surgery for the 
Management of Resectable Brain Metastases. Cancers 15:3670. 
https://​doi.​org/​10.​3390/​cance​rs151​43670

	21.	 Bander ED, Yuan M, Reiner AS, Panageas KS, Ballangrud ÅM, 
Brennan CW, Beal K, Tabar V, Moss NS (2021) Durable 5-year 
local control for resected brain metastases with early adjuvant 
SRS: the effect of timing on intended-field control, Neuro-Oncol-
ogy Practice npab005. https://​doi.​org/​10.​1093/​nop/​npab0​05

	22.	 Wijetunga A, Jayamanne D, Cook R, Parkinson J, Little N, Curtis 
J, Brown C, Back M (2020) Hypofractionated adjuvant surgical 
cavity radiotherapy following resection of limited brain metasta-
sis. J Clin Neurosci 82:155–161. https://​doi.​org/​10.​1016/j.​jocn.​
2020.​10.​041

	23.	 Nakaji P, Smith K, Youssef E, Thomas T, Pinnaduwage D, Rogers 
L, Wallstrom G, Brachman D (2020) Resection and Surgically 
Targeted Radiation Therapy for the Treatment of Larger Recurrent 
or Newly Diagnosed Brain Metastasis: Results From a Prospective 
Trial. Cureus. https://​doi.​org/​10.​7759/​cureus.​11570

	24.	 Keller A, Doré M, Cebula H, Thillays F, Proust F, Darié I, Martin 
S-A, Delpon G, Lefebvre F, Noël G, Antoni D (2017) Hypofrac-
tionated Stereotactic Radiation Therapy to the Resection Bed for 
Intracranial Metastases. Int J Radiation Oncol Biol Phys 99:1179–
1189. https://​doi.​org/​10.​1016/j.​ijrobp.​2017.​08.​014

https://doi.org/10.1016/j.annonc.2021.07.016
https://doi.org/10.1016/j.annonc.2021.07.016
https://doi.org/10.3390/cancers13010070
https://doi.org/10.1200/JCO.2010.30.1655
https://doi.org/10.1200/JCO.2010.30.1655
https://doi.org/10.1016/S1470-2045(17)30441-2
https://doi.org/10.1016/S1470-2045(17)30441-2
https://doi.org/10.1016/S1470-2045(09)70263-3
https://doi.org/10.1016/S1470-2045(09)70263-3
https://doi.org/10.1007/s00066-022-02003-3
https://doi.org/10.1007/s00066-022-02003-3
https://doi.org/10.1007/s11060-019-03309-6
https://doi.org/10.1007/s11060-023-04266-x
https://doi.org/10.1007/s11060-023-04266-x
https://doi.org/10.1007/s11060-018-2968-4
https://doi.org/10.1016/j.critrevonc.2005.11.004
https://doi.org/10.1016/j.critrevonc.2005.11.004
https://doi.org/10.1186/1471-2407-14-992
https://doi.org/10.3389/fonc.2017.00147
https://doi.org/10.3389/fonc.2017.00147
https://doi.org/10.1016/j.ijrobp.2009.02.042
https://doi.org/10.1007/s00066-021-01831-z
https://doi.org/10.1007/s00066-021-01831-z
https://doi.org/10.3171/2014.11.JNS1449
https://doi.org/10.3171/2014.11.JNS1449
https://doi.org/10.1038/bmt.2012.244
https://doi.org/10.1016/S0360-3016(96)00619-0
https://doi.org/10.1016/S0360-3016(96)00619-0
https://doi.org/10.1016/j.jocn.2023.09.014
https://doi.org/10.1016/j.jocn.2023.09.014
https://doi.org/10.3390/cancers15143670
https://doi.org/10.1093/nop/npab005
https://doi.org/10.1016/j.jocn.2020.10.041
https://doi.org/10.1016/j.jocn.2020.10.041
https://doi.org/10.7759/cureus.11570
https://doi.org/10.1016/j.ijrobp.2017.08.014


193Journal of Neuro-Oncology (2024) 169:187–193	

	25.	 Robbins JR, Ryu S, Kalkanis S, Cogan C, Rock J, Movsas B, Kim 
JH, Rosenblum M (2012) Radiosurgery to the Surgical Cavity as 
Adjuvant Therapy for Resected Brain Metastasis. Neurosurgery 
71:937–943. https://​doi.​org/​10.​1227/​NEU.​0b013​e3182​6909f2

	26.	 Patel KR, Burri SH, Boselli D, Symanowski JT, Asher AL, Sum-
rall A, Fraser RW, Press RH, Zhong J, Cassidy RJ, Olson JJ, Cur-
ran WJ, Shu H-KG, Crocker IR, Prabhu RS (2017) Comparing 
pre-operative stereotactic radiosurgery (SRS) to post-operative 
whole brain radiation therapy (WBRT) for resectable brain metas-
tases: a multi-institutional analysis. J Neurooncol 131:611–618. 
https://​doi.​org/​10.​1007/​s11060-​016-​2334-3

	27.	 Layer JP, Shiban E, Brehmer S, Diehl CD, De Castro DG, 
Hamed M, Dejonckheere CS, Cifarelli DT, Friker LL, Herrlinger 
U, Hölzel M, Vatter H, Schneider M, Combs SE, Schmeel LC, 
Cifarelli CP, Giordano FA, Sarria GR, Kahl K-H (2024) Mul-
ticentric Assessment of Safety and Efficacy of Combinatorial 
Adjuvant Brain Metastasis Treatment by Intraoperative Radia-
tion Therapy and Immunotherapy, Int J Radiation Oncol Biol Phys 
S036030162400018X. https://​doi.​org/​10.​1016/j.​ijrobp.​2024.​01.​
009

	28.	 Cifarelli CP, Vargo JA, Sener U, Cifarelli DT, Scoville D, Dabir A 
(2023) Intracranial intraoperative radiotherapy (IORT): evaluation 
of electrocorticography and peri-operative seizure risk. J Neuroon-
col 164:423–430. https://​doi.​org/​10.​1007/​s11060-​023-​04443-y

	29.	 Krauss P, Steininger K, Motov S, Sommer B, Bonk MN, Cortes 
A, Wolfert C, Stueben G, Shiban E, Kahl KH (2022) Resection of 
supratentorial brain metastases with intraoperative radiotherapy. Is 
it safe? Analysis and experiences of a single center cohort. Front 
Surg 9:1071804. https://​doi.​org/​10.​3389/​fsurg.​2022.​10718​04

	30.	 Steininger K, Kahl KH, Konietzko I, Wolfert C, Motov S, Krauß 
PE, Bröcheler T, Hadrawa M, Sommer B, Stüben G, Shiban E 
(2022) Intraoperative radiotherapy during awake craniotomies: 
preliminary results of a single-center case series. Neurosurg Rev 
45:3657–3663. https://​doi.​org/​10.​1007/​s10143-​022-​01838-9

	31.	 Dejonckheere CS, Layer JP, Hamed M, Layer K, Glasmacher A, 
Friker LL, Potthoff A-L, Zeyen T, Scafa D, Koch D, Garbe S, 

Holz JA, Kugel F, Grimmer M, Schmeel FC, Gielen GH, For-
stbauer H, Vatter H, Herrlinger U, Giordano FA, Schneider M, 
Schmeel LC, Sarria GR (2023) Intraoperative or postoperative 
stereotactic radiotherapy for brain metastases: time to systemic 
treatment onset and other patient-relevant outcomes. J Neurooncol 
164:683–691. https://​doi.​org/​10.​1007/​s11060-​023-​04464-7

	32.	 Doré M, Martin S, Delpon G, Clément K, Campion L, Thillays 
F (2017) Stereotactic radiotherapy following surgery for brain 
metastasis: Predictive factors for local control and radionecrosis. 
Cancer/Radiothérapie 21:4–9. https://​doi.​org/​10.​1016/j.​canrad.​
2016.​06.​010

	33.	 Ahmed KA, Freilich JM, Abuodeh Y, Figura N, Patel N, Sarang-
kasiri S, Chinnaiyan P, Yu H-HM, Etame AB, Rao NG (2014) 
Fractionated stereotactic radiotherapy to the post-operative cavity 
for radioresistant and radiosensitive brain metastases. J Neuroon-
col 118:179–186. https://​doi.​org/​10.​1007/​s11060-​014-​1417-2

	34.	 Bodensohn R, Hadi I, Fleischmann DF, Corradini S, Thon N, 
Rauch J, Belka C, Niyazi M (2020) Bevacizumab as a treatment 
option for radiation necrosis after cranial radiation therapy: a ret-
rospective monocentric analysis. Strahlenther Onkol 196:70–76. 
https://​doi.​org/​10.​1007/​s00066-​019-​01521-x

	35.	 Dahshan BA, Weir JS, Bice RP, Renz P, Cifarelli DT, Poplaw-
ski L, Hack J, Vargo JA, Cifarelli CP (2021) Dose homogene-
ity analysis of adjuvant radiation treatment in surgically resected 
brain metastases: Comparison of IORT, SRS, and IMRT indices. 
Brachytherapy 20:426–432. https://​doi.​org/​10.​1016/j.​brachy.​2020.​
11.​004

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1227/NEU.0b013e31826909f2
https://doi.org/10.1007/s11060-016-2334-3
https://doi.org/10.1016/j.ijrobp.2024.01.009
https://doi.org/10.1016/j.ijrobp.2024.01.009
https://doi.org/10.1007/s11060-023-04443-y
https://doi.org/10.3389/fsurg.2022.1071804
https://doi.org/10.1007/s10143-022-01838-9
https://doi.org/10.1007/s11060-023-04464-7
https://doi.org/10.1016/j.canrad.2016.06.010
https://doi.org/10.1016/j.canrad.2016.06.010
https://doi.org/10.1007/s11060-014-1417-2
https://doi.org/10.1007/s00066-019-01521-x
https://doi.org/10.1016/j.brachy.2020.11.004
https://doi.org/10.1016/j.brachy.2020.11.004

	Intraoperative radiotherapy after neurosurgical resection of brain metastases as institutional standard treatment– update of the oncological outcome form a single center cohort after 117 procedures
	Abstract
	Purpose 
	Methods 
	Results 
	Conclusion 

	Introduction
	Material & methods
	Results
	Discussion
	Conclusion
	References


