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ARTICLE INFO ABSTRACT
Keywords: Background: In recent years, intraoperative radiotherapy (IORT) with low-energy X-rays is emerging as an
Intraoperative radiotherapy alternative to postoperative stereotactic radiotherapy (SRT) of the resection cavity in patients with resectable

Brain metastasis
Stereotactic radiotherapy
Systematic review
Meta-analysis

brain metastases (BMs).

Methods: We performed a systematic review of the MEDLINE, Embase, and Scopus databases, including all
original articles on IORT for resectable BMs from 2015 to 2025. Data on safety, local control, and survival
outcomes were collected.

Results: Ten records (5 prospective single-arm trials) were included, representing 261 patients (49 % lung pri-
mary) with a median follow-up (range) of 14 (0-79) months. 77 % of patients had a solitary BM at the time of
surgery and IORT. The median applicator size was 2.0 cm and the median prescribed dose (range) 22.3 (20-30)
Gy. The 1-year local control rate was 93 % and the 1-year distant brain control rate 48 %. Median overall survival
was 19 months. Only 6 % of patients developed leptomeningeal disease and the cumulative rate of radiation
necrosis was 2.6 % (grade 1 in 56 % of cases). The median time to next treatment beyond BM therapy (range) was
31 (1-136) days. This was significantly shorter compared to SRT control collectives.

Conclusions: IORT for patients with BMs has a favorable toxicity profile and yields excellent local control. A
potential advantage is the rapid completion of interdisciplinary BM treatment, allowing a swift transition to
subsequent cancer treatments. A planned registry and a prospective randomized phase 3 trial will establish the
preferred radiotherapy modality in the context of resectable BMs.

Introduction more than 30 % of cancer patients [1]. For symptomatic or large BMs,
maximal surgical resection is a key component of treatment, offering

Brain metastases (BMs) are the most common malignant intracranial immediate symptom relief and a potential survival benefit [2]. Without
tumors in adults [1]. Depending on the primary tumor, they affect 10 to adjuvant radiotherapy, however, local recurrences within the resection
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cavity are common, occurring in up to 50 % of patients [3,4]. Over the
past few years, whole-brain radiotherapy (WBRT) has gradually been
replaced by more precise approaches, namely stereotactic radiotherapy
(SRT) of the resection cavity in one to several fractions, as the latter
greatly reduces neurocognitive decline while preserving quality of life
and providing equal local efficacy [5,6]. Despite these advantages, SRT
increases the risk of developing radiation necrosis (RN), a radiogenic
late effect that is notoriously difficult to diagnose and manage if
symptomatic [7,8]. Furthermore, adjuvant radiotherapy is usually
initiated after a postoperative interval of several weeks, to allow for
surgical wound healing and clinical stabilization, thus increasing the
overall BM treatment time [9].

Intraoperative radiotherapy (IORT) with low-energy (usually 50 kV)
X-rays has emerged as an alternative strategy, delivering a single-
fraction, high-dose radiation treatment directly into the resection cav-
ity during surgery (Fig. 1a) [10]. This approach offers several advan-
tages, including the immediate eradication of microscopic tumor cells
(thus preventing early tumor repopulation), maximal healthy tissue
sparing due to a steep dose gradient (Fig. 1b), and the potential to reduce
delays in systemic therapy initiation, which is of particular interest in
treatment-naive patients [10]. A previous systematic review by Pascual
et al. in 2021 assessed five studies (n = 179) on IORT for BMs and re-
ported inconclusive results due to the heterogeneity of included records
[11]. Roughly half of the patients underwent IORT with a photon
radiosurgery system (PRS), following biopsy of the BM only. All patients
in the PRS studies also underwent adjuvant WBRT [11]. As local control
(LQC) is influenced by the extent of resection, the pooling of these results
and a comparison with modern IORT approaches appears problematic
[12].

In recent years, multiple trials have further explored the feasibility,
safety, and efficacy of IORT for resectable BMs. Here, we aim to
comprehensively assess the current evidence, including toxicity profiles,
LC rates, survival outcomes, and comparisons with other adjuvant ra-
diation modalities. By summarizing available data, this systematic re-
view and meta-analysis seeks to elucidate the benefits and limitations of
IORT for resectable BMs and highlight key knowledge gaps that warrant
further investigation.
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Materials and methods

Search strategy

Following the Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) statement, we performed a comprehensive
literature search of the MEDLINE, Embase, and Scopus databases [13].
All available publications from the past ten years (i.e. from March 2015
until April 2025) matching the keywords “intraoperative radiotherapy”,
“brain metastasis”, and relevant truncations were independently
screened by two authors (CSD and JPL) based on title and abstract and
without language restriction. Identified records were included if (1) they
employed photon-based kilovoltage IORT of the surgical cavity
following resection of a histologically confirmed BM and (2) reported
efficacy at least in terms of LC. If a single center had multiple publica-
tions matching the inclusion criteria, only the largest, most recent cohort
was selected in order to avoid double inclusion of patients. Similarly, if a
report pooled data from multiple centers, it was excluded and, if avail-
able, only the respective monocentric publications were used. Case re-
ports were also considered. Additional records were identified by cross-
searching the already included articles’ references. Furthermore, a free
internet search was performed to identify relevant conference pro-
ceedings. Lastly, ClinicalTrials.gov was queried with the same keywords
to further extend the search. The full process of literature research and
selection is shown in Fig. 2.

Data collection and analysis

Following their inclusion, manuscripts, supplements, and trial pro-
tocols (where available) were fully assessed and relevant data summa-
rized independently by two authors (CSD and JPL). Information on
demographics, disease and treatment characteristics, safety (especially
the cumulative incidence of RN), efficacy (in terms of LC, distant brain
control [DBC], overall survival [OS], and leptomeningeal disease
[LMD]), additional patient-relevant outcomes (e.g. time to systemic
treatment onset or in-hospital time), and (where available) comparison
with other adjuvant radiation modalities were extracted. Data were
pooled and median and range were calculated where applicable. For
pooled data without the availability of individual data sets, weighted
medians were calculated, taking the respective sample size of considered
trials into account. Studies where certain data were not reported were
censored from the respective analyses.
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Fig. 1. (a) Intraoperative radiotherapy with low-energy (50 kV) X-rays delivers a single-fraction, high-dose radiation treatment to the surface of a spherical pol-
yetherimide applicator, positioned directly into the resection cavity, following gross total resection of a brain metastasis. (b) Exemplary post-hoc calculation of dose
distribution within the surgical resection cavity (30 Gy prescribed to the surface of a 2.0-cm applicator), depicting the characteristic steep dose gradient allowing for

maximal healthy tissue sparing.
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Fig. 2. Flowchart of literature research and selection following the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) state-
ment. [13].

All data were managed using Microsoft Excel version 16 (Microsoft,
Redmond, WA, USA) and data analysis was performed with GraphPad
Prism version 10 (GraphPad Software, San Diego, CA, USA) and R
version 3.3.2 (x86_64-pc-linux-gnu, R Foundation for Statistical
Computing, Vienna, Austria). Figures and graphs were created using
GraphPad Prism and Adobe Illustrator 2023 (Adobe Inc., Mountain
View, CA, USA).

Table 1
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Results

Of 248 records initially identified, 10 were included in the final
analysis: 5 prospective trials (all single-arm), 1 observational cohort, 3
retrospective, and 1 case report (Fig. 2). Two phase 2 trials only reported
preliminary results in the form of a conference abstract. Overall, 273
IORT treatments in 261 patients were identified. Of these, 52.4 % were
female and the median age was 61 years. The median preoperative
Karnofsky performance score (KPS) was 80 % and the median diagnosis-
specific graded prognostic assessment (DS-GPA) 2. The most common
primary tumor entity was lung cancer (49 %), followed by melanoma
and breast cancer. 77 % of patients had a solitary BM at the time of IORT.
The median follow-up across all trials was 14 months, ranging from
0-79 months within individual reports. Treatment and follow-up pro-
tocols were very similar between included studies with standard post-
operative contrast-enhanced magnetic resonance imaging (MRI)
performed at least every 3 months, enabling assessment of BM response
and progression according to the Response Assessment in Neuro-
Oncology Brain Metastases (RANO-BM) criteria. Minor study-specific
differences are detailed in Supplementary Table 1. Additionally,
advanced sequences such as perfusion measurements to differentiate
between RN and local BM recurrence were used in the majority of trials
(Supplementary Table 1). Trial and patient characteristics are described
in Table 1.

All patients were treated with an INTRABEAM device (Carl Zeiss
Meditec, Oberkochen, Germany) using nominal 50 kV photons in all
cases. The median spherical applicator size was 2.0 cm with a median
prescribed dose (range) to the applicator surface of 22.3 (20-30) Gy. The
median crude IORT delivery times ranged from 12-18 across all trials.
Depending on applicator size and prescribed dose, this ranged from
6-49 min for individual patients. Further IORT characteristics are pro-
vided in Table 2.

All included trials reported the cumulative incidence of RN over the
prespecified follow-up times (Fig. 3a). Overall, the weighted median RN
rate was 2.6 %, ranging from 0-20 % within individual cohorts
(excluding the single case report). The weighted median grade > 2 RN

Summary of included record (n = 10) and patient (n = 261) characteristics, in chronological order.

No.  First author Country Type / Design BMs Female Median Median Median Solitary Histology (top 3; Median follow-
(year) (n) (%) age (yr) KPS (%) DS-GPA BM (%) %) up (range)
(mo)
1 Weil (2015) USA prospective single- 23 43.5 61 80 2.0 100 lung (35), GU na
[36] arm (26), breast (22) (60-na)
2 Vargo (2018) USA retrospective 7 na 67 na na na lung (71), na, na 6.2
[37] (3.6-8.8)
3 Foro (2021) Spain prospective single- 7 14.3 61 * na na na lung (57), na, na na
[38] arm phase 2
(abstract only)
4 Diehl (2023) Germany retrospective 18 55.6 56 90 2.5 50 lung (33), 10.8
[39] melanoma (22), (0-39)
GU (17)
5 Guedes de Brazil prospective single- 10 50.0 58 na 2.5 40 lung (40), 11.2
Castro (2023) arm phase 2 melanoma (20), (8.2-22.7)
[40] breast (20)
6 Layer (2023) Germany observational 35 54.3 63 80 2.0 57 lung (60), 10.4
[41] cohort melanoma (11), (0.5-24.5)
kidney (11)
7 Aninditha Germany case report 1 100.0 42 na na 100 lung (100) 33.0
(2024) [26] (na)
8 Kahl (2024) Germany  retrospective 117 52.4 65 na na na lung (43), 14.0
[42] melanoma (14), (0-79)
breast (11)
9 Macia i Garau Spain prospective single- 20 40.0 59 90 2.5 90 lung (45), 29.4
(2024) [18] arm phase 2 melanoma (15), (1-40)
(abstract only) breast (15)
10 Brehmer Germany  prospective single- 35 45.7 64 80 na 77 lung (69), GI (9), 25.7
(2025) [19] arm phase 2 GU (9) (0.8-64.5)

no. = number; BMs = brain metastases; na = not available; yr = years; KPS = Karnofsky performance score; DS-GPA = diagnosis-specific graded prognostic assessment;

GU = genitourinary; GI = gastrointestinal; mo = months. * Mean instead of median.
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Table 2
Summary of technical IORT characteristics.
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No. First author (year) Device Median applicator Median prescription dose to Dose range Median delivery Delivery time range
size (cm) applicator surface (Gy) (Gy) time (min) (min)

1 Weil (2015) [36] INTRABEAM na 14.0 (2 mm) * all 15.9 *** 8.4-25

2 Vargo (2018) [37] INTRABEAM  na 30.0 all na na

3 Foro (2021) [38] INTRABEAM na 20.0 all na na

4 Diehl (2023) [39] INTRABEAM 2.0 20.0 16-30 12.0 5.5-22.7

5 Guedes de Castro INTRABEAM 2.0 18.0 (1 mm) ** all 14.0 8-20
(2023) [40]

6 Layer (2023) [41] INTRABEAM 2.5 30.0 16-30 18.2 6.9-49

7 Aninditha (2024) [26] INTRABEAM 2.0 30.0 na 16.0 na

8 Kahl (2024) [42] INTRABEAM 2.0 20.0 13.4-30 15.2 6-28.2

9 Macia i Garau (2024) INTRABEAM 2.0 22.3 20.1-24 16.5 8.1-39.3
[18]

10 Brehmer (2025) [19] INTRABEAM 2.0 30.0 all 16.9 8.4-41

no. = number; na = not available; Gy = Gray. * This is equal to 21.1 Gy on the applicator surface (0 mm) for a 2.0-cm applicator. ** This is equal to 22.2 Gy on the

applicator surface (0 mm) for a 2.0-cm applicator. *** Mean instead of median.

rate was 0.9 % and ranged from 0-11.1 %. In terms of RN severity,
asymptomatic Common Terminology Criteria for Adverse Events
(CTCAE) grade 1 RN was most common (56.2 % of RN cases), while 12.5
% of patients with RN suffered from grade 2 and 31.3 % had a grade 3
event. No grade 4 or 5 RN events were reported in any of the cohorts.
Time to RN onset was reported by seven studies and ranged from 1.5-24
months.

The median postoperative 30-day mortality rate, included in five
trials, was 5 % and ranged from 0-8 %. In a secondary safety analysis,
Hamed et al. performed a comparative matched-pair analysis of peri-
operative adverse events between IORT and postoperative SRT that did
not reveal significant differences between both modalities [14]. A single
trial reported a non-significant difference in postoperative corticosteroid
intake between IORT and SRT patients (8 days in both groups) [15].
Additional safety features are reported in Table 3.

The weighted median overall 1-year LC rate (1yLCR) was 92.9 %
(range 84.2-100 %) and the overall 1-year DBC rate (1yDBCR) 47.9 %
(range 13-100 %). The median OS was 19.4 months and ranged from
0.5-197 months for individual patients, translating into a 1-year OS rate
(1yOSR) of 57.7 % (range 57.7-100 %). The overall LMD rate was 5.7 %,
ranging from 0-13.3 %. Salvage WBRT was performed in 15.6 % of
patients (range 0-26.1 %) over the course of follow-up. Efficacy of IORT
is summarized in Fig. 3b and Table 4.

Time to next treatment (TTNT) was reported in five trials, with a
weighted median (range) of 31 (1-136) days. Three groups compared
TTNT in IORT patients with a cohort of patients undergoing post-
operative SRT (n = 229 in the pooled control collective). All found a
significant difference favoring IORT, with mean absolute differences of
16, 33, and 12 days, respectively. Weighted median time to discharge
after surgery, reported in four trials, was 6 days. Comparing with post-
operative SRT patients across two trials (n = 111), the time spent hos-
pitalized was significantly lower following IORT. The total in-hospital
time for BM treatment was significantly shorter after IORT, as described
in one trial. Results are summarized in Fig. 3c and Table 5.

Discussion

While the first reports on IORT date back to the early 1900s, tech-
nical advancements have led to a revived interest in recent years,
positioning kilovoltage IORT as a viable treatment option for resectable
BMs [16,17]. In this systematic review and meta-analysis, we compre-
hensively summarize all currently available clinical reports, high-
lighting low-energy IORT as an emerging alternative to adjuvant SRT of
the resection cavity.

A safe and precise execution of IORT warrants certain requirements.
Dejonckheere et al. reported that of 95 BM patients screened, IORT was
feasible in 84 cases (88 %) and ultimately performed in 64 (67 %) [15].
Similarly, Macia i Garau et al. reported a feasibility rate of 69 %, while

this was 81 % in Brehmer et al. [18,19]. An inconclusive frozen section
was the most common reason for not performing IORT in all three trials
reporting on this aspect. Furthermore, gross total resection of the BM is
important, as this was shown to be predictive of LC in a pooled series by
Cifarelli et al. (n = 54) [12]. Additionally, IORT requires a somewhat
spherical surgical cavity to prevent air gaps and a sufficient distance to
surrounding organs at risk (OARs) such as brainstem and optic chiasm.

After a median follow-up time of 14 months, data demonstrate an
excellent 1yLCR of 93 % following IORT. Landmark trials on the use of
postoperative single-fraction SRT report very similar results, e.g. a
1yLCR of 91 % in Brown et al. (n = 98 patients; 12-20 Gy in a single
fraction) [5,20]. Evidently, lesion volume is an important determinant
of LC. Mahajan et al. report a drastically declining 1yLCR for single-
fraction SRT with increasing BM size: more than half of patients with
a BM diameter > 2.5 cm had experienced local failure after 1 year [20].
Large multicenter cohorts using fractionated SRT report a 1yLCR of 84 %
(n = 581 resection cavities; median total dose of 30 Gy in 5 fractions)
[21]. Early results of preoperative SRT trials demonstrate similar LC as
in IORT, e.g. at 91 % after a median follow-up time of 14.7 months as
described by Agrawal et al. (n = 48 patients, 12-18 Gy in a single
fraction) [22].

The here observed 3 % risk of RN is in line with reports using other
modalities: 4 % after postoperative single-fraction SRT (grade 2 or worse
only), 9 % after fractionated SRT, and 8 % after preoperative SRT
[5,21,22]. Importantly, more than half of the RN events observed in the
reported IORT cohorts were asymptomatic (grade 1). The considerably
low risk of RN despite a significantly higher dose prescription to the
cavity surface may result from the maximal healthy brain tissue sparing
due to the steep dose gradient (Fig. 1b). Equally, the high surface dose
may provide an explanation for the excellent LC, particularly in large
BMs.

In patients with BMs undergoing resection, adjuvant SRT should not
be delayed for too long in order to prevent early recurrence. In a series of
21 consecutive patients, Shah et al. observed evidence of tumor pro-
gression within the resection cavity in half of patients, while with-
holding SRT for more than 40 days postoperatively more than doubled
the risk of local failure [9,23]. Opposingly, IORT offers immediate
eradication of microscopic residual disease, thus preventing early
repopulation [24]. However, delaying adjuvant SRT for at least three
weeks post-surgery has been associated with improved outcome, since
too early SRT might interfere with surgical wound healing [9,21]. There
is currently no evidence pointing towards an increased perioperative
risk nor impaired outcome following IORT for BMs. On the contrary,
IORT has demonstrated its utility in highly sensitive clinical scenarios
including awake craniotomy, BM treatment during pregnancy, or after
resection of motor-eloquent BMs [25-28].

Particularly from a patient perspective, the rapid completion of
interdisciplinary BM treatment is an important advantage of IORT, as
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Fig. 3. Comparison of the main outcomes of the included reports. (a) Left: Forest plot showing the respective radiation necrosis rates (%) for the included trials as
indicated on the y-axis. The dotted line indicates the cumulative weighted median. Color-coding represents ranking of the respective trial within all included series.
Right: Composition of grading of observed radiation necrosis events for all included reports. (b) Forest plots illustrating the major clinical endpoints 1-year local
control rate, 1-year overall survival rate, leptomeningeal disease rate, and 1-year distant brain control rate (%) for the included trials as indicated on the y-axis. The
dotted line indicates the cumulative weighted median. Color-coding represents ranking of the respective trial within all included series. (¢) Graphical representation
of patient-centered outcomes, as in (b). * indicates a significant benefit for intraoperative radiotherapy in comparison with postoperative stereotactic radiotherapy

reported in the respective trial for that endpoint.

consequently, patients can (re)initiate systemic therapy in a timely
manner. More than 75 % of the included patients had a solitary BM
receiving IORT, thus not requiring sequential definitive SRT for addi-
tional BMs. Importantly, in some cohorts, up to half of the patients did
not have a previously known primary at the time of BM surgery and
where thus otherwise treatment-naive, requiring urgent attention to
extracranial disease [19]. There are numerous reasons why the (re)
initiation of systemic treatment might be delayed in patients undergoing
postoperative SRT, e.g. incomplete staging, conflicting appointments,

SRT-related side effects, unfavorable combination of SRT and the
planned systemic treatment (e.g. BRAF/MEK inhibitors in melanoma
patients), or patient decision against simultaneous treatments [29]. In
trials comparing IORT patients with an SRT control collective, TTNT was
anywhere from 2-5 weeks shorter [15,19,30]. Of note, adequate timing
and sequence of systemic therapy and radiotherapy predicts OS in pa-
tients with BMs [31]. In a subset of IORT patients receiving immuno-
therapy, the early initiation of systemic treatment was associated with a
trend towards improved DBC and OS [32]. While this indicates a
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Table 3
Summary of safety features in reporting trials.
No.  First author (year) RN rate G2 + RNrate RN severity RN timing 30-day mortality Other
(%) (%) (mo) rate (%)
1 Weil (2015) [36] 0.0 * 0.0 * nr na na 4 % bleeding
2 Vargo (2018) [37] 0.0 0.0 nr nr na na
3 Foro (2021) [38] 0.0 0.0 nr nr na no complications so far
4 Diehl (2023) [39] 11.1 11.1 all G3 5.0-12.0 na 11.1 % G3 wound infection ***, 5.5 % G2
CSF fistula
5 Guedes de Castro 10.0 0.0 all G1 10.0 na no dehiscence
(2023) [40]
6 Layer (2023) [41] 2.9 2.9 all G2 18.7 8.0 ** 11 % PAE **
7 Aninditha (2024) [26] 100.0 0.0 all G1 24.0 0.0 wound hematoma
8 Kahl (2024) [42] 2.6 0.9 67 % G1, 33 % G3 2.7-17.6 5.3 5.1 % bleeding, 3.4 % hygroma, 3.4 %
wound infection
9 Macia i Garau (2024) 5.0 5.0 all G3 1.5 5.0 none
[18]
10 Brehmer (2025) [19] 20.0 5.6 72 % G1, 14 % G2, 14 2.8-21.4 2.9 no G4/G5, 28.6 % postoperative seizures

% G3

Fdkedk

no. = number; RN = radiation necrosis; G2+ = grade > 2; nr = not reached; G = grade; mo = months; na = not available; CSF = cerebrospinal fluid; PAE = peri-

operative adverse event. * 13.3 % development of G3 RN after salvage SRS (excluded from the analysis). ** Reported by Hamed et al. [14]

All patients had received

both intraoperative radiotherapy and adjuvant postoperative stereotactic radiotherapy of the same resection cavity. **** Mainly if surgery was performed in eloquent

zones.

Table 4

Summary of clinical efficacy of intraoperative radiotherapy (IORT).
No. First author (year) 1yLCR (%) LCR (%) DBPR (%) 1yDBCR (%) Median OS (mo) Range 1yOSR (%) LMDR (%) 1yLMDR (%)
1 Weil (2015) [36] na 69.6 78.3 na 36.0 4-197 na 13.3 na
2 Vargo (2018) [37] na 86.0 na na na na 86.0 *** na na
3 Foro (2021)38 100.0 100.0 0.0 100.0 na na na 0.0 0.0
4 Diehl (2023) [39] 929 na na 71.4 22.8 * 0-39 58.0 5.5 na
5 Guedes de Castro (2023) [40] 87.5 na na 13.0 nr nr 80.0 0.0 nr
6 Layer (2023) [41] 97.1 na 29.4 73.5 17.5 0.5-nr 61.3 5.7 na
7 Aninditha (2024) [26] 100.0 100.0 0.0 100.0 nr nr 100.0 0.0 nr
8 Kahl (2024) [42] 84.2 90.5 38.1 47.9 18.2 0.5-79 57.7 5.7 10.4
9 Macia i Garau (2024) [18] 93.8 na 43.8 na na na 80.0 5.0 na
10 Brehmer (2025) [19] 94.3 94.3 42.9 62.9 37.4 28.9-46.9 ** na 8.6 na

no. = number; 1yLCR = 1-year local control rate; na = not available; DBPR = distant brain progression rate; 1yDBCR = 1-year distant brain control rate; OS = overall
survival; nr = not reached; 1yOSR = 1-year overall survival rate; LMDR = leptomeningeal disease rate; 1yLMDR = 1-year leptomeningeal disease rate. * Mean instead
of median. ** 95 % confidence interval instead of range. *** Reported after 6.2 months of follow-up.

potential benefit of combining IORT with systemic treatment, the
limited availability of detailed data precluded an assessment within the
current study. The true clinical benefit of shorter TTNT with IORT in
comparison with SRT remain to be elucidated, particularly in patient
populations with multiple BMs.

IORT renders a complex postoperative target volume delineation
obsolete. The dynamic anatomy of the resection cavity implies that

recent repeat brain imaging is crucial for SRT planning, to prevent a
geographic miss (similar to glioma) [33,34]. This increases both eco-
nomic costs and patient burden, which is of particular importance in
areas with limited resources and access. On the other hand, SRT not only
allows for complex beam modulation, but also provides precise repro-
ducibility of dose distribution. This is of particular importance in pa-
tients with critical OAR exposure and the necessity of subsequent SRT. A
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Table 5
Summary of other patient-relevant outcomes.

No. First Mean (range) Median (range) Median (range)
author TTNT (d) time to discharge corticosteroid
(year) ()] intake (d)
1 Weil na 3(2-10) 14 (7-21)
(2015)
[36]
4 Diehl for 27.8 % < 15 na na
(2023) d, overall 54
[39] (10-132)
6 Layer 36 (9-94) for 62 11 for 62 IORT 8 for 62 IORT
(2023) IORT patients vs. patients vs. 12 patients vs. 8 for 52
[41] 52 (11-126) for for 52 SRT SRT patients (ns) *
52 SRT patients patients (ns) *
(S) *
8 Kahl 31 (1-136) 6 (2-41) na
(2024) 32 + 28 for 40 10 + 7 for 40
[42] IORT patients vs. IORT patients vs.
65 + 54 for 59 20 + 9 for 59
SRT patients (s) SRT patients (s)
9 Macia i 26 (17-54) 7 (4-28) na
Garau
(2024)
[18]
10 Brehmer 45 (35-55) vs. 57  na na
(2025) (49-64) for 118
[19] SRT patients (s)

no. = number; TTNT = time to next treatment; d = days; na = not available;
IORT = intraoperative radiotherapy; vs. = versus; SRT = stereotactic radio-
therapy; (s) = significant; (ns) = not significant. * Reported by Dejonckheere
et al. [15] ** Reported by Krauss et al. [30].

workflow for image-guided IORT has been proposed, which enables
real-time treatment planning inside the operating room [35]. This
might, however, significantly increase the operation time, while in a
series by Cifarelli et al., conventional IORT already consumed about one-
tenth of total anesthetic time [27]. A report by Krauss et al. did not
observe increased lengths of surgery if IORT was performed or not [28].
Whether this result is biased by surgically more demanding BMs in the
non-IORT group is unclear.

Following an increase in clinical reports in very recent years, this is
the first comprehensive summary exclusively focusing on kilovoltage
IORT in the context of resectable BMs. Several previous reports have
pooled IORT cohorts from multiple centers, however, generated a
limited sample size only or investigated specific clinical scenarios
[12,32]. However, this systematic review is not without limitations.
Inherently, data on certain secondary endpoints of interest (eg, LMD)
were only reported by a minority of trials and should therefore be
considered carefully. The very similar follow-up regimens as well as a
comparable definition of most endpoints between the included reports
allowed for the pooling of results. The RN rates should, however, be
interpreted with caution, as somewhat diverse definitions were used.
Hence, particularly grade 1 RN reporting was heterogenous. In general,
results of RN rates are more comparable between individual cohorts
when only grade > 2 RN is considered, as newly-onset symptoms are less
open to interpretation. Despite providing valuable pooled information
on important endpoints, parameters influencing toxicity or outcome
could not be evaluated, as this would require the availability of indi-
vidual participant data. Therefore, important questions such as the
optimal IORT prescription dose or individual factors predisposing to RN
remain elusive at this time. Furthermore, information on the exact na-
ture and number of cycles of subsequent systemic treatment was
generally lacking. This could, however, have influenced the outcomes
reported here. Perspectively, a multicenter registry of European IORT
centers is set to address these important issues through the reporting of
homogeneous and qualitative results. Finally, a prospective randomized
phase 3 trial, currently in preparation, will determine the differences
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between IORT and postoperative adjuvant SRT, in terms of tolerability,
efficacy, as well as impact on neurocognition and quality of life.

Conclusion

This is the first systematic review and meta-analysis on kilovoltage
IORT for resectable BMs highlighting IORT as a viable treatment option
with high local control rates and a favorable toxicity profile. Further
advantages over established radiotherapy modalities include the expe-
dited completion of interdisciplinary BM treatment thus facilitating a
seamless transition to subsequent therapies. Prospective trials are war-
ranted to address remaining questions and further clarify the role of
IORT in this setting.

Data sharing statement: No new data were generated during the
preparation of this manuscript.

Data availability

No new data were generated during the preparation of this
manuscript.

CRediT authorship contribution statement

Cas S. Dejonckheere: Writing — review & editing, Writing — original
draft, Project administration, Methodology, Investigation, Formal
analysis, Data curation, Conceptualization. Matthias Schneider:
Writing — review & editing. Anna-Laura Potthoff: Writing — review &
editing. Motaz Hamed: Writing — review & editing. Davide Scafa:
Writing — review & editing. Thomas Zeyen: Writing — review & editing.
Lea L. Friker: Writing — review & editing. Molina Grimmer: Writing —
review & editing. Fabian Kugel: Writing — review & editing. Stephan
Garbe: Writing — review & editing. Alexander Radbruch: Writing —
review & editing. Hartmut Vatter: Writing — review & editing. Frank A.
Giordano: Writing — review & editing. Ulrich Herrlinger: Writing —
review & editing. Eleni Gkika: Writing — review & editing. Gustavo R.
Sarria: Investigation. Julian P. Layer: Investigation.

Funding

The authors declare that no funds, grants, or other support were
received during the preparation of this manuscript.

Declaration of competing interest

The authors declare the following financial interests/personal re-
lationships which may be considered as potential competing interests:
CSD reports honoraria from Carl Zeiss Meditec AG, unrelated to this
work. FAG reports travel expenses, stocks, and honoraria from TME
Pharma AG; research grants and travel expenses from ELEKTA AB;
grants, research grants, travel expenses, and honoraria from Carl Zeiss
Meditec AG; grants, research grants, travel expenses, and honoraria
from OncoMANGETX, Inc.; travel expenses and research grants from
Varian Medical Systems, Inc.; travel expenses and/or honoraria from
Bristol-Myers Squibb, Cureteq AG, Roche Pharma AG, MSD Sharp and
Dohme GmbH, Siemens Healthineers AG, Varian Medical Systems, Inc.,
and AstraZeneca GmbH; non-financial support from Oncare GmbH and
Opasca GmbH; patent US10857388B2 together with Carl Zeiss Meditec
AG, and patent EP4119191A1 with the University of Heidelberg, all
unrelated to this work. JPL reports travel expenses and honoraria from
Carl Zeiss Meditec AG; travel expenses and stocks from TME Pharma AG;
honoraria and clinical advisory board membership from Onco-
MAGNETY, Inc.; stocks and honoraria from Siemens Healthineers AG;
and stocks from Bayer and BioNTech, all unrelated to this work. The
remaining authors report no conflict of interest related to this work.



C.S. Dejonckheere et al.

Appendix A. Supplementary material

Supplementary data to this article can be found online at https://doi.

org/10.1016/j.radonc.2025.111128.

References

[1] Nayak L, Lee EQ, Wen PY. Epidemiology of brain metastases. Curr Oncol Rep 2012;
14:48-54.

[2] Vogelbaum MA, et al. Treatment for brain metastases: ASCO-SNO-ASTRO
guideline. J Clin Oncol 2022;40:492-516.

[3] Patchell RA, et al. Postoperative radiotherapy in the treatment of single metastases
to the brain: a randomized trial. J Am Med Assoc 1998;280:1485-9.

[4] Redmond KJ, et al. Stereotactic radiosurgery for postoperative metastatic surgical
cavities: a critical review and international stereotactic radiosurgery society (ISRS)
practice guidelines. Int J Radiat Oncol Biol Phys 2021;111:68-80.

[5] Brown PD, et al. Postoperative stereotactic radiosurgery compared with whole
brain radiotherapy for resected metastatic brain disease (NCCTG N107C/CEC.3): a
multicentre, randomised, controlled, phase 3 trial. Lancet Oncol 2017;18:1049-60.

[6] Layer JP, et al. Five-fraction stereotactic radiotherapy for brain metastases-a
retrospective analysis. Curr Oncol 2023;30:1300-13.

[7] Vellayappan B, et al. Diagnosis and management of radiation necrosis in patients
with brain metastases. Front Oncol 2018;8.

[8] Dejonckheere CS, et al. Boswellia serrata for the management of radiation-induced

cerebral Edema and necrosis: a systematic meta-narrative review of clinical

evidence. Adv Radiat Oncol 2025;101732. https://doi.org/10.1016/j.
adro.2025.101732.

Yaghi NK, et al. Optimal timing of radiotherapy following brain metastases

surgery. Neurooncol Pract 2022;9:133-41.

[10] Cifarelli CP, Jacobson GM. Intraoperative radiotherapy in brain malignancies:
indications and outcomes in primary and metastatic brain tumors. Front Oncol
2021;11:768168.

[11] Pascual JSG, et al. Treatment protocols and outcomes of intraoperative
radiotherapy for brain metastases: a systematic review. Eur J Med Oncol 2021;5.
https://doi.org/10.14744/ejmo.2021.29249.

[12] Cifarelli CP, et al. Intraoperative radiotherapy (IORT) for surgically resected brain
metastases: outcome analysis of an international cooperative study. J Neurooncol
2019;145:391-7.

[13] Page MJ, et al. The PRISMA 2020 statement: an updated guideline for reporting
systematic reviews. BMJ 2021;372:n71.

[14] Hamed M, et al. Benchmarking safety indicators of surgical treatment of brain
metastases combined with intraoperative radiotherapy: results of prospective
observational study with comparative matched-pair analysis. Cancers (Basel) 2022;
14.

[15] Dejonckheere CS, et al. Intraoperative or postoperative stereotactic radiotherapy
for brain metastases: time to systemic treatment onset and other patient-relevant
outcomes. J Neurooncol 2023;164:683-91.

[16] Sethi A, Emami B, Small W, Thomas TO. Intraoperative radiotherapy with
INTRABEAM: technical and dosimetric considerations. Front Oncol 2018;8.

[17] Diehl CD et al. Opportunities and alternatives of modern radiation oncology and
surgery for the management of resectable brain metastases. Cancers vol. 15
Preprint at https://doi.org/10.3390/cancers15143670 (2023).

[18] Macia i Garau M, et al. P17.11.B interim analysis of a phase II trial of
intraoperative radiotherapy (IORT) with INTRABEAM after SURGICAL
RESECTION OF BRAIN METASTases (BM) (NCT05084092). Neuro Oncol 2024;26:
v89-90.

[19] Brehmer S, et al. INTRAMET: results of a prospective, single-arm, open-label phase
II trial of intraoperative radiotherapy after resection of brain metastases. J Clin
Oncol 2023;41:2031.

[20] Mahajan A, et al. Post-operative stereotactic radiosurgery versus observation for
completely resected brain metastases: a single-centre, randomised, controlled,
phase 3 trial. Lancet Oncol 2017;18:1040-8.

[9

—_

[21]

[22]

[23]

[24]

[25]
[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]
[40]

[41]

[42]

Radiotherapy and Oncology 212 (2025) 111128

Eitz KA, et al. Multi-institutional analysis of prognostic factors and outcomes after
hypofractionated stereotactic radiotherapy to the resection cavity in patients with
brain metastases. JAMA Oncol 2020;6:1901-9.

Agrawal N, et al. Preoperative stereotactic radiosurgery for patients with 1-4 brain
metastases: a single-arm phase 2 trial outcome analysis (NCT03398694).
Neurooncol Pract 2024;11.

Shah JK, Potts MB, Sneed PK, Aghi MK, McDermott MW. Surgical cavity
constriction and local progression between resection and adjuvant radiosurgery for
brain metastases. Cureus 2016;8.

Herskind C, Wenz F, Giordano FA. Immunotherapy combined with large fractions
of radiotherapy: stereotactic radiosurgery for brain metastases-implications for
intraoperative radiotherapy after resection. Front Oncol 2017;7.

Steininger K, et al. Intraoperative radiotherapy during awake craniotomies:
preliminary results of a single-center case series. Neurosurg Rev 2022;45:3657-63.
Aninditha KP, et al. Intraoperative radiation therapy for brain metastasis in a
pregnant patient: a case report. Strahlenther Onkol 2024;200.

Cifarelli CP, et al. Intracranial intraoperative radiotherapy (IORT): evaluation of
electrocorticography and peri-operative seizure risk. J Neurooncol 2023;164:
423-30.

Krauss P, et al. Resection with intraoperative radiotherapy vs. adjuvant
radiotherapy in the treatment of eloquent brain metastases: an analysis of
feasibility and safety. Neurosurg Rev 2025;48.

Khan M, Zheng T, Zhao Z, Arooj S, Liao G. Efficacy of BRAF inhibitors in
combination with stereotactic radiosurgery for the treatment of melanoma brain
metastases: a systematic review and meta-analysis. Front Oncol 2021;10:586029.
Krauss P, et al. Intraoperative radiotherapy in brain metastasis surgery allows
faster transition to systemic therapy. Neurooncol Pract 2025. https://doi.org/
10.1093/NOP/NPAF012.

Fan KY, et al. Type and timing of systemic therapy use predict overall survival for
patients with brain metastases treated with radiation therapy. J Neurooncol 2021;
151:231-40.

Layer JP, et al. Multicentric assessment of safety and efficacy of combinatorial
adjuvant brain metastasis treatment by intraoperative radiation therapy and
immunotherapy. Int J Radiat Oncol Biol Phys 2024. https://doi.org/10.1016/j.
ijrobp.2024.01.009.

Scharl S, et al. Cavity volume changes after surgery of a brain metastasis-
consequences for stereotactic radiation therapy. Strahlenther Onkol 2019;195:
207-17.

Dejonckheere CS, et al. Impact of postoperative changes in brain anatomy on target
volume delineation for high-grade glioma. D 2023;1-11.

Grimmer M, et al. Image guided intraoperative radiation therapy after surgical
resection of brain metastases: a first in-human feasibility report. Adv Radiat Oncol
2024;9.

Weil RJ, et al. Intraoperative radiotherapy to treat newly diagnosed solitary brain
metastasis: initial experience and long-term outcomes. J Neurosurg 2015;122:
825-32.

Vargo JA, et al. Feasibility of dose escalation using intraoperative radiotherapy
following resection of large brain metastases compared to post-operative
stereotactic radiosurgery. J Neurooncol 2018;140:413-20.

Foro P, et al. A phase II trial of intraoperative radiotherapy after surgical resection
of brain metastases: feasibility and efficacy NCT04847284. Int J Radiat Oncol Biol
Phys 2023;117:e104.

Diehl CD, et al. Low-energy X-Ray intraoperative radiation therapy (Lex-IORT) for
resected brain metastases: a single-institution experience. Cancers (Basel) 2022;15.
de Castro DG, et al. Intraoperative radiotherapy for brain metastases: first-stage
results of a single-arm, open-label, phase 2 trial. J Neurooncol 2023;162:211-5.
Layer JP, et al. Outcome assessment of intraoperative radiotherapy for brain
metastases: results of a prospective observational study with comparative matched-
pair analysis. J Neurooncol 2023. https://doi.org/10.1007/511060-023-04380-w.
Kahl KH, et al. 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. J Neurooncol 2024;169:187-93.


https://doi.org/10.1016/j.radonc.2025.111128
https://doi.org/10.1016/j.radonc.2025.111128
http://refhub.elsevier.com/S0167-8140(25)04632-8/h0005
http://refhub.elsevier.com/S0167-8140(25)04632-8/h0005
http://refhub.elsevier.com/S0167-8140(25)04632-8/h0010
http://refhub.elsevier.com/S0167-8140(25)04632-8/h0010
http://refhub.elsevier.com/S0167-8140(25)04632-8/h0015
http://refhub.elsevier.com/S0167-8140(25)04632-8/h0015
http://refhub.elsevier.com/S0167-8140(25)04632-8/h0020
http://refhub.elsevier.com/S0167-8140(25)04632-8/h0020
http://refhub.elsevier.com/S0167-8140(25)04632-8/h0020
http://refhub.elsevier.com/S0167-8140(25)04632-8/h0025
http://refhub.elsevier.com/S0167-8140(25)04632-8/h0025
http://refhub.elsevier.com/S0167-8140(25)04632-8/h0025
http://refhub.elsevier.com/S0167-8140(25)04632-8/h0030
http://refhub.elsevier.com/S0167-8140(25)04632-8/h0030
http://refhub.elsevier.com/S0167-8140(25)04632-8/h0035
http://refhub.elsevier.com/S0167-8140(25)04632-8/h0035
https://doi.org/10.1016/j.adro.2025.101732
https://doi.org/10.1016/j.adro.2025.101732
http://refhub.elsevier.com/S0167-8140(25)04632-8/h0045
http://refhub.elsevier.com/S0167-8140(25)04632-8/h0045
http://refhub.elsevier.com/S0167-8140(25)04632-8/h0050
http://refhub.elsevier.com/S0167-8140(25)04632-8/h0050
http://refhub.elsevier.com/S0167-8140(25)04632-8/h0050
https://doi.org/10.14744/ejmo.2021.29249
http://refhub.elsevier.com/S0167-8140(25)04632-8/h0060
http://refhub.elsevier.com/S0167-8140(25)04632-8/h0060
http://refhub.elsevier.com/S0167-8140(25)04632-8/h0060
http://refhub.elsevier.com/S0167-8140(25)04632-8/h0065
http://refhub.elsevier.com/S0167-8140(25)04632-8/h0065
http://refhub.elsevier.com/S0167-8140(25)04632-8/h0070
http://refhub.elsevier.com/S0167-8140(25)04632-8/h0070
http://refhub.elsevier.com/S0167-8140(25)04632-8/h0070
http://refhub.elsevier.com/S0167-8140(25)04632-8/h0070
http://refhub.elsevier.com/S0167-8140(25)04632-8/h0075
http://refhub.elsevier.com/S0167-8140(25)04632-8/h0075
http://refhub.elsevier.com/S0167-8140(25)04632-8/h0075
http://refhub.elsevier.com/S0167-8140(25)04632-8/h0080
http://refhub.elsevier.com/S0167-8140(25)04632-8/h0080
http://refhub.elsevier.com/S0167-8140(25)04632-8/h0090
http://refhub.elsevier.com/S0167-8140(25)04632-8/h0090
http://refhub.elsevier.com/S0167-8140(25)04632-8/h0090
http://refhub.elsevier.com/S0167-8140(25)04632-8/h0090
http://refhub.elsevier.com/S0167-8140(25)04632-8/h0095
http://refhub.elsevier.com/S0167-8140(25)04632-8/h0095
http://refhub.elsevier.com/S0167-8140(25)04632-8/h0095
http://refhub.elsevier.com/S0167-8140(25)04632-8/h0100
http://refhub.elsevier.com/S0167-8140(25)04632-8/h0100
http://refhub.elsevier.com/S0167-8140(25)04632-8/h0100
http://refhub.elsevier.com/S0167-8140(25)04632-8/h0105
http://refhub.elsevier.com/S0167-8140(25)04632-8/h0105
http://refhub.elsevier.com/S0167-8140(25)04632-8/h0105
http://refhub.elsevier.com/S0167-8140(25)04632-8/h0110
http://refhub.elsevier.com/S0167-8140(25)04632-8/h0110
http://refhub.elsevier.com/S0167-8140(25)04632-8/h0110
http://refhub.elsevier.com/S0167-8140(25)04632-8/h0115
http://refhub.elsevier.com/S0167-8140(25)04632-8/h0115
http://refhub.elsevier.com/S0167-8140(25)04632-8/h0115
http://refhub.elsevier.com/S0167-8140(25)04632-8/h0120
http://refhub.elsevier.com/S0167-8140(25)04632-8/h0120
http://refhub.elsevier.com/S0167-8140(25)04632-8/h0120
http://refhub.elsevier.com/S0167-8140(25)04632-8/h0125
http://refhub.elsevier.com/S0167-8140(25)04632-8/h0125
http://refhub.elsevier.com/S0167-8140(25)04632-8/h0130
http://refhub.elsevier.com/S0167-8140(25)04632-8/h0130
http://refhub.elsevier.com/S0167-8140(25)04632-8/h0135
http://refhub.elsevier.com/S0167-8140(25)04632-8/h0135
http://refhub.elsevier.com/S0167-8140(25)04632-8/h0135
http://refhub.elsevier.com/S0167-8140(25)04632-8/h0140
http://refhub.elsevier.com/S0167-8140(25)04632-8/h0140
http://refhub.elsevier.com/S0167-8140(25)04632-8/h0140
http://refhub.elsevier.com/S0167-8140(25)04632-8/h0145
http://refhub.elsevier.com/S0167-8140(25)04632-8/h0145
http://refhub.elsevier.com/S0167-8140(25)04632-8/h0145
https://doi.org/10.1093/NOP/NPAF012
https://doi.org/10.1093/NOP/NPAF012
http://refhub.elsevier.com/S0167-8140(25)04632-8/h0155
http://refhub.elsevier.com/S0167-8140(25)04632-8/h0155
http://refhub.elsevier.com/S0167-8140(25)04632-8/h0155
https://doi.org/10.1016/j.ijrobp.2024.01.009
https://doi.org/10.1016/j.ijrobp.2024.01.009
http://refhub.elsevier.com/S0167-8140(25)04632-8/h0165
http://refhub.elsevier.com/S0167-8140(25)04632-8/h0165
http://refhub.elsevier.com/S0167-8140(25)04632-8/h0165
http://refhub.elsevier.com/S0167-8140(25)04632-8/h0170
http://refhub.elsevier.com/S0167-8140(25)04632-8/h0170
http://refhub.elsevier.com/S0167-8140(25)04632-8/h0175
http://refhub.elsevier.com/S0167-8140(25)04632-8/h0175
http://refhub.elsevier.com/S0167-8140(25)04632-8/h0175
http://refhub.elsevier.com/S0167-8140(25)04632-8/h0180
http://refhub.elsevier.com/S0167-8140(25)04632-8/h0180
http://refhub.elsevier.com/S0167-8140(25)04632-8/h0180
http://refhub.elsevier.com/S0167-8140(25)04632-8/h0185
http://refhub.elsevier.com/S0167-8140(25)04632-8/h0185
http://refhub.elsevier.com/S0167-8140(25)04632-8/h0185
http://refhub.elsevier.com/S0167-8140(25)04632-8/h0190
http://refhub.elsevier.com/S0167-8140(25)04632-8/h0190
http://refhub.elsevier.com/S0167-8140(25)04632-8/h0190
http://refhub.elsevier.com/S0167-8140(25)04632-8/h0195
http://refhub.elsevier.com/S0167-8140(25)04632-8/h0195
http://refhub.elsevier.com/S0167-8140(25)04632-8/h0200
http://refhub.elsevier.com/S0167-8140(25)04632-8/h0200
https://doi.org/10.1007/s11060-023-04380-w
http://refhub.elsevier.com/S0167-8140(25)04632-8/h0210
http://refhub.elsevier.com/S0167-8140(25)04632-8/h0210
http://refhub.elsevier.com/S0167-8140(25)04632-8/h0210

	Intraoperative radiotherapy for resectable brain metastases: a systematic review and meta-analysis
	Introduction
	Materials and methods
	Results
	Discussion
	Conclusion
	Data availability
	CRediT authorship contribution statement
	Funding
	Declaration of competing interest
	Appendix A Supplementary material
	References


