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Abstract 

Background  Stereotactic radiation therapy (SRT) is a focal treatment for brain metastases (BMs); thus, 20 to 40% of 
patients will require salvage treatment after an initial SRT session, either because of local or distant failure. SRT is not 
exempt from acute toxicity, and the acute toxicities of repeated SRT are not well known. The objective of this study 
was to analyze the acute toxicities of repeated courses of SRT and to determine whether repeated SRT could lead to 
cumulative brain doses equivalent to those of whole-brain radiotherapy (WBRT).

Material and methods  Between 2010 and 2020, data from 184 patients treated for 915 BMs via two to six SRT ses-
sions for local or distant BM recurrence without previous or intercurrent WBRT were retrospectively reviewed. Patients 
were seen via consultations during SRT, and the delivered dose, the use of corticosteroid therapy and neurological 
symptoms were recorded and rated according to the CTCAEv4. The dosimetric characteristics of 79% of BMs were col-
lected, and summation plans of 76.6% of BMs were created.

Results  36% of patients developed acute toxicity during at least one session. No grade three or four toxicity was 
registered, and grade one or two cephalalgy was the most frequently reported symptom. There was no significant dif-
ference in the occurrence of acute toxicity between consecutive SRT sessions. In the multivariate analysis, acute toxic-
ity was associated with the use of corticosteroid therapy before irradiation (OR = 2.6; p = 0.01), BMV grade (high vs. 
low grade OR = 5.17; p = 0.02), and number of SRT sessions (3 SRT vs. 2 SRT: OR = 2.64; p = 0.01). The median volume 
equivalent to the WBRT dose (VWBRT) was 47.9 ml. In the multivariate analysis, the VWBRT was significantly associated 
with the total GTV (p < 0.001) and number of BMs (p < 0.001). Even for patients treated for more than ten cumulated 
BMs, the median BED to the brain was very low compared to the dose delivered during WBRT.

Conclusion  Repeated SRT for local or distant recurrent BM is well tolerated, without grade three or four toxicity, and 
does not cause more acute neurological toxicity with repeated SRT sessions. Moreover, even for patients treated for 
more than ten BMs, the VWBRT is low.
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Introduction
Stereotactic radiation therapy (SRT) for brain metastases 
(BMs) has become a reference and seems to have mainly 
replaced whole-brain radiotherapy (WBRT) [1]. It has 
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developed in recent years with increasingly broad indica-
tions [2]. Technical progress as well as advances in repo-
sitioning systems currently make it possible to treat BMs 
in complex situations, such as BMs in direct proximity to 
organs at risk, large BMs, multiple BM locations in one 
session, reirradiation for BM relapse or new metastasis 
in multiple sessions [3]. SRT provides the same overall 
survival benefit and local control while being less toxic 
at the cognitive and functional levels than WBRT [4–6]. 
SRT indications have evolved from one to four BMs to 
ten BMs if the cumulative volume is less than 30 ml [7–
11]. With the increased life expectancy of patients with 
metastatic brain cancer due to advances in oncology 
and avoidance of WBRT, the rate of salvage SRT for dis-
tant brain relapse and reirradiation for local recurrence 
is increasing. Modalities of distant or local stereotactic 
reirradiation are poorly codified. The main issues are the 
number of BMs or the maximum volume allowed to be 
treated with SRT without compromising neurocogni-
tive toxicity as with WBRT. Eventually, the tolerance of 
subsequent SRT is not as well documented as that of one 
SRT session or the first of multiple cumulative SRT ses-
sions. This retrospective study analyzed 915 BMs from 
184 patients who were not previously treated with WBRT 
and were treated with over two to six sessions of SRT. 
The objectives of this study were to analyze acute neu-
rologic toxicity at each SRT session and to determine 
whether repeated SRT sessions could lead to cumulative 
brain doses equivalent to those of WBRT.

Materials and methods
Brain metastasis and dosimetry plans
Between January 2010 and June 2020, 915 BMs were 
treated with SRT among 184 patients. Patients have 
between two to six sessions of SRT without previous 
or intercurrent WBRT. Planning Target Volume (PTV) 
was obtained by adding a circumferential margin of two 
millimeters around the Gross Tumor Volume (GTV). 
Monofractionated treatment delivering 20  Gy at the 
isocenter prescribed on the 70% isodose line was used 
for 26% of BMs. Hypofractionated treatment deliver-
ing three fractions of 11  Gy at the isocenter prescribed 
on the 70% isodose line every two days was used for 
72% of BMs. Other hypofractionated schedules, such as 
10 × 3 Gy or 5 × 6.25 Gy, were used for 2% of BMs. Treat-
ment plans were calculated on the iPlan RT Plan (Brain-
lab) or Eclipse® System (Varian Medical Systems®, Palo 
Alto, CA, USA). Patients for whom one or more treat-
ment plans were no longer available in the archives were 
excluded from the dosimetric analysis. The dosimetry 
plans of 722 BMs (79%) could be collected, representing 
141 (76.6%) patients. All dosimetric scans and contoured 
volumes were transferred to an Eclipse® System (Varian 

Medical Systems®, Palo Alto, CA, USA). For each BM, 
the GTV and PTV were collected in ml. For each patient, 
a summation plan, including all the treatment plans, was 
created by merging the dosimetric CT findings from each 
session. The dosimetric CT finding from the first SRT 
session was used as a reference. From the 76.6% of avail-
able summation dosimetric plans, the mean brain doses; 
mean healthy brain doses; V12Gy, V14Gy, V21Gy, and V23.1 Gy 
to the brain; and VWBRT were collected. The VWBRT was 
defined as the brain-V19.2 Gy in the trifractionated scheme 
and the brain-V12Gy in the monofractionated scheme and 
was equivalent to a BED in WBRT.

Medical consultations during radiotherapy
Patients were seen via a consultation with the referring 
radiation oncologist after a multidisciplinary discus-
sion that established the radiotherapy plan. Information 
on the clinical history, oncological treatments, and use 
of corticosteroid therapy, as well as the different neuro-
logical symptoms of the patients, was collected. During 
SRT, patients were seen weekly by a radiation oncologist. 
At the request of the patient or of the paramedical team, 
the patient could be seen by the physician in addition to 
the mandatory consultations [12]. At each consultation 
during radiotherapy treatment, the delivered dose, the 
use of corticosteroid therapy and neurological symptoms 
(headache, nausea, epilepsy, confusion, and sensorimo-
tor disorders) were recorded and rated according to the 
CTCAE v4 [13]. Follow-up MRI were performed every 
three to six months after SRT to measure therapeutic 
efficiency, diagnose local recurrence (LR), cerebral recur-
rence or radionecrosis. A new contrast enhancement 
outside the previously treated BM was categorized as a 
cerebral recurrence [14]. A contrast enhancement inside 
the previously treated BM suggested a LR. Confirmation 
of LR was made by surgery or complementary examina-
tion, such as 18-FDG-PET-CT, F-DOPA-PET-CT, or a 
new MRI performed in a shorter interval [15–18].

Statistical analysis
Quantitative variables are described using standard posi-
tion and dispersion statistics, namely, the mean, median, 
variance, minimum, maximum and quantiles. Qualita-
tive data are described as the numbers and proportions 
of each modality. Cumulative proportions were also cal-
culated for variables with more than two modalities. 
The Gaussian distribution of the quantitative variables 
was assessed using the Shapiro–Wilk test. If the condi-
tions were met, the relationship between two quantitative 
variables was assessed using Pearson’s linear correlation 
test. Otherwise, a Spearman correlation test was used. 
For the comparison of a quantitative variable between 
several subgroups, analysis of variance was used. For 
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the comparison of a quantitative variable between sev-
eral subgroups, analysis of variance or the Kruskal–Wal-
lis test was used (again, according to the assumptions of 
the use of each of these tests). Finally, for the comparison 
between several qualitative variables, the parametric chi2 
test was used if the conditions of the application allowed 
it. If this was not the case, Fisher’s exact test was used. 
The alpha risk was set at 5% for all analyses. All analyses 
were performed using R software version 3.1, R Devel-
opment Core Team (2008, R Foundation for Statisti-
cal Computing, Vienna, Austria) and GMRC Shiny Stat 
(2017).

Results
Patient and BM characteristics
A total of 184 patients were enrolled: 103 (56%) were 
followed for lung cancer, 24 (13%) for breast cancer, 24 
(13%) for melanoma, 16 (8.7%) for digestive cancer, eight 
(4.3%) for kidney cancer, and nine (4.9%) for other can-
cers. Sixty-nine (37.5%) patients were diagnosed with 
initial brain metastases. At SRT1 (SRT session n°1), the 
median patient age was 61 (24–88) years, the median 
WHO grade was one (0–3), the median KPS score was 
90% (40–100%), and the median DS-GPA was 2.5 (0–4). 
BMV grade was classified as low, intermediate, or high 
for 103 (56%), 69 (37.5%) and twelve (6.5%) patients, 
respectively. Immunotherapy and targeted therapy were 
given to 25 (13.6%) and 43 (23.4%) patients during at least 
one SRT session, respectively. Patient and primary tumor 
characteristics are shown in Table 1.

One hundred and twenty-three (66.8%) patients 
received two sessions of SRT, 39 (21.2%) received three 
sessions, and 22 (12%) received four or more sessions, for 
a total of 461 administered treatments. Each patient had 
a mean of two BMs treated per SRT session (range: 1–6; 
95% CI 1.88–2.12), for a total average of five BMs treated 
during all sessions (range: 2–19; 95% CI 4.52–5.44). 
Nine hundred and fifteen BMs were treated between 
07/09/2010 and 06/15/2020. Eight hundred and nine-
teen BMs (89.5%) were irradiated in place, and 96 tumor 
bed (10%) were irradiated after surgery. Fifty-one (5.6%) 
BMs were reirradiated after a confirmation of local recur-
rence. Six hundred and seventy-eight (74.1%) BMs were 
supratentorial, and 321 (24.2%) were infratentorial (the 
locations of 16 (1.7%) were unknown). Two hundred and 
thirty-five (25.7%) BMs received monofractionated treat-
ment delivering 20  Gy in one fraction at the isocenter, 
with the 70% isodose (14  Gy) encompassing the PTV, 
and 659 (72%) BMs received hypofractionated treatment 
delivering 33  Gy in three fractions of 11  Gy at the iso-
center, with the 70% isodose (23.1 Gy) encompassing the 
PTV. Twenty-one (2.3%) BMs received hypofractionated 

treatment, such as 10 × 3 Gy or 5 × 6.25 Gy. Characteris-
tics of the BMs are shown in Table 2.

Volumetric characteristics of BMs
The median GTV per BM was 0.4  ml (95% CI mean 
2.47–3.48). The median GTVs treated per BM at SRT1, 
SRT2, SRT3 and SRT4 and thereafter were 0.4, 0.4, 0.25 
and 0.35  ml, respectively (p = 0.51). The median GTVs 
per session (i.e., the sum of GTVs treated during an SRT 
session) were 6.2 ml (95% CI mean 7.01–9.9), 0.9 ml (95% 
CI mean 3.3–6.8), 0.6 ml (95% CI mean 1.3–4.8) and 1 ml 
(95% CI mean 0.1–10.2) at SRT1, SRT2, SRT3, and SRT4 
and thereafter, respectively. The GTV at SRT1 was sig-
nificantly higher than those of the subsequent SRT ses-
sions (p < 0.001), and there was no difference between 
the GTVs at SRT2 and at SRT3 or between the GTVs at 
SRT3 and at SRT4 and thereafter, with p = 0.34 and 0.62, 
respectively. The median GTVsum (i.e., the sum of the 
GTVs of all BMs in all SRT sessions) was 10.7 ml (95% CI 
mean 12.78–17.73). The median PTVsum (i.e., the sum of 
the PTVs of all BMs in all SRT sessions) was 22.8 ml (95% 
CI mean 24.14–31.84). The PTVsum represents a median 
of 1.55% of the brain (95% CI mean 1.75–2.33). There was 
a statistically significant difference between the PTV at 
SRT1 and the PTV following SRT (p < 0.001).

Neurologic symptoms
One hundred and three (56%), 25 (41%) and ten (45.5%) 
patients presented with neurologic symptoms preirra-
diation at SRT1, SRT2, SRT3 and SRT4 and thereafter, 
respectively (p = 1). Sixty-seven (36.4%), 74 (40.2%), 21 
(34.4%) and eight (36.4%) patients developed no neuro-
logic symptoms up to the last ongoing consultation for 
SRT1, SRT2, SRT3 and SRT4 and thereafter. There was 
a statistically significant difference in neurologic symp-
tom prevalence in the before-after analysis at SRT1 and 
SRT2 (p < 0.01 and p < 0.01, respectively). There was no 
statistically significant difference in neurologic symp-
tom prevalence in the before-after analysis at SRT3 
and SRT4 and thereafter (p = 0.38 and p = 0.68, respec-
tively). Sixty-three (34.2%), 67 (36.4%), 17 (27.9%) and six 
(27.3%) patients received corticosteroid therapy before 
SRT1, SRT2, SRT3 and SRT4 and thereafter, respectively. 
A decrease, no change or increase in neurological symp-
toms was observed for 48 (26.1%), 123 (66.8%) and 13 
(7.1%) patients after SRT1, 40 (21.7%), 133 (72.3%), and 
eleven (6.0%) after SRT2, eight (13.1%), 49 (80.3%), and 
four (6.6%) after SRT3, and four (18.2%), 16 (72.7%), and 
two (9.1%) after SRT4.

One hundred and seventy (92.4%), 156 (84.8%), 53 
(86.9%), and 17 (77.3%) patients showed no signs of confu-
sion just before SRT1, SRT2, SRT3 and SRT4 and there-
after, respectively. One hundred and seventy-nine (97.3%), 
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168 (91.3%), 55 (90.2%), and 19 (86.4%) patients showed 
no signs of confusion after SRT1, SRT2, SRT3 and SRT4 
and thereafter, respectively. There was a statistically signifi-
cant difference in confusion grade before SRT1 and before 
SRT2 (p = 0.03) and before-after SRT1 (p = 0.02) and SRT2 
(p = 0.02). One hundred and sixty-two (88%), 157 (85.3%), 
56 (91.8%), and 20 (90.9%) patients showed no signs of epi-
lepsy before SRT1, SRT2, SRT3 and SRT4 and thereafter, 

respectively [13]. One hundred and seventy-four (94.6%), 
169 (91.8%), 58 (95.1%), and 21 (95.5%) patients showed 
no signs of epilepsy after SRT1, SRT2, SRT3 and SRT4 and 
thereafter, respectively. A statistically significant difference 
was found in the before-after analysis of SRT1 (p = 0.02) 
and SRT2 (p = 0.05). One hundred and eighteen (64.1%), 
114 (62%), 44 (72.1%), and 17 (77.3%) patients showed 
no signs of sensorimotor disorders before SRT1, SRT2, 

Table 1  Patient characteristics (n = 184)

Italic values represent a subgroup of the set cited in the row above

Characteristic

Sex Male 91 49.5%

Female 93 50.5%

Control of the primary tumor site Yes 109 59.2%

No 75 40.8%

Primary cancer Lung 103 56%

Adenocarcinoma 69 67%

Epidermoid 19 18.4%

Small cell 4 3.9%

Undifferentiated 4 3.9%

Other 7 6.8%

Breast 24 13%

Luminal A 5 20.8%

Luminal B 5 20.8%

Her2 +  11 45.8%

Triple negative 3 12.5%

Melanoma 24 13%

Kidney 8 4.35%

Digestive 16 8.7%

Other 9 4.95%

Patient characteristics at SRT1 Median age (range) 61 24–88

Median WHO grade (range) 1 0–3

Median KPS score in % (range) 90 40–100

Median DS-GPA (range) 2.5 0–4

Median RPA (range) 2 1–3

Extracerebral progression 117 64%

Systemic treatment 129 70%

Median number of BMs (range) 1.5 1–10

Median volume of BMs (in mL) (range) 0.8 0.1–48.6

Tumor bed radiosurgery 70 38%

Patient’s worst/all characteristics Worst DS-GPA 2 0–4

Worst RPA 2 1–3

Immunotherapy all time 25 14%

Targeted therapy all time 43 23%

BMV grade

Low 103 56%

Intermediate 69 37.5%

High 12 6.5%

Salvage WBRT 34 18%

Local recurrence 57 31%

Radionecrosis 42 23%
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SRT3 and SRT4 and thereafter, respectively. One hundred 
and forty (76.1%), 133 (72.3%), 46 (75.4%), and 18 (81.8%) 
patients showed no signs of sensorimotor disorders after 
SRT1, SRT2, SRT3 and SRT4 and thereafter, respectively. 
A statistically significant difference was found in the 
before-after analysis of SRT1 (p < 0.01) and SRT2 (p < 0.01). 
Table 3 shows acute neurologic symptoms according to the 
CTCAE (v4) at each SRT session, and Table 4 shows the p 
value of the before-before and before-after symptom com-
parisons between each SRT session.

Factors associated with neurologic symptoms
Eighty-one (44%) patients had no immediate neurological 
symptoms during any treatment session. In the univariate 
analysis, only the worst RPA for all SRT sessions was asso-
ciated with the presence of neurologic symptoms (p = 0.02). 
Neither the primary cancer (p = 0.24), patient history (with 
p = 0.54, 0.13 and 0.8 for a history of alcohol, tobacco and 
diabetes, respectively), the total number of BMs (p = 0.38), 
the GTVsum of BMs (p = 0.61), the number of SRT ses-
sions (p = 0.47), immunotherapy (p = 1), targeted therapy 
(p = 0.71), or surgery (p = 0.77) was associated with neuro-
logic symptoms. The intake of corticosteroid therapy was 
associated with post-SRT symptom development (p = 0.02).

Acute toxicity
Acute toxicity at each SRT session
No patient had grade 4 neurologic symptoms pre- or 
post-SRT during any SRT session. One patient developed 
grade three cephalalgy pre- and post-SRT3, one patient 
developed a grade three sensorimotor disorder pre- and 
post-SRT3, and no patient developed any new grade 
three acute toxicity. New or worsening neurologic symp-
toms developed in 33 (17.9%), 40 (21.7%), ten (16.4%), 
and five (16.1%) patients after SRT1, SRT2, SRT3 and 
SRT4 and thereafter, respectively. Among them, grade 
one and two cephalalgy was the most frequently reported 
symptom in 17 (51.5%), 21 (52.5%), and six (60%) patients 
at SRT1, SRT2, and SRT3, respectively. Other symptoms 
were sensorimotor disorder, followed by nausea, epilepsy, 
and confusion, with respective incidences of 27%, 18%, 
16% and 8%. There was no significant difference in the 
occurrence of acute toxicity between each consecutive 
SRT session, with p = 0.37, p = 0.48 and p = 0.62 between 
SRT1-SRT2, SRT2-SRT3 and SRT3-SRT4 and thereaf-
ter, respectively. At SRT2, patients with a poor perfor-
mance status (advanced WHO grade, low KPS score, low 
DS-GPA and high RPA) tended to have more acute tox-
icities than their counterparts. At SRT3, the association 
between toxicity and a poor performance status was sta-
tistically significant, with p = 0.01, p < 0.01, p = 0.04 and 
p = 0.05 for WHO grade, KPS score, DS-GPA and RPA, 
respectively. In the univariate analysis, the number of 
BMs irradiated was not significantly associated with the 
occurrence of toxicity at any treatment session. However, 
there was a statistical trend in the association between 
BM volume at each session and the occurrence of toxicity 
at SRT1, SRT2, SRT3 and SRT4 and thereafter (p = 0.07, 
p = 0.3, p = 0.05 and p = 0.11, respectively). There were 
no significant associations between acute toxicity at each 
SRT session and immunotherapy or targeted therapy. 
Patients who experienced acute toxicity at SRT1 were 
statistically more likely to also experience acute toxicity 
at SRT2 (p < 0.01), and this association was not found for 
subsequent sessions at SRT3 and SRT4 (p = 1 and p = 1, 
respectively). In the multivariate analysis, there was no 
statistical association between acute toxicity at each SRT 
session and clinical or dosimetric characteristics. Table 5 
shows uni- and multivariate associations between acute 
toxicity during each SRT session and patient and dosi-
metric characteristics.

Cumulative acute toxicity
Cumulative acute toxicity was defined as the presence or 
absence of any neurologic acute toxicity during at least 
one session of repeated SRT. Sixty-seven (36.4%) patients 
developed cumulative acute toxicity. Cumulative acute 
toxicity was significantly associated with the number of 

Table 2  Brain metastases characteristics (n = 915)

BM brain metastasis, BMV brain metastases velocity, DS-GPA Diagnosis-Specific 
Graded Prognostic Assessment, KPS Karnofsky Performance Score, RPA recursive 
partitioning analysis, SRT1 first session of stereotactic radiotherapy, WBRT whole-
brain radiotherapy

Italic values represent a subgroup of the set cited in the row above

Localization Supratentorial 678 74%

Frontal 279 30%

Parietal 147 16%

Temporal 93 10%

Occipital 107 12%

Central 52 6%

Infratentorial 213 23%

Cerebellar 211 23%

Cerebellopontine angle 2 0%

Brainstem 8 1%

Unknown 16 2%

Side Right 459 50%

Left 417 46%

Median 24 3%

Unknown 15 2%

Neurosurgery Yes 96 10%

Tumor residue 15 16%

No 819 90%

Prescribed doses 20 Gy in 1 fraction 235 26%

33 Gy in 3 fractions 659 72%

Other 21 2%
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Table 3  Acute symptoms according to the CTCAE (v4) at each SRT session

SRT1 (n = 184) SRT2 (n = 184) SRT3 (n = 61) SRT ≥ 4 (n = 31)

Number of 
patients

Percentage (%) Number of 
patients

Percentage (%) Number of 
patient

Percentage (%) Number of 
patients

Percentage 
(%)

Symptoms pre-SRT

Yes 102 55 103 56 25 41 13 42

No 82 45 81 44 36 59 18 58

Symptoms post-SRT

Yes 67 36 74 40 21 34 13 42

No 117 64 110 60 40 66 18 58

Corticotherapy pre-SRT

Yes 63 34 67 36 17 28 11 35

No 121 66 117 64 44 72 20 65

Cephalalgy pre-SRT

Grade 0 136 74 132 72 47 77 26 84

Grade 1 36 20 41 22 11 18 4 13

Grade 2 12 7 11 6 2 3 1 3

Grade 3 0 0 0 0 1 2 0 0

Cephalalgy post-SRT

Grade 0 136 74 132 72 46 75 25 81

Grade 1 36 20 43 23 10 16 5 16

Grade 2 12 7 8 4 4 7 1 3

Grade 3 0 0 1 1 1 2 0 0

Confusion pre-SRT

Grade 0 170 92 156 85 53 87 25 81

Grade 1 11 6 21 11 6 10 5 16

Grade 2 3 2 7 4 2 3 1 3

Confusion post-SRT

Grade 0 179 97 168 91 55 90 27 87

Grade 1 5 3 11 6 3 5 4 13

Grade 2 0 0 5 3 3 5 0 0

Nausea pre-SRT

Grade 0 175 95 168 91 59 97 29 94

Grade 1 5 3 14 8 1 2 1 3

Grade 2 4 2 2 1 1 2 1 3

Nausea post-SRT

Grade 0 171 93 173 94 59 97 28 90

Grade 1 9 5 10 5 1 2 2 6

Grade 2 4 2 1 1 1 2 1 3

Epilepsy pre-SRT

Grade 0 162 88 157 85 56 92 28 90

Grade 1 15 8 21 11 3 5 3 10

Grade 2 7 4 6 3 2 3 0 0

Epilepsy post-SRT

Grade 0 174 95 169 92 58 95 30 97

Grade 1 6 3 10 5 1 2 1 3

Grade 2 4 2 5 3 2 3 0 0

Sensorimotor disorder pre-SRT

Grade 0 118 64 114 62 44 72 23 74

Grade 1 29 16 38 21 5 8 4 13

Grade 2 37 20 32 17 11 18 4 13
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SRT sessions (p = 0.01) and tended to be associated with 
the total number of BMs (p = 0.08). Cumulative acute 
toxicity was not associated with patient history, the 

GTVsum, or the isodose of summation dosimetry. In the 
multivariate analysis, corticosteroid therapy was the only 
factor that was significantly associated with cumulative 

Table 3  (continued)

SRT1 (n = 184) SRT2 (n = 184) SRT3 (n = 61) SRT ≥ 4 (n = 31)

Number of 
patients

Percentage (%) Number of 
patients

Percentage (%) Number of 
patient

Percentage (%) Number of 
patients

Percentage 
(%)

Grade 3 0 0 0 0 1 2 0 0

Sensorimotor disorder post-SRT

Grade 0 140 76 133 72 46 75 25 81

Grade 1 21 11 27 15 7 11 4 13

Grade 2 23 13 23 13 7 11 2 6

Grade 3 0 0 1 1 1 2 0 0

Table 4  Before–before and before–after symptom comparisons (McNemar test)

SRT stereotactic radiotherapy, NA not assessable

Bold values indicate significant values

Before-before 
SRT1/SRT2

Before-before 
SRT2/SRT3

Before-after SRT1 Before-after SRT2 Before-after 
SRT3

Before-
after SRT 
4/5/6

Any symptom 1 1  < 0.01  < 0.01 0.38 0.68

Cephalalgy 0.39 NA 0.68 1 1 1

Confusion 0.03 0.54 0.02 0.02 0.61 0.61

Nausea 0.11 NA 0.65 0.22 1 1

Epilepsy 0.7 NA 0.02 0.05 0.61 1

Sensorimotor disorder 0.49 NA  < 0.01  < 0.01 0.72 1

Table 5  Association between acute toxicity at each SRT session and clinical and dosimetric characteristics

BM brain metastasis, DS-GPA Diagnosis-Specific Graded Prognostic Assessment, GTV gross tumor volume, KPS Karnofsky Performance Score, M multivariate analysis, 
RPA recursive partitioning analysis, SRT stereotactic radiotherapy, U univariate analysis

Bold values indicate significant values

SRT1 (n = 184) SRT2 (n = 184) SRT3 (n = 61)

U M U M U M

Patient characteristics

Age 0.44 0.38 0.01 0.87 0.43 1

WHO grade 0.99 0.76 0.07 0.73 0.01 1

KPS score 0.11 0.31 0.15 0.85  < 0.01 1

DS-GPA 0.99 0.34 0.04
RPA 0.06 0.62 0.05
Symptoms pre-SRT 0.3 0.46 0.04 0.45 0.29 1

Corticosteroid use pre-SRT 0.78 0.85  < 0.01 0.07 0.12 1

Immunotherapy 0.27 0.32 0.36 0.37 0.29 1

Targeted therapy 0.78 0.74 0.62 0.06 0.67 1

BM characteristics

Number of BMs 0.18 0.89 0.09 0.1 0.66 1

Surgery 0.35 1 0.6

GTV 0.07 0.13 0.30 0.67 0.05 1

Local recurrence / 0.96 0.17
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acute toxicity (p = 0.03). Immunotherapy and DS-GPA 
tended to be associated with cumulative acute toxicity 
(p = 0.06 and p = 0.10, respectively). Table  6 shows the 
association between cumulative acute toxicity during all 
SRT sessions and patient and dosimetric characteristics.

Cumulative dose to the brain
The absolute cumulative median dose delivered to the 
brain (Dmean brain) was 4.28 Gy (95% CI mean 4.61–5.57), 
corresponding to 5.31 Gy BED (95% CI mean: 5.91–7.37) 
with an α/β ratio of 3. The absolute median dose to the 
healthy brain (Dmean healthy brain) was 3.98  Gy (95% CI 
mean 4.33–5.22), corresponding to 4.92 Gy BED (95% CI 
mean 5.47–6.81). Fifty-three (28.8%) patients received 
at least one session delivered in multi-isocentric mode. 
In the univariate analysis, the BEDmean brain and BEDmean 

healthy brain were significantly associated with the multi-iso-
centric radiotherapy technique (p < 0.001), total number 
of BMs (p < 0.001), total GTV and PTV (p < 0.001) and 
volume of the largest BM (p < 0.001). The BEDmean brain 
and BEDmean healthy brain showed a trend toward a signifi-
cant association with at least one resected BM (p = 0.07 
and p = 0.1, respectively) and the number of SRT ses-
sions (p = 0.14 and p = 0.13, respectively). In the multi-
variate analysis, the BEDmean brain and BEDmean healthy brain 
were significantly associated with the GTVsum (p < 0.001), 
total number of BMs (p < 0.001) and total number of 
SRT sessions (p < 0.001). If a WBRT scheme of 30  Gy 
in ten fractions was prescribed, the normal brain BED 
(α/β = 3 Gy) would be 60 Gy. The V19.2 Gy in the trifrac-
tionated scheme and the V12Gy in the monofractionated 
scheme were equivalent to a BED of WBRT (VWBRT). The 

Table 6  Association between cumulative acute toxicity and clinical and dosimetric characteristics

BM brain metastasis, BMV brain metastasis velocity, DS-GPA Diagnosis-Specific Graded Prognostic Assessment, GTV gross tumor volume, KPS Karnofsky Performance 
Score, RPA Recursive Partitioning Analysis, SRT stereotactic radiotherapy

Bold values indicate significant values

p value univariate p value 
multivariate

Patient’s history and tumor characteristics Sex 0.51 0.14

Hypertension 0.68 0.25

Kidney disease 0.54

Cholesterol 1

Tobacco 0.52 0.22

Alcohol 0.12 0.21

Diabetes 0.25 0.99

Primary tumor 0.24

Patient’s worst/all characteristics Worst DS-GPA 0.49 0.10

Worst RPA 0.67 0.20

Corticosteroid therapy before SRT  < 0.001 0.03
Immunotherapy all time 0.2 0.06

Targeted therapy all time 0.63 0.53

BMV grade 0.04 0.13

Surgery 0.30 0.39

Local reirradiation 0.45 0.28

Symptoms pre-SRT at any session  < 0.001 0.21

Dosimetric characteristics Number of SRT sessions 0.01 0.35

Number of SRT sessions > 3 0.04
Total number of BMs 0.08 0.67

BMs > 5 0.28

BMs > 10 0.59

Total GTV 0.61 0.15

V12Gy 0.52

V14Gy 0.58

V21Gy 0.64

V23Gy 0.6

V40Gy 0.51
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median VWBRT was 47.9 ml (3.4% of brain volume). In the 
univariate analysis, the VWBRT was statistically dependent 
on the number of SRT sessions (p = 0.047) and GTVsum 
(Pearson correlation: r = 0.7) but not on the number of 
BMs (p = 0.23) or on the multi-isocentric RT technique 
(p = 0.11). In the multivariate analysis, the VWBRT was 
significantly associated with the GTVsum (p < 0.001) and 
number of BMs (p < 0.001) but not with the number of 
SRT sessions (p = 0.68) or the multi-isocentric RT tech-
nique (p = 0.14). For patients who were treated for more 
than ten BMs, although the cumulative V12Gy, V14Gy, 
V21Gy, and V23.1 Gy were above the usually accepted con-
straints for a single session of SRT, the mean VWBRT was 
only 101.4 ml (6.8% of the brain) [19–23].

Discussion
Our retrospective study addressed repeated SRT sessions 
for BMs in patients with local or distant brain recurrence 
without previous WBRT. The purpose was primarily to 
analyze neurological symptoms and acute toxicity during 
each SRT session and the cumulative risk of acute toxic-
ity during any SRT session and secondly to analyze the 
cumulative dose to the brain.

Few studies have examined acute toxicity during SRT, 
and most of these studies were conducted on a single 
SRT session or even irradiation to a single BM [24–26]. 
Studies of repeated SRT sessions have paid little attention 
to acute toxicity during radiotherapy [27–34].

This is the first study to address the potential impact of 
repeated irradiation to multiple BMs. Moreover, no study 
has investigated the dose to the brain and to the healthy 
brain in cases of repeated SRT [35].

First, this study included many patients and a large 
number of BMs. The neurological symptoms experienced 
by patients were recorded before and after irradiation. 
The monocentricity of this study appears to be an advan-
tage, since it allowed us to collect the same symptoms at 
each session, have very few missing data and use a homo-
geneous prescription dose for most patients. We high-
light that all the neurological symptoms collected, except 
for confusion, experienced by the patients before irradia-
tion were stable over time. This observation is compara-
ble to those reported in the study of Kuntz et  al. based 
on the same population, which showed that WHO grade, 
DS-GPA and RPA were stable between each session of 
SRT (article in submission).

Then, only grade one and two confusion were increased 
at SRT2 compared to SRT1. However, this increase is 
likely multifactorial. This higher confusion rate can be 
explained by age, progressive brain disease, corticoster-
oid therapy, and leukoencephalopathy [36, 37]. Indeed, 
confusion before SRT1 tends to be more frequent for 
patients older than 65  years. The occurrence of ≥ grade 

one confusion was 5% for patients aged under 65  years 
and 13.6% for patients aged 65 years and over (p = 0.17). 
Chemotherapy-induced cognitive impairment (chemo-
brain) could also explain this increased confusion from 
SRT2, although it was not representative in our series 
[38]. A prospective study would certainly have allowed 
us to better distinguish the toxicity related to SRT itself 
from that of systemic treatments and to better take into 
account the effect of corticosteroid therapy. But despite 
the fact that our study is retrospective, we have few miss-
ing clinical and dosimetric data. The monocentricity of 
our study may appear as a weakness, but it allows us a 
certain homogeneity in the prescription of the radiother-
apy dose, the clinical follow-up during radiotherapy and 
the radiological follow-up after the end of the radiother-
apy. Thirty-seven percent of patients were treated with 
immunotherapy or targeted therapy concomitantly with 
radiotherapy under stereotactic conditions during almost 
one SRT session, the specific toxicity due to systemic 
treatments could not be assessed. However, in tempo-
ral analyses of acute toxicity during SRT (Tables 3 and 4, 
before/before and before/after analysis) each patient was 
compared to himself, thus negating the potential effect 
of systemic treatments in the patients concerned. Fur-
thermore, the analyses of acute toxicity at each session 
and of cumulative toxicity over time did not reveal any 
link between systemic treatments and the neurological 
symptoms studied, either in univariate or in multivariate 
analysis.

Furthermore, by taking an interest in the neurological 
status of patients before and after stereotaxis, it is real-
ized that symptoms such as epilepsy, sensorimotor dis-
orders and confusion are less important after treatment. 
This finding is most likely related to the effect of corticos-
teroid therapy, which was systematically prescribed dur-
ing SRT in our center.

Moreover, no patient developed grade three or four 
acute toxicity, and the incidence of acute toxicity was 
stable over the course of the SRT sessions. According to 
the European Association of Neuro-Oncology, multi-
ple courses of SRT for new BMs after an initial course of 
SRT with avoidance of WBRT could provide a low risk 
of toxicity [39]. Our acute toxicity results are similar to 
those reported in the study by Jimenez et al. [24] Indeed, 
they studied the acute toxicity of SRT among 156 patients 
treated for a single BM. Twenty-four percent of patients 
experienced at least one adverse symptom potentially 
associated with SRT, and the most common symptoms 
were fatigue and headache. In the final report of RTOG 
protocol 90–05, toxicity was significantly associated 
with the maximum GTV diameter, and larger tumors 
had a greater risk of unacceptable neurotoxicity than 
smaller tumors [40]. However, in this trial, the patients 
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were reirradiated. The data did not show a correlation 
between local reirradiation and acute toxicity. Among the 
184 patients, 58% received corticosteroid therapy before 
at least one SRT session because of symptomatic BM. 
Corticosteroid therapy limits the edema induced by BM 
[41, 42] and the early edema induced by SRT [43], but it 
can also increase confusion, especially in elderly patients 
[44]. Indeed, symptomatic patients tend to be older, have 
a poorer performance status, and tend to have more 
numerous and larger BMs.

Finally, we studied the cumulative dose to the brain. 
The objective was to determine whether repeated SRT 
sessions could lead to cumulative brain doses equivalent 
to those of WBRT. SRT is known to cause less cognitive 
deterioration than WBRT, even for patients treated for 
up to ten BMs [45–50], but no study has examined the 
neurocognitive impact of repeated SRT sessions. Hatibo-
glu et al. simulated different treatment plans by varying 
tumor volumes, tumor numbers and prescribed doses for 
patients treated for BMs by SRT [51]. The GTVsum was a 
good predictor of the mean whole brain dose. We found 
the same results in the case of repeated SRT sessions, as 
the BEDmean brain and BEDmean healthy brain and VWBRT were 
significantly associated with the GTVsum and total num-
ber of BMs.

However, progressive BM per se can impact cogni-
tive function. A prospective trial with dedicated neuro-
cognitive tests would be desirable to better evaluate the 
impact of repeated SRT sessions on cognition and pos-
sibly compare repeated SRT to WBRT with hippocampal 
preservation.

Conclusion
In this retrospective study on 184 patients treated for 915 
BMs by repeated postoperative stereotactic radiosurgery 
or stereotactic radiotherapy for locally or cerebral recur-
rent BMs, 36% of patients developed acute toxicity during 
at least one session of repeated SRT. No grade three or 
four toxicity was reported, and grade one or two cephala-
lgy was the most frequently reported toxicity. There was 
no significant difference in the occurrence of acute tox-
icity between consecutive SRT sessions. The VWBRT was 
significantly associated with the GTVsum (p < 0.001) and 
number of BMs (p < 0.001). Even in patients who were 
treated for more than ten BMs, the VWBRT remained low.

Abbreviations
BM	� Brain metastasis
BED	� Biological equivalent dose
BMV	� Brain metastases velocity
DS-GPA	� Diagnosis-Specific Graded Prognostic Assessment
GTV	� Gross tumor volume
KPS	� Karnofsky Performance Score

LR	� Local recurrence
OS	� Overall survival
PTV	� Planning target volume
RPA	� Recursive partitioning analysis
SRT	� Stereotactic radiotherapy
SRT1	� First session of stereotactic radiotherapy
SRT2	� Second session of stereotactic radiotherapy
SRT3	� Third session of stereotactic radiotherapy
SRT4	� Fourth session of stereotactic radiotherapy
WBRT	� Whole-brain radiotherapy
WHO	� WHO Performans status

Acknowledgements
Not applicable.

Author contributions
L.K. and G.N. wrote the main manuscript and tables. L.K. and A.T. made statisti-
cal analysis and data interpretation. The project was supervised by G.N. All 
authors read and approved the final manuscript.

Funding
None.

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
The study follows the French laws mandatory required by the CNIL (Com-
mission Nationale de l’informatique et des libertés) and was declared to the 
French institution by the MR004 form. Consent for the use of patients’ data for 
retrospective and scientific investigation.

Consent for publication
No individual person’s data.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Radiation Therapy University Department, Institut de Cancérologie Stras-
bourg Europe (ICANS), 17 rue Albert Calmette, 67200 Strasbourg, France. 
2 Medical Physics Unit, Institut de Cancérologie Strasbourg Europe (ICANS), 17 
rue Albert Calmette, 67200 Strasbourg, France. 3 Medical Information Depart-
ment, Institut de Cancérologie Strasbourg Europe (ICANS), 3 rue de la Porte de 
L’Hôpital, 67065 Strasbourg Cedex, France. 4 Department of Neurosurgery, Uni-
versity Hospitals of Strasbourg, 1 Avenue Molière, 67200 Strasbourg, France. 

Received: 2 March 2022   Accepted: 28 December 2022

References
	1.	 Antoni D, Noël G, Mornex F. The role of whole brain radiation therapy for 

brain metastases. Bull Cancer. 2013;100:15–22.
	2.	 Barillot I, Antoni D, Bellec J, Biau J, Giraud P, Jenny C, et al. Reference bases 

of radiotherapy under stereotaxic conditions for bronchopulmonary, 
hepatic, prostatic, upper aero-digestive, cerebral and bone tumors or 
metastases. Cancer Radiother. 2018;22:660–81.

	3.	 Noel G, Keller A, Antoni D. Stereotactic radiotherapy of brain metastases 
in complex situations. Cancer Radiother. 2019;23:708–15.

	4.	 Brown PD, Ballman KV, Cerhan JH, Anderson SK, Carrero XW, Whitton 
AC, 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.



Page 11 of 12Kuntz et al. Radiation Oncology            (2023) 18:7 	

	5.	 Kerschbaumer J, Pinggera D, Holzner B, Delazer M, Bodner T, Karner E, 
et al. Sector irradiation vs. whole brain irradiation after resection of singu-
lar brain metastasis—a prospective randomized monocentric trial. Front 
Oncol. 2020;10:591–884.

	6.	 Hartgerink D, Bruynzeel A, Eekers D, Swinnen A, Hurkmans C, Wiggen-
raad R, et al. A Dutch phase III randomized multicenter trial: whole brain 
radiotherapy versus stereotactic radiotherapy for 4–10 brain metastases. 
Neurooncol Adv. 2021;3:vdab021.

	7.	 Yamamoto M, Serizawa T, Shuto T, Akabane A, Higuchi Y, Kawagishi J, et al. 
Stereotactic radiosurgery for patients with multiple brain metastases 
(JLGK0901): a multi-institutional prospective observational study. Lancet 
Oncol. 2014;15:387–95.

	8.	 Nichol A, Ma R, Hsu F, Gondara L, Carolan H, Olson R, et al. Volumetric 
radiosurgery for 1 to 10 brain metastases: a multicenter, single-arm, 
phase 2 study. Int J Radiat Oncol Biol Phys. 2016;94:312–21.

	9.	 Fritz C, Borsky K, Stark LS, Tanadini-Lang S, Kroeze SGC, Krayenbühl J, 
et al. Repeated courses of radiosurgery for new brain metastases to defer 
whole brain radiotherapy: feasibility and outcome with validation of the 
new prognostic metric brain metastasis velocity. Front Oncol. 2018;8:551.

	10.	 Niranjan A, Monaco E, Flickinger J, Lunsford LD. Guidelines for multiple 
brain metastases radiosurgery. Leksell Radiosurg. 2019;34:100–9.

	11.	 Kuntz L, Noel G. Repeated irradiation of brain metastases under stereo-
tactic conditions: a review of the literature. Cancer Radiother. 2021;6:6.

	12.	 Guide des procédures de radiothérapie externe 2007 [Internet]. [cited 
2021 Apr 4]. https://​www.​has-​sante.​fr/​upload/​docs/​appli​cation/​pdf/​
2008-​08/​guide_​de_​rth_​des_​tumeu​rs_​v7_​compl​et.​pdf.

	13.	 Common Terminology Criteria for Adverse Events (CTCAE). 2017;155.
	14.	 Kuntz L, Le Fèvre C, Jarnet D, Keller A, Meyer P, Bund C, et al. Local recur-

rence and cerebral progression-free survival after multiple sessions of 
stereotactic radiotherapy of brain metastases: a retrospective study of 
184 patients: statistical analysis. Strahlenther Onkol. 2022;198:527–36.

	15.	 Chen W, Silverman DHS, Delaloye S, Czernin J, Kamdar N, Pope W, 
et al. 18F-FDOPA PET imaging of brain tumors: comparison study 
with 18F-FDG PET and evaluation of diagnostic accuracy. J Nucl Med. 
2006;47:904–11.

	16.	 Cicone F, Carideo L, Scaringi C, Romano A, Mamede M, Papa A, et al. 
Long-term metabolic evolution of brain metastases with suspected 
radiation necrosis following stereotactic radiosurgery: longitudinal 
assessment by F-DOPA PET. Neuro Oncol. 2021;23:1024–34.

	17.	 Cicone F, Minniti G, Romano A, Papa A, Scaringi C, Tavanti F, et al. Accu-
racy of F-DOPA PET and perfusion-MRI for differentiating radionecrotic 
from progressive brain metastases after radiosurgery. Eur J Nucl Med Mol 
Imaging. 2015;42:103–11.

	18.	 Hernández Pinzón J, Mena D, Aguilar M, Biafore F, Recondo G, Bastianello 
M. Radionecrosis versus disease progression in brain metastasis. Value of 
(18)F-DOPA PET/CT/MRI. Rev Esp Med Nucl Imagen Mol. 2016;35:332–5.

	19.	 Blonigen BJ, Steinmetz RD, Levin L, Lamba MA, Warnick RE, Breneman 
JC. Irradiated volume as a predictor of brain radionecrosis after linear 
accelerator stereotactic radiosurgery. Int J Radiat Oncol Biol Phys. 
2010;77:996–1001.

	20.	 Inoue HK, Seto K-I, Nozaki A, Torikai K, Suzuki Y, Saitoh J-I, et al. Three-
fraction CyberKnife radiotherapy for brain metastases in critical areas: 
referring to the risk evaluating radiation necrosis and the surrounding 
brain volumes circumscribed with a single dose equivalence of 14 Gy 
(V14). J Radiat Res. 2013;54:727–35.

	21.	 Minniti G, D’Angelillo RM, Scaringi C, Trodella LE, Clarke E, Matteucci P, 
et al. Fractionated stereotactic radiosurgery for patients with brain metas-
tases. J Neurooncol. 2014;117:295–301.

	22.	 Benedict SH, Yenice KM, Followill D, Galvin JM, Hinson W, Kavanagh B, 
et al. Stereotactic body radiation therapy: the report of AAPM Task Group 
101. Med Phys. 2010;37:4078–101.

	23.	 Noël G, Antoni D, Barillot I, Chauvet B. Delineation of organs at risk and 
dose constraints. Cancer Radiother. 2016;20(Suppl):S36-60.

	24.	 Jimenez RB, Alexander BM, Mahadevan A, Niemierko A, Rajakesari S, 
Arvold ND, et al. The impact of different stereotactic radiation therapy 
regimens for brain metastases on local control and toxicity. Adv Radiat 
Oncol. 2017;2:391–7.

	25.	 Vigneau E, Jacquemin J, Benadon B, Dat Nguyen T, Marchand-Créty C. 
Efficacy and safety of hypofractionated stereotactic radiotherapy for brain 
metastases using three fractions: a single-centre retrospective study. 
Cancer Radiother. 2021;S1278–3218(21):00090–1.

	26.	 Arscott WT, Zhu S, Plastaras JP, Maity A, Alonso-Basanta M, Jones J. Acute 
neurologic toxicity of palliative radiotherapy for brain metastases in 
patients receiving immune checkpoint blockade. Neurooncol Pract. 
2019;6:297–304.

	27.	 Shultz DB, Modlin LA, Jayachandran P, Von Eyben R, Gibbs IC, Choi CYH, 
et al. Repeat courses of Stereotactic Radiosurgery (SRS), deferring whole-
brain irradiation, for new brain metastases after initial SRS. Int J Radiat 
Oncol Biol Phys. 2015;92:993–9.

	28.	 Kim DH, Schultheiss TE, Radany EH, Badie B, Pezner RD. Clinical outcomes 
of patients treated with a second course of stereotactic radiosurgery for 
locally or regionally recurrent brain metastases after prior stereotactic 
radiosurgery. J Neurooncol. 2013;115:37–43.

	29.	 Nicosia L, Figlia V, Giaj-Levra N, Minniti G, Alongi F. Repeated stereotactic 
radiosurgery for the treatment of relapsed brain metastases: is it time to 
give up whole-brain radiotherapy? Oncoscience. 2020;7:19–20.

	30.	 Bilger A, Bretzinger E, Fennell J, Nieder C, Lorenz H, Oehlke O, et al. Local 
control and possibility of tailored salvage after hypofractionated stereo-
tactic radiotherapy of the cavity after brain metastases resection. Cancer 
Med. 2018;7:2350–9.

	31.	 Balermpas P, Stera S, Müller von der Grün J, Loutfi-Krauss B, Forster M-T, 
Wagner M, et al. Repeated in-field radiosurgery for locally recurrent brain 
metastases: feasibility, results and survival in a heavily treated patient 
cohort. PLoS ONE. 2018;13:e0198692.

	32.	 Rana N, Pendyala P, Cleary RK, Luo G, Zhao Z, Chambless LB, et al. Long-
term outcomes after salvage stereotactic radiosurgery (SRS) following 
in-field failure of initial SRS for brain metastases. Front Oncol. 2017;7:279.

	33.	 Minniti G, Scaringi C, Paolini S, Clarke E, Cicone F, Esposito V, et al. 
Repeated stereotactic radiosurgery for patients with progressive brain 
metastases. J Neurooncol. 2016;126:91–7.

	34.	 Jablonska PA, Serrano Tejero D, Calvo González A, Gimeno Morales M, 
Arbea Moreno L, Moreno-Jiménez M, et al. Repeated stereotactic radio-
surgery for recurrent brain metastases: An effective strategy to control 
intracranial oligometastatic disease. Crit Rev Oncol Hematol. 2020;153: 
103028.

	35.	 Lai J, Liu J, Zhao J, Li A, Liu S, Deng Z, et al. Effective method to reduce 
the normal brain dose in single-isocenter hypofractionated stereo-
tactic radiotherapy for multiple brain metastases. Strahlenther Onkol. 
2021;197:592–600.

	36.	 Cohen-Inbar O, Melmer P, Lee C, Xu Z, Schlesinger D, Sheehan JP. Leu-
koencephalopathy in long term brain metastases survivors treated with 
radiosurgery. J Neurooncol. 2016;126:289–98.

	37.	 Trifiletti DM, Lee C-C, Schlesinger D, Larner JM, Xu Z, Sheehan JP. Leu-
koencephalopathy after stereotactic radiosurgery for brain metastases. 
Int J Radiat Oncol Biol Phys. 2015;93:870–8.

	38.	 George RP, Semendric I, Bowley-Schubert ER, Chivonivoni CT, Warrender 
AP, Whittaker AL. Reporting in rodent models of “chemobrain”: a system-
atic review assessing compliance with the ARRIVE guidelines. Support 
Care Cancer. 2021;6:66.

	39.	 Roth P, Pace A, Le Rhun E, Weller M, Ay C, Cohen-Jonathan Moyal E, et al. 
Neurological and vascular complications of primary and secondary 
brain tumours: EANO-ESMO Clinical Practice Guidelines for prophylaxis, 
diagnosis, treatment and follow-up†. Annals of Oncology [Internet]. 2020 
[cited 2020 Dec 22]. http://​www.​scien​cedir​ect.​com/​scien​ce/​artic​le/​pii/​
S0923​75342​04314​61.

	40.	 Shaw E, Scott C, Souhami L, Dinapoli R, Kline R, Loeffler J, et al. Single 
dose radiosurgical treatment of recurrent previously irradiated primary 
brain tumors and brain metastases: final report of RTOG protocol 90–05. 
Int J Radiat Oncol Biol Phys. 2000;47:291–8.

	41.	 Ryken TC, Kuo JS, Prabhu RS, Sherman JH, Kalkanis SN, Olson JJ. Congress 
of neurological surgeons systematic review and evidence-based guide-
lines on the role of steroids in the treatment of adults with metastatic 
brain tumors. Neurosurgery. 2019;84:E189–91.

	42.	 Ryken TC, McDermott M, Robinson PD, Ammirati M, Andrews DW, Asher 
AL, et al. The role of steroids in the management of brain metastases: 
a systematic review and evidence-based clinical practice guideline. J 
Neurooncol. 2010;96:103–14.

	43.	 Hanna A, Boggs DH, Kwok Y, Simard M, Regine WF, Mehta M. What pre-
dicts early volumetric edema increase following stereotactic radiosurgery 
for brain metastases? J Neurooncol. 2016;127:303–11.

https://www.has-sante.fr/upload/docs/application/pdf/2008-08/guide_de_rth_des_tumeurs_v7_complet.pdf
https://www.has-sante.fr/upload/docs/application/pdf/2008-08/guide_de_rth_des_tumeurs_v7_complet.pdf
http://www.sciencedirect.com/science/article/pii/S0923753420431461
http://www.sciencedirect.com/science/article/pii/S0923753420431461


Page 12 of 12Kuntz et al. Radiation Oncology            (2023) 18:7 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

	44.	 Kenna HA, Poon AW, de los Angeles CP, Koran LM. Psychiatric complica-
tions of treatment with corticosteroids: review with case report. Psychia-
try Clin Neurosci. 2011;65:549–60.

	45.	 Xue J, Kubicek GJ, Grimm J, LaCouture T, Chen Y, Goldman HW, et al. Bio-
logical implications of whole-brain radiotherapy versus stereotactic radio-
surgery of multiple brain metastases. J Neurosurg. 2014;121(Suppl):60–8.

	46.	 Bunevicius A, Lavezzo K, Shabo L, McClure J, Sheehan JP. Quality-of-life 
trajectories after stereotactic radiosurgery for brain metastases. J Neuro-
surg. 2020;66:1–9.

	47.	 Yamamoto M, Serizawa T, Higuchi Y, Sato Y, Kawagishi J, Yamanaka K, 
et al. A multi-institutional prospective observational study of stereotactic 
radiosurgery for patients with multiple brain metastases (JLGK0901 Study 
Update): Irradiation-related complications and long-term maintenance 
of mini-mental state examination scores. Int J Radiat Oncol Biol Phys. 
2017;99:31–40.

	48.	 Verhaak E, Schimmel WCM, Gehring K, Hanssens PEJ, Sitskoorn MM. Cog-
nitive functioning and health-related quality of life of long-term survivors 
with brain metastases up to 21 months after Gamma Knife radiosurgery. 
Neurosurgery. 2021;88:E396-405.

	49.	 Schimmel WCM, Verhaak E, Bakker M, Hanssens PEJ, Sitskoorn MM, 
Gehring K. Group and individual change in cognitive functioning in 
patients with 1 to 10 brain metastases following Gamma Knife radiosur-
gery. Clin Oncol R Coll Radiol. 2021;6:66.

	50.	 Lester-Coll NH, Dosoretz AP, Magnuson WJ, Laurans MS, Chiang VL, Yu JB. 
Cost-effectiveness of stereotactic radiosurgery versus whole-brain radia-
tion therapy for up to 10 brain metastases. J Neurosurg. 2016;125:18–25.

	51.	 Hatiboglu MA, Akdur K. Evaluating critical brain radiation doses in the 
treatment of multiple brain lesions with Gamma Knife radiosurgery. 
Stereotact Funct Neurosurg. 2017;95:268–78.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Acute toxicities and cumulative dose to the brain of repeated sessions of stereotactic radiotherapy (SRT) for brain metastases: a retrospective study of 184 patients
	Abstract 
	Background 
	Material and methods 
	Results 
	Conclusion 

	Introduction
	Materials and methods
	Brain metastasis and dosimetry plans
	Medical consultations during radiotherapy
	Statistical analysis

	Results
	Patient and BM characteristics
	Volumetric characteristics of BMs
	Neurologic symptoms
	Factors associated with neurologic symptoms
	Acute toxicity
	Acute toxicity at each SRT session
	Cumulative acute toxicity

	Cumulative dose to the brain

	Discussion
	Conclusion
	Acknowledgements
	References


