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Introduction: The use of cranial re-irradiation is growing with improving overall survival and the advent
of high-precision radiotherapy techniques. Still the value of re-irradiation needs careful evaluation
regarding safety and efficacy. We analyzed dosimetric and clinical data of patients receiving cranial re-
irradiation using EQD2 sum plans.
Methods and material: We retrospectively analyzed the data of 76 patients who received repeated cranial
radiotherapy from 02/2013 to 09/2016. 34 patients suffered from recurrent primary brain tumors, 42
from brain metastases. Dosimetric analysis was performed accumulating EQD2 dose distributions based
on rigid image registration. Clinical and radiological data was collected at follow-ups including toxicity,
local control and overall survival.
Results: In total 76 patients had at least 2 courses of intracranial radiotherapy. The median accumulated
prescription EQD2 dose was 96.5 Gy2 for all radiation courses combined. The median D(0.1 cc) of the
brain for patients receiving more than 100 Gy2 was 114 Gy2 with a highest dose of 161.5 Gy2. 74% of
patients suffered from low grade (G1–G2) acute toxicity, only two high grade (>G3) toxicities were
recorded.
Median overall survival from the time of first re-irradiation was 57 weeks (range 4–186 weeks). The

median time to local failure for patients with a primary brain tumor was not reached and 24 weeks (range
1–77 weeks) for patients with brain metastases.
Conclusion: Repeated radiotherapy appears both safe and efficient in patients with recurrent primary or
secondary brain tumors with doses to the brain up to 120 Gy2 EQD2, doses below 100 Gy2 for brainstem
and doses below 75 Gy2 EQD2 to chiasm and optic nerves.
� 2021 Published by Elsevier B.V. on behalf of European Society for Radiotherapy and Oncology. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Intracranial recurrence either in-field or in the vicinity after an
initial local radiotherapy treatment is observed in a significant por-
tion of patients treated for primary brain tumors and with longer
follow-up also in patients with brain metastases [1–3]. Re-
irradiation is considered a valuable salvage option in these chal-
lenging situations. With the development of stereotactic and
image-guided radiotherapy techniques re-irradiation for localized
volumes has become possible while simultaneously optimally
sparing organs at risk (OAR) [4]. Mostly retrospective clinical data
has been reported and published over the past two decades with
generally good efficacy and acceptable toxicity [5–10]. Only few
prospective studies have been performed in the field of cranial
re-irradiation [11–13]. Interestingly, although radiobiological
dose-response modelling of CNS re-irradiation exists based on clin-
ical published data [14,15], no true dose accumulation and biolog-
ically effective dose re-calculation has been performed to derive
safe dose recommendations for re-irradiation. In this retrospective
analysis we therefore evaluated dosimetric data of patients that
received re-irradiation of the brain by generating accumulated
equivalent uniform doses with rigid-registration of all intracranial
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treatments and investigated clinical outcome of normal tissue
toxicity.

2. Methods and material

2.1. Patient characteristics

Between February 2013 and September 2016, 76 patients were
treated with re-irradiation for primary or metastatic brain tumors
at the Department of Radiation Oncology of the University Hospital
of Zurich. A re-irradiation was defined as two administered doses
overlapping significantly within at least the 50% isodose. The anal-
ysis was approved by the local ethics committee of Zurich (BASEC-
Nr: 2017-01027). 34 patients were treated for primary brain
tumors, 42 patients had brain metastases. Prior to treatment all
patients were discussed in a multidisciplinary tumor board. Fur-
ther patient and treatment characteristics are shown in Table 1.

2.2. Radiation treatment planning and delivery for first and re-
irradiation

Planning computer tomography (CT) was acquired in treatment
position and setup with contrast i.v. injection if possible with a
slice thickness of 0.6–1 mm. For Patients receiving a non-
stereotactic radiation a thermoplastic mask, for patients receiving
stereotactic radiotherapy (SRT) or stereotactic radiosurgery (SRS)
a dedicated stereotactic mask system (Brainlab �, CIVCO�) was
used. A planning magnetic resonance imaging (MRI) with a dedi-
cated volumetric contrast enhanced T1 sequence was acquired.
For primary brain tumors an additional FET-PET in treatment posi-
tion was acquired as well.

Gross tumor volume (GTV) was contoured as the visible tumor
in the planning MRI/CT supplemented by information from i.v.
contrast or further imaging including FET PET.

For non-stereotactic treatment techniques in the first series for
primary brain tumors, an additional clinical target volume (CTV)
was generated around the GTV. An additional 3 mm margin was
added to derive the planning target volume (PTV). In case of whole
brain radiotherapy for brain metastases as one of the delivered ser-
ies the brain was contoured as the CTV and an additional 3 mm PTV
margin was added.

For stereotactic treatment techniques a 1 mm (definite RT) or
2 mm (postoperative RT) was added to the GTV to generate the
PTV in the case of re-irradiation of brain metastases. For re-
irradiation of primary brain tumors a dedicated PTV margin of
3 mm was applied.

All plans were calculated by a radiation therapy technologist
using our institutional target prescription standards and the
respective constraints for the organs at risk and were finally
reviewed by a board certified physicist and a board certified radi-
ation oncologist. For treatment planning, Eclipse software (Varian
Medical Systems, Version 10–15) was used.

2.3. EQD2 sum plans and statistical analysis

Equivalent uniform dose in 2-Gy fraction (EQD2) sum plans
were calculated for all courses of brain radiotherapy using MIM
(MIM Software Inc. Version 6.7.9). The CT scans, dose distribution
and the structure sets of all relevant courses were exported from
ARIA to MIM. Then the EQD2 doses of each course were estimated
in MIM. After inserting the number of fractions, the structures
were matched with their different a/b-values and the equivalent
uniform dose. To calculate the EQD2 the following formula was
used:

EQD2 ¼ n� d� dþ a=bð Þf g= 2þ a=bð Þf g;
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where n is the number of fractions and d the fraction dose. Different
EQD2 parameters were calculated based on different dose metrics
(e.g. Dmean, D1cc etc.).

The a/b-values chosen were 10 Gy for GTV, 2 Gy for the myelon,
brainstem and the optical nerve and 3 Gy for the body contour.
Thereafter, EQD2 was calculated for the different structures in
MIM and then transferred back to ARIA/Eclipse for final dose accu-
mulation and further detailed dose-volume analysis.

The EQD2 plans were matched in Eclipse treatment planning
system using rigid automatic bone match (translation and rota-
tions) image registration. All organs at risk (OARs) were contoured
on the most recent CT scan.

Dose parameters were then extracted for OARs (brain as defined
as ‘‘whole brain minus GTV”, brainstem, chiasm, right and left optic
nerves) and target volumes.
2.4. Endpoints and toxicity definitions

Regarding acute treatment related toxicity all patients were
monitored daily during treatment. Follow-up 6 weeks after com-
pletion of RT and every 3–4 months thereafter included physical
examination and CT and/or MRI until tumor progression.

Toxicity was scored according to the National Cancer Institute
CTCAE v5.0 criteria. Toxicity was defined as either acute (<12weeks
after RT) or late (>12 weeks after RT) toxicity.

Local failure of a lesion was defined as either reappearance after
complete remission or re-growth after initial partial response in
follow-up CT or MRI scans.

Overall survival (OS) was calculated from first re-irradiation
until death or last follow-up, progression free survival (PFS) from
RT until tumor relapse or last follow-up and local control from
end of RT until last imaging follow-up.
2.5. Statistical analysis

For radiation treatment parameters, descriptive statistics, e.g.
median, maximum and minimum values were calculated. Occur-
rence of toxicity of any grade (composite endpoint G1–G4 toxicity)
was correlated to whole brain dose parameters using univariable
logistic regression. OS and PFS were calculated according to the
Kaplan-Meier method. For statistical analysis, SPSS version 25
and R version 3.5.0 were used.
3. Results

3.1. Radiation treatment

76 patients received at least 2 courses of intracranial RT.
Twenty-three of those patients had a third, 8 a fourth and 3 a fifth
repeated course of RT. In total 99 in-field re-irradiations (re-RT)
were administered, and 11 patients received a second in-field re-
RT course. To access as much clinical data as possible we pooled
patients with primary brain tumors and brain metastases, as
shown in Table 1.

The median single fraction dose for the first RT of primary brain
tumors was 2 Gy (range 1.8–2 Gy), the median cumulative dose
was 60 Gy (range 24–60 Gy). For the first re-RT the median doses
were 3 Gy (range: 2–18 Gy) and 30 Gy (range 18–48 Gy), respec-
tively. In patients with brain metastases the median single fraction
dose for the first RT was 5 Gy (range 2–20 Gy) and the median
cumulative dose was 30 Gy (range 20–60 Gy). The doses for the
first re-RT were 5 Gy (range 2–20 Gy) and 30 Gy (range 15–
55 Gy), respectively. A detailed overview of all administered radi-
ation doses in the re-irradiation situation is summarized in Table 1.



Table 1
Patient and treatment characteristics.

Characteristic n %

Gender
Male 43 56.6
Female 33 43.4

Age at first Re-RT
Median (range) 55 years (18–83 years)

ECOG at first Re-RT
0–1 48 63.2
2–3 7 9.2
4–5 0 0
Unknown 21 27.6

Tumor Entitiy
Primary brain tumor 34 44.7
Brain Metastases 42 55.3

Primary Braintumor
Glioblastoma (GBM) 16 47.1
Oligodendroglioma 2 5.9
Astrocytoma 5 14.7
Ependymoma 2 5.9
Meningeoma 5 14.7
Others 4 11.8

Primary Tumor (Brain metastases)
Small cell Lung Cancer (SCLC) 4 9.5
Non-small cell Lung Cancer (NSCLC) 22 52.4
Melanoma 5 11.9
Breast 2 4.8
Renal cell carcinoma 2 4.8
Others 7 16.7

Initial WHO Grade (primary brain tumor)
1 1 2.9
2 4 11.8
3 11 32.3
4 17 50
Unknown 1 2.9

Initial UICC Stage (Brain metastases)
1 0 0
2 5 11.9
3 8 19
4 25 59.5
Unknown 4 9.5

Additional systemic therapy at first re-RT
Yes 31 40.8
No 45 59.2

Additional surgery at first re-RT
Yes 10 13.2
No 66 86.8

Number of repeated RT courses
2 76 100
3 23 30.3
4 8 10.5
5 3 3.9

Time interval between RT Courses
1st–2nd course: median (range) 56 months (3–1901 months)
2nd–3rd course: median (range) 30 months (2–112 months)
3rd–4th course: median (range) 24 months (11–29 months)
4th–5th course: median (range) 12 months (9–19 months)

Characteristics for the planning target volume

course 1st (n = 76) 2nd (n = 76) 3rd (n = 23) 4th (n = 8) 5th (n = 3)

Median Range Median Range Median Range Median Range Median Range

Volume (cc) 78.15 0.2–436.4 14.2 0.1–2006.8 7.7 0.2–1653.2 4 0.4–14.7 1.2 1.1–1.3
dose/fraction mean (Gy) 2.5 1.8–20 3.5 2–20 5 2.5–20 5 3–20 3 2.5–20
EQD2 mean (Gy) 48.3 23.3–60 37.5 20–55.9 37.5 23.33–100 40 32.5–50 32.5 31.25–50
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Additional systemic therapy or surgery was given in up to 85%
of patients. During the first three treatment courses in each case
between 40 and 46% of patients received an additional systemic
therapy. Notably, the percentage of patients receiving additional
surgery decreased with every repeated treatment course.
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Themedian time interval between the first and second RT course
was 56 weeks (range 3–1901 weeks), between the second and the
third course 30 weeks (range 2–112 weeks), between the third
and the fourth course 24 weeks (range 11–29 weeks) and between
the fourth and the fifth course 12 weeks (range 9–19 weeks).
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3.2. EQD2 statistics

Accumulated equivalent uniform doses were generated to ana-
lyze the dose statistics. The median prescription dose (EQD2) was
96.5 Gy10 for all RT courses combined and 48.3 Gy10,(n = 76),
37.5 Gy10 (n = 76), 37.5 Gy10 (n = 23), 40 Gy10 (n = 8) and
32.5 Gy10 (n = 3) for the individual RT courses, respectively.

Further dose and dose-volume parameters for the PTV of each
course individually are shown in Table 1.

The median Dmean for the brain was 35 Gy3 (range 0.9–
57.7 Gy) with a median D1cc of 99.1 Gy3 (range 40.9–142.2). The
median D1cc of the brainstem was 38.4 Gy2 (range 0.1–94.6 Gy)
and the median D0.1 cc for the chiasm was 33.2 Gy2 (range
0.04–72.2 Gy). Further dose parameters for intracranial OARs are
shown in Table 2.
3.3. Clinical outcome and toxicity

At the time of analysis, 40 out of 76 patients were still alive. The
median OS for patients with brain metastases was 78 weeks
(range: 4–186 weeks; Fig. 1) and the median time to local failure
after Re-RT was 24 weeks (range 1–77 weeks; Fig. 2). Patients with
brain tumors had a median OS of 54 weeks (range: 7–166 weeks;
Fig. 1) and the median time to local failure after re-RT was not
reached.

74% of patients suffered from low grade (G1–G2) acute toxicity,
usually in the form of headache (18.4%) and fatigue (19.7%) or
edema (21.1%). There were only two patients suffering from G3–
G4 toxicity due to newly developing seizures. One patient died
during a course of re-irradiation. There was no significant correla-
tion between any dose variable of the whole brain and any partic-
ular type of acute toxicity in logistic regression. Only when we
associated the general occurrence of acute toxicity (headache or
fatigue or edema or any other type) of any grade with dose vari-
ables, there was a significant positive association with D1ccm
(odds ratio = 1.033, p = 0.0223).

Twenty-one percent of patients suffered from low grade (G1–
G2) late toxicity, usually in the form of headache, fatigue or radio-
logical findings of suspected radionecrosis. There were no G3–G5
late toxicities. Due to the small number of events a logistic regres-
sion analysis was not performed.

The acute (<12 weeks) and late (>12 weeks) toxicities are
shown in Table 3.
Table 2
EQD2 dose statistics for the organs at risk.

Brain 0.1 cc > 80 Gy3 EQD2 (n = 69) D(0.1 cc)
D(mean)

0.1 cc > 90 Gy3 EQD2 (n = 62) D(0.1 cc)
D(mean)

0.1 cc > 100 Gy3 EQD2 (n = 46) D(0.1 cc)
D(mean)

Brainstem 0.1 cc > 70 Gy3 EQD2 (n = 12) D(0.1 cc)
D(mean)

0.1 cc > 80 Gy3 EQD2 (n = 9) D(0.1 cc)
D(mean)

Chiasm 0.01 cc > 50 Gy3 EQD2 (n = 11) D(0.01 cc
D(mean)

0.01 cc > 70 Gy3 EQD2 (n = 2) D(0.01 cc
D(mean)

Optical Nerve right 0.01 cc > 50 Gy3 EQD2 (n = 5) D(0.01 cc
D(mean)

Optical Nerve left 0.01 cc > 50 Gy3 EQD2 (n = 6) D(0.01 cc
D(mean)
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4. Discussion

The aim of this study was to analyze the toxicity and efficacy of
repeated courses of cranial radiotherapy to primary or secondary
recurrent brain lesions. Therefore, we analyzed all patients re-
irradiated with regards to clinical outcome and toxicity and gener-
ated cumulative EQD2 sum plans for all patients receiving multiple
intracranial irradiation courses.

As there are no guidelines regarding the dose schemes for re-
irradiation, available published data on this subject is very hetero-
geneous, especially with regards to dose fractionation and cumula-
tive doses applied [7,9,16–20]. This also applies to the current
analysis: depending on total dose in the first RT, modality of the
radiation, location, distance to organs at risk and re-irradiation vol-
ume individual dose schemes were used. To facilitate analysis and
comparison of the dosimetrical data of the patients, accumulated
equivalent uniform doses were generated in this study.

In this analysis, the median D0.1 cc of the brain was 105.27 Gy
(range 48.3–161.5 Gy). Despite such high cumulative doses only 3
patients (2.3%) had a >G3 acute or late toxicity. We observed 74%
with a low-grade toxicity, mainly consisting of edema, headache
and fatigue. This is consistent with published data [9,16–19]. In
addition, only one G3 or greater late toxicity was observed: one
patient with a suspected fatal radionecrosis received a cumulative
EQD2Gy of only 80.2 Gy at D(0,1cc) of the brain and was later
found to harbor both recurrence and signs of radiation necrosis.
If considering all organs at risk, maximum doses exceeded 65 Gy
also for brainstem (D0.1 cc = 100.68 Gy) and the chiasm (D0.01 c
c = 76.01 Gy), although the cumulative doses were much lower
compared to the observed brain doses.

In agreement with our findings, published data on re-irradiation
reveals that it seems quite well tolerated with acceptable treat-
ment related toxicity [7–10,16–20,22–35]. Still, no analysis reports
on cumulative radiation doses based on patient individual dose
accumulation and respective EQD2Gy dose calculation. Therefore,
clear recommendation of safe and tolerable cumulative doses to
OARs in the situation of CNS re-RT cannot be derived.

Mayer et al. published an overview based on clinical data on the
re-irradiation tolerance of the human brain by comparing several
papers on re-RT of gliomas. They analyzed the late adverse effects
based on the doses, not the volumes and described a cumulative
equivalent dose in 2-Gy fractions of >100 Gy increasing the risk
of radionecrosis [14]. Ho et al. analyzed multiple case series. Based
Median Maximum Minimum

in Gy3 EQD2 107.40 161.50 80.03
in Gy3 EQD2 34.40 50.80 0.90
in Gy3 EQD2 108.37 161.50 90.26
in Gy3 EQD2 34.16 50.80 0.90
in Gy3 EQD2 114.00 161.50 100.1
in Gy3 EQD2 33.30 50.80 0.90

in Gy3 EQD2 86.07 100.68 76.33
in Gy3 EQD2 37.81 72.14 9.35
in Gy3 EQD2 90.36 100.68 80.57
in Gy3 EQD2 41.60 72.14 15.91

) in Gy3 EQD2 57.71 76.01 50.52
in Gy3 EQD2 47.97 70.61 32.53
) in Gy3 EQD2 75.21 76.01 74.41
in Gy3 EQD2 53.17 70.61 35.72

) in Gy3 EQD2 56.67 59.11 51.32
in Gy3 EQD2 45.96 50.20 39.02

) in Gy3 EQD2 57.08 58.02 51.80
in Gy3 EQD2 34.25 43.48 26.68



Fig. 1. Survival of patients after first reirradiation (n = 76; 1: primary brain tumors, 2: brain metastasis.

Fig. 2. Local control after re-irradiation, (n = 76; 1: primary brain tumors, 2: brain metastasis).

Table 3
Acute toxicity (<12 weeks) and late toxicity (>12 weeks) after radiotherapy.

Acute toxicity (<12 weeks) n = 76 Late toxicity (>12 weeks) n = 58

G1–G2 G3–G4 G5 G1–G2 G3–G4 G5

Seizure 4 (5.3%) 2 (2.6%) 0 1 (1.7%) 0 0
Radionecrosis 4 (5.3%) 0 0 5 (8.6%) 0 1 (1.7%)
Edema 16 (21.1%) 0 0 8 (13.8%) 0 0
Bleeding 1 (1.3%) 0 0 0 0 0
Headache 14 (18.4%) 0 0 3 (5.2%) 0 0
Fatigue 15 (19.7%) 0 0 4 (6.9%) 0 0
Others 2 (2.6%) 0 1 (1.3%) 1 (1.7%) 0 0
Sum 56 2 1 22 0 0
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on median overall survival and neurological toxicity considering
the equivalent uniform doses and the median PTV they recom-
mended that the cumulative total dose in 2-Gy fractions should
136
not exceed 100 Gy [5]. However, this analysis is to our knowledge
the first to address a dosimetric analysis by generating accumu-
lated biological effective doses of all radiotherapy treatments per-
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formed and reporting the cumulative EQD2 to the target volumes
and the respective OARs.

Re-irradiation is increasingly performed but still lacks firm
guidelines regarding dose to target volumes and OARs. Scoccianti
et al. tried to derive recommendations based on a literature review,
concluding that low cumulative equivalent doses depending on the
target volume (<65 Gy when <12.5 cc and <36 Gy when >35 cc)
would keep the risk of severe side effects lower than 3.5% [21]. Still,
this recommendation is solely related to the brain as an OAR and
not to other OARs such as brainstem and the optic system. More-
over, as most published data on the efficacy and safety of repeated
radiotherapy of the brain is retrospective in nature, caution is war-
ranted with the reported rate of early and late toxicity [14,5–
10,16–34]. As an exception, Shaw et al. gathered prospective data
on single dose radiosurgery treatment in recurrent primary brain
tumors or brain metastases which had been irradiated before.
Depending on the diameter of the recurrence the dose of the re-
irradiation was calculated. High grade toxicity was more common
in patients with larger tumors [11].

In this analysis we could find no dose-response relationship
between doses to the brain and the different recorded acute toxic-
ity despite the wide range of applied EQD2. The only significant
association was observed when all acute toxicities were jointly
analyzed. Then a significant correlation with brain D1ccm was
observed. Still, this finding should be interpreted with caution
due to the large number of tested correlations. For late toxicity,
no modelling was performed due to the small number of events.
Overall, the rate of side effects in this analysis, regarding doses
for organs at risk and the number of re-irradiations, seemed to
be acceptable.

Thus, EQD2 up to 100 Gy to the brain and brainstem are feasible
and safe, while brain doses up to 120 Gy EQD2appear reasonably
possible within the range of target volumes in this series. Beyond
120 Gy EQD2 no firm recommendation is possible due to the very
limited number of patients receiving such doses to the brain and
brainstem. Due to the cautious application of re-iRT, cumulative
doses to the chiasm did not exceed 75 Gy EQD2. No conclusion
can be drawn with regards to the optic nerves, as cumulative
EQD2 did not exceed doses acceptable in a first line irradiation
setting.

Patients with primary brain lesions displayed a median OS from
the time of the first Re-RT of 54 weeks (range: 1–77 weeks) which
is comparable to other published reports with a range of 8–
11 months [7,25–35]. However, most of the studies only included
glioblastomas, whereas in our study population WHO grade II
and III brain tumors were analyzed as well. Combs et al. differen-
tiated between the histological grading and reported a median
OS after Re-RT in patients with glioblastomas of 8 months, in grade
III tumors of 16 months and in grade II tumors of 22 months [30].
As the number of patients in our study was smaller, we did not dis-
tinguish between the different grades for calculating the median
OS.

Patients with brain metastases had a median OS of 78 weeks
(range: 4–186 weeks) which is more favorable to other published
data for metastatic lesions with a range of 2.8–10.8 months
[9,23–24,36–37,16–19]. Although this comparison has to be
viewed with caution, it still emphasizes that with careful patient
selection very encouraging OS can be achieved.
5. Conclusion

To quantitatively analyze the dose values for target volumes
and organs at risk of re-irradiations of the brain, accumulated bio-
logical effective doses were generated after rigid image registration
of all treatment courses. Despite high cumulative EQD2Gy to the
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brain and brainstem, only a very low rate of high-grade treatment
related toxicities and an encouraging median OS were observed.
Cumulative doses up to 100 Gy EQD2Gy to the brainstem and
120 Gy EQD2Gy to the brain appear both safe and efficient in
patients with recurrent primary or secondary brain tumors. Larger
cohort analyses are necessary to validate the finding that the D1cc
brain is correlated with any grade of acute toxicity.
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