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Stefan Knippen! - Florian Putz! - Sabine Semrau! - Ulrike Lambrecht! - Arzu Knippen! - Michael Buchfelder? -

Sven Schlaffer? - Tobias Struffert? - Rainer Fietkau!

Received: 6 May 2016 / Accepted: 21 September 2016 / Published online: 18 October 2016

© Springer-Verlag Berlin Heidelberg 2016

Abstract

Background  Intracranial arteriovenous malformations
(AVMs) may show a harmful development. AVMs are
treated by surgery, embolization, or radiation therapy.
Objective This study investigated obliteration rates and side
effects in patients with AVMs treated by radiation therapy.
Methods A total of 40 cases treated between 2005 and 2013
were analyzed. Single-dose stereotactic radiosurgery (SRS)
was received by 13 patients and 27 received hypofraction-
ated stereotactic radiation therapy (HSRT). In 20 patients,
endovascular embolization had been performed prior to ir-
radiation and 24 patients (60 %) had a history of previous
intracranial hemorrhage.

Results Treatment resulted in complete obliteration (CO)
in 23/40 cases and partial obliteration in 8/40. CO was
achieved in 85 % of patients receiving SRS compared to
44 % of those receiving HSRT. In the HSRT group, a first
indication of an influence of AVM volume on obliteration
rate was found. Equivalent 2 Gy fraction doses (EQD?2)
>70 Gy showed an obliteration rate of 50 %. Prior em-
bolization was significantly associated with a higher por-
tion of CO (p = 0.032). Median latency period (24.2 vs.
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26 months) until CO was similar in both groups (SRS vs.
HSRT). The rate of intracranial hemorrhage in patients with
no prior bleeding events was 0 %.

Conclusion Excellent obliteration rates were achieved
by SRS. Consistent with the literature, this data analysis
suggests that the results of HSRT are volume-dependent.
Furthermore, regimens with EQD2 doses >70 Gy appear
more likely to achieve obliteration than schemes with lower
doses. The findings indicate that radiation therapy does not
increase the risk of bleeding. Prior embolization may have
a good prognostic impact.

Keywords Radiosurgery - Hemorrhage - Adverse effects -
Angiography - Magnetic resonance imaging

Pradiktoren fiir den Verschluss zerebraler
arteriovenoser Malformationen nach
Strahlentherapie

Strahlendosis und vorangegangene Embolisation, nicht je-
doch der Spetzler-Martin-Grad

Zusammenfassung

Hintergrund  Intrakranielle arteriovendse Malformatio-
nen (AVM) konnen einen komplikationsbehafteten Verlauf
zeigen. AVMs sind mittels Operation, Embolisation oder
Strahlentherapie behandelbar.

Zielsetzung Die Studie untersucht Obliterationsraten und
Nebenwirkungen bestrahlter AVM-Patienten.

Methoden Analysiert wurden 40 Fille, die zwischen 2005
und 2013 behandelt wurden. Insgesamt 13 Patienten erhiel-
ten eine Einzeitradiochirurgie (SRS), 27 Patienten wurden
hypofraktioniert-stereotaktisch behandelt (HSRT). Eine en-
dovaskuldre Embolisation vor der Strahlentherapie erhiel-
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ten 20 Patienten. Vor der Strahlentherapie hatten 60 % der
Patienten bereits eine intrakranielle Blutung.

Ergebnisse In 23/40 Fillen wurde eine komplette (CO) und
in 8/40 eine partielle Obliteration erreicht. Ein CO wurde in
85 % der SRS-Patienten und in 44 % der HSRT-Patienten
erreicht. In der HSRT-Gruppe fanden wir einen ersten Hin-
weis auf einen Einfluss der AVM-Volumina auf die Oblite-
rationsraten. Eine EQD2-Analyse zeigte eine Obliterations-
rate von 25 % bei 58,3 Gy und von 50 % bei Summendosen
>70 Gy. Eine vorherige Embolisation war signifikant mit
einem hoheren CO-Anteil (p = 0,032) assoziiert. Die me-
dianen Latenzzeiten (24,2 vs. 26 Monate) bis zur CO wa-
ren in beiden Gruppen (SRS vs. HSRT) dhnlich. Die Rate
an intrakraniellen Blutungen bei Patienten ohne vorheriges
Blutungsereignis lag bei 0 %.

Schlussfolgerung Die SRS erzielte exzellente Obliterati-
onsraten. Wie zu erwarten und iibereinstimmend mit der
Literatur, legt unsere Analyse nahe, dass die Ergebnisse der
HSRT offenbar volumenabhéngig sind. Regime mit EQD2-
Dosen >70 Gy scheinen eher zu einer Obliteration zu fithren
als Konzepte mit EQD2-Dosen von 58 Gy. Zudem erhoht
die Strahlentherapie das Blutungsrisiko nicht. Eine vorheri-
ge Embolisation hat moglicherweise einen positiven Effekt.

Schliisselworter Radiochirurgie -
Blutung - Nebenwirkungen - Angiographie -
Magnetresonanzbildgebung

Cerebral arteriovenous malformations (AVMSs) are focal
conglomerations of dilated arteries and veins in the brain
that are directly connected without an intervening capillary
bed. The main risks of brain AVM are intracranial hem-
orrhage (ICH) and epileptic seizures. The bleeding risk is
estimated at 1-2 % per year in general [1, 2], and is as high
as 30 % per year in patients with a history of ICH [3, 4].
In addition to neurosurgical and neuroradiological treat-
ments, linear accelerator or CyberKnife-based (Accuray,
Sunnyvale, CA, USA) stereotactic radiosurgery (SRS) is
an established modality for treatment of intracranial AVM.
SRS is often possible in cases where surgical resection
is unfeasible due to a high risk of mortality [5, 6]. For
small AVMs, SRS is generally delivered as a single dose
of radiation. Patients with larger malformations receive
hypofractionated stereotactic radiotherapy (HSRT), but the
fractionation schemes used and obliteration rates achieved
with HSRT vary widely. The probability of obliteration
depends on the volume of the AVM nidus and the radiation
dose [7, 8]. Obliteration rates for AVMs with volumes
smaller than 2 cm?3 are higher than 80 %, while those for
AVMs with volumes larger than 2 cm3 drop off sharply
according to the literature, to between 53 and 17 % after
3 years [9]. Moreover, normal brain tissue surrounding
AVMs shows radiation-induced changes following distinct
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dose—volume relationships, allowing assessment of the risk
of edema or brain-barrier breakdown upfront of SRS [10].
Through the use of modern technology, stereotactic irra-
diation treatments for cerebral AVMs are associated with
a low rate of adverse effects [11].

The present study analyzed retrospectively collected data
on obliteration rates confirmed by digital subtracted angiog-
raphy (DSA) or MRI, radiation doses delivered, and AVM
volumes treated at the Department of Radiation Oncology
of Erlangen University Hospital (UK-Er). The question of
which dose regimen is most optimal for the treatment of
large cerebral AVMs was explored.

Methods

Patient characteristics

A total of 40 patients (16 men, 24 women; mean age
40.5 years, range 16—67 years) with AVMs of the brain were
treated at the UK-Er Department of Radiation Oncology
from 2005 to 2013. Of these patients, 13 (32.5 %) received
single-dose SRS at doses of 18 Gy (n = 7) or 20 Gy (n =
6), and 27 (67.5 %) received HSRT at the following doses:
35 Gy in fractions of 7 Gy (n =5) or 5 Gy (n = 1), 40 Gy
in fractions of 4 Gy (n = 6), 48 Gy in fractions of 4 Gy
(n =7), or 52 Gy in fractions of 4 Gy (n = 7). At baseline,
8 brain AVMs were classified as grade 1, 16 as grade 2,
13 as grade 3, and 3 as grade 4 according to the Spet-
zler—Martin grading scale; none of the patients had grade 5.
A history of intracranial hemorrhage prior to treatment was
recorded for 24 patients (60 %). In 20 patients, endovascu-
lar embolization had been performed prior to stereotactic
radiation therapy (using Onyx, Medtronic, Dublin, Ireland,
in 14/20 patients; unknown n = 3; other agents n = 3) and
one of these patients had trimodality treatment consisting of
partial resection, embolization, and irradiation. Treatment
recommendations were made in weekly multidisciplinary
in-house team discussions.

Radiation treatment

Treatment planning consisted of a digital subtraction an-
giogram (DSA), a planning computed tomography (CT)
scan, and a magnetic resonance imaging (MRI) angiogra-
phy scan with a standard in-house protocol containing arte-
rial time-of-flight (TOF) sequences in each case. The DSA,
planning CT scan (1-2 mm slice thickness), and radiation
treatment were accomplished using a stereotactic fixation
system (BrainLab, Feldkirchen, Germany). The target vol-
ume consisted of the complete AVM nidus plus a safety
margin of 1 mm. Nidus volume definition was performed
by a neuroradiologist and a radiation oncologist together. In
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Fig. 1 Kaplan—Meier analysis of the percentage of patients (n =
23/40, 57.5%) with a radiologically confirmed complete response
(complete obliteration) over time by type of treatment (p = 0.96).
HSRT hypofractionated stereotactic radiotherapy, SRS stereotactic
radiosurgery

all cases, irradiation was performed using a NOVALIS lin-
ear accelerator (BrainLab) to deliver 6 MeV photons to the
target. Isocenter verification was performed before each
treatment session. Dose was prescribed to target volume
surrounding the 90 % isodose.

Follow-up

All patients initially received semiannual and subsequently
annual neuroimaging follow-up consisting of an MRI
scan; DSA was additionally performed to confirm com-
plete occlusion. Median follow-up was 55 months (range
5-103 months).

Statistical analysis

IBM SPSS version 21 (IBM, Armonk NY, USA) was used
for statistical analyses, including univariate analysis (log-
rank test) with Kaplan—Meier curves for graphic represen-
tation of the results, non-parametric tests (Kruskal-Wallis
and Mann—Whitney U tests), and the Chi-square test for
frequency distributions. Multivariate analysis was not pos-
sible due to the exploratory nature and small sample size
of this retrospective analysis. The investigated parameters
were age, gender, previous intracranial hemorrhage, target
volume in cm?3, and radiation dose. These parameters were
tested for correlation with the outcomes “complete obliter-
ation”, which was defined as complete disappearance of the
AVM nidus in DSA or, if DSA was refused by the patient,
MRI; “partial obliteration” (which was defined as any vol-

ume reduction in MRI); and “no change in AVM volume”
in response to treatment, which was similar to work done
by others [11, 19]. Side effects (e. g., bleeding recurrence
and treatment-related disorders) were also analyzed.

Results

Treatment resulted in complete obliteration in 23 (57.5 %)
of 40 cases, partial obliteration (volume reduction) in
8/40 (20 %), and no change in AVM volume without bleed-
ing in 7/40 cases, as demonstrated by MRI or DSA. AVM
bleeding with no change was detected in 2/40 patients. The
median time to complete obliteration was 24 months (95 %
confidence interval 17.78 to 31.21 months), with a range
of 1 to 63 months. In 13/23 patients, complete occlusion
was confirmed by DSA and 10/23 were confirmed by MRI
only (because of patients refusal of DSA) (Table 1).

Side effects

The most severe side effect was ICH, which occurred in
4/40 patients (10 %; Spetzler—Martin grade II n = 2, III
n = 2), all with a history of ICH before radiation treatment.
None of these patients had been treated by embolization or
surgery before (p = 0.035).

This corresponds to a bleeding recurrence rate of 16 %
(4/24) in patients with previous hemorrhages. The rate of
intracranial hemorrhage in patients with no bleeding events
prior to irradiation was 0 %. Of the 4 ICH patients, 1 died
from a massive ICH. Three out of four ICHs occurred after
HSRT (35 Gy in 7 Gy fractions, n = 2; or 40 Gy in 4 Gy
fractions, n = 1), and the fourth after single-dose SRS at
a dose of 20 Gy. Complete obliteration of the nidus after
ICH was ultimately shown in 2 patients and 3 of the 4 pa-
tients developed no further side effects after their ICH; the
patients were treated only by medication. The time from
radiation therapy until the onset of bleeding ranged from 5
to 19 months.

All other adverse events were mild. No patients de-
veloped radionecrosis or cysts. 8/40 patients (20 %) re-
ported intermittent headaches or sensitivity to changes in
weather, which had also been present before treatment in
most cases. Epileptic seizures occurred in four cases (one
after antiepileptic drug discontinuation), but all 4 patients
had a history of epileptic seizures prior to radiation treat-
ment. However, an increase in seizure frequency was ob-
served in one case. No correlation of adverse events to
Spetzler—Martin grade could be found.
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Table 1 Obliteration rates by

(60)
type of treatment

PO NC PD

SRS 11/13 (84.6 %)
12/27 (44.4 %)

HSRT

1/13 (7.7 %) 1/13 (7.7 %) -
7/27 (26 %) 6/27 (22.2 %) 2/27 (7.4 %)

HSRT hypofractionated stereotactic radiotherapy, SRS stereotactic radiosurgery, CO complete obliteration,
PO partial obliteration, NC no change, PD progressive disease

Prognostic factors for complete obliteration

Complete obliteration was achieved in 85 % (11/13) of pa-
tients receiving single-dose SRS compared to only 44 % of
those receiving HSRT (p = 0.11). However, the median
target volume in the single-dose group (0.76 cm?3) was sig-
nificantly smaller than that in the hypofractionated group
(6.02 cm3; p < 0.001). Interestingly, patients with a history
of embolization did more often show a complete oblitera-
tion (16/20, p = 0.032) and a tendency to be treated more
often by SRS (p = 0.091). Volume of PTV did not differ
significantly between these two groups (p = 0.28), nor did
the applied radiation dose (p = 0.15) or Spetzler—Martin
grade (p = 0.56).

In the single-dose SRS group, there was no association
between the applied radiation dose (18-20 Gy) and the in-
cidence of complete obliteration. This is, however, based
on a small number of samples.

In the HSRT group, the findings suggest an influence
of AVM volume on the obliteration rate, which was 50 %
for volumes <12 c¢cm3 compared to only 16 % for volumes
>12 cm? (p = 0.751). To assess the influence of radiation
dose on obliteration rate, radiation doses were converted to
2 Gy equivalent dose fractions (EQD2), assuming an o/
ratio of 3. The patients were thus dichotomized into two
groups: those receiving a radiation dose of 58.3 Gy versus
those with doses of 70-75 Gy. An obliteration rate of 25 %
(2/8) was achieved in the former group (58.3 Gy), and 50 %
(10/19) in the latter (70-75 Gy). However, this difference
was not significant (p = 0.464) due to the small sample size.

The median latency period (24.2 vs. 26 months) from
treatment until complete obliteration was independent of the
administered dose in the HSRT group or type of radiation
treatment (SRS vs. HSRT [Fig. 1]).

Patients with lower-grade Spetzler—-Martin AVMs re-
ceived radiosurgery more frequently that those with higher-
grade malformations (p = 0.004); however, there was no
correlation between Spetzler—Martin grade and the rate of
complete obliteration (p = 0.461). The same applies to the
latency period before complete obliteration (p = 0.81).

Discussion

Radiation treatment of large intracranial AVMs is challeng-
ing. Single-dose SRS is generally used to treat brain AVMs
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smaller than 2 to 5 cm3, while a variety of different ap-
proaches are used for larger malformations. Obliteration
rates achieved by single-dose SRS of small brain AVMs
range from 60 % to more than 80 %, depending on the size
of the malformation [12-15]. The results obtained in the
current small sample are consistent with those described in
the literature. Radiation doses administered in single-dose
SRS currently fall within the range of 18 to 22 Gy [11, 16,
17].

HSRT dose regimens vary between different institutions
as well as within a single institution. In a review by Wang
et al., the total HSRT doses ranged from 26 to 42 Gy and
were delivered in fractions of 4 to 7 Gy. The volumes
of the treated AVMs also vary greatly, with sizes ranging
from 2.2 cm3 to 46 cm?3 [9, 18]. Consequently, the oblitera-
tion rates published in the literature range from 17 % after
3 years [19] to 53 % after 3 years [14]. In the present sam-
ple, HSRT achieved an overall obliteration rate of 44 %.
These retrospective volume and dose analyses showed at
least initial indications that obliteration may be volume- and
dose-dependent: an obliteration rate of 50 % was achieved
in patients with AVM volumes <12 cm?3 compared to only
16 % in patients with larger AVMs. Conversion of the ir-
radiated dose to EQD2 also showed an obliteration rate of
50% at doses >70 Gy compared to only 25 % at doses
<70 Gy. This largely corresponds to the data in the litera-
ture. For example, Cetin et al. described a target volume
<2 cm?3 as an independent prognostic factor for obliteration,
as determined by multivariate analysis, while Veznedaroglu
et al. found a 7-fold greater likelihood of obliteration in
a cohort of patients treated with 7 Gy fractions than in those
treated with 5 Gy fractions [17, 20]. Other authors found
a better response in patients treated with a single-dose of
6 Gy compared to a fractionated dose of 5 Gy [21]. A frac-
tionated 35 Gy schedule did show a significantly shorter
time until obliteration than a treatment with 30-32.5 Gy,
but also a significantly higher rate of radionecrosis [22].
Because higher doses are needed to achieve favorable oblit-
eration rates, some institutions did introduce a staged radio-
surgery approach as an alternative to HSRT. Large volumes
are split into two to three subvolumes of equal size, and
then treated with radiosurgery with a 2-9 months interval.
Kano et al. treated 47 patients with a median AVM volume
of 22 cm?3 using two-step SRS and achieved obliteration
rates of 9 % after 3 years and 32 % after 5 years. No cyst
formation was seen during follow-up, and a higher margin
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dose was a significant factor for obliteration [23]. The need
for smaller volumes and higher doses when using staged
SRS was also reported by Seymour et al: a good response
could be achieved after 5 years in 68 % and a dose =17 Gy
was a strong predictor of response [24].

The latency period from treatment until the onset of com-
plete obliteration was independent of the radiation dose or
the kind of radiation therapy (single-dose versus hypofrac-
tionated RT) in the current analysis. The observed latency
periods of 24 and 26 months, respectively, largely corre-
spond to the figures reported in the literature [11]. Contrary
to the present results, Zabel-du Bois et al. found a differ-
ence between the latency periods from single-dose and hy-
pofractionated SRS until complete obliteration in a series
of 48 patients (15 HSRT), with a median 46.5 months after
hypofractionated compared to a median 29.2 months after
single-dose radiation therapy. The fact that the HRST tar-
get volumes (median 27 cm?3) in their study were very large
compared to the relatively small volumes (median 6 cm3)
treated in the present analysis may explain this discrepancy
[19].

In the current cohort, patients who had a history of
embolization prior to irradiation showed complete obliter-
ation significantly more often (p = 0.032). Other groups
described that embolization preceding SRS may have a neg-
ative impact on obliteration [25-28]. In some studies, the
group treated with a combined approach showed a higher
percentage of patients with Spetzler—Martin grades III
and IV [26, 28], and Schwyzer et al. concluded that the
lower obliteration rate may be caused by the fact that com-
bined treatment is applied to higher-grade AVMs. Oermann
et al. found lower obliteration rates in an embolized cohort
compared to nonembolized patients; however, in contrast to
angioarchitectural complexity, embolization was no longer
a significant factor after multivariate analysis. The authors
concluded that this reflects the use of upfront embolization
in more complex AVM nidi, which may create bias in the
results [29]. Other authors found combining embolization
and radiation therapy to be effective in treating AVMs [30].
Embolization may not only reduce the volume of the AVM
but also the vascular density, and good response rates after
HSRT were reported [31]. In a recent report, Nataraj et al.
found 67 % of patients treated by SRS only to be cured,
compared to 70 % of those treated by embolization and
SRS [32]. Recent reports using Onyx embolization and
SRS found promising results [33, 34]. Interestingly, in
none of the studies investigating this bimodality treatment
could a higher rate of side effects be found when combining
embolization and radiation therapy. The case is the same in
the current analysis, where recurrent bleeding occurred in
only patients treated by irradiation alone. According to the
literature, using Onyx prior to radiation therapy seems to
be safe, and according to the present analysis, it also seems

to be effective without adding toxicity. It can be used for
decreasing the volume of the nidus, although attention has
to be paid to target volume definition afterwards, because
of the changes in radiologic imaging or fragmentation of
the nidus.

ICH is a complication that may occur during the course
of AVM treatment; another complication is epileptic
seizures. While a recent randomized study showed a neg-
ative prognostic impact of treating unbled AVMs during
a 33-month follow-up period, other data show excess mor-
tality in untreated patients after more than 10 years and the
lowest rate in patients with totally occluded AVMs [2, 35].

In the present study, bleeding after radiation treatment
occurred in 4 patients (10 %). At least one bleeding event
prior to radiation therapy had been suffered by 60 % of the
patients, corresponding to a rate of 16 % in this subgroup.
Other investigators estimate that up to 30 % of patients with
a history of hemorrhage can be expected to incur subsequent
bleeding during the first year [4]. The 16 % rate of hem-
orrhage in this study is lower and the authors believe that
this relatively low rate was an effect of AVM therapy. This
is largely consistent with the literature data. For example,
Yen et al. did not observe a single ICH in 155 patients
with subtotally obliterated AVMs [36] and Karlson et al.
found that the observed number of ICHs during the latency
period until AVM obliteration was significantly lower than
expected [37].

Radionecrosis is reported to occur in 0 to 7 % of radio-
surgically treated cerebral AVM cases in the literature [11,
13, 15]. In contrast, no case of radionecrosis was observed
in the current sample. The patients had mostly mild ad-
verse events (e. g., headache and sensitivity to changes in
weather), which were often present before irradiation. An
increase in the frequency of epileptic seizures was reported
by 1 patient. All patients who developed epileptic seizures
after radiation therapy had a history of seizures prior to
treatment.

Conclusion

SRS achieves excellent rates of control of small-volume
AVMs, whereas the treatment of large AVMs remains
a challenge. As expected and consistent with the published
literature, the presented data analysis suggests that the
results of HSRT are volume- and dose-dependent. Staged
SRS may be an alternative to HSRT. The clear advantage
of radiation therapy is the possibility of its application
in regions where surgery and embolization may be harm-
ful, such as the basal ganglia. Interestingly, preceding
embolization with Onyx may have a good prognostic im-
pact on the obliteration rates of irradiated AVMs. Further
validation in a randomized study is needed.
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