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Abstract
Purpose Embolization of arteriovenous malformations (AVMs) before radiosurgery has been reported to negatively impact 
the obliteration rate. This study aims to assess treatment outcomes in a series of 190 patients treated by Gamma Knife radio-
surgery (GKRS) for previously embolized AVMs.
Methods The institutional database of AVMs was retrospectively reviewed between January 2004 and March 2018. The 
clinical and radiological data of patients treated with GKRS for previously embolized AVMs were analyzed. Predicting fac-
tors of obliteration and hemorrhage following GKRS were assessed with univariate and multivariate regression analyses.
Results The mean AVM size was significantly reduced after embolization (p < 0.001). The obliteration rate was 78.4%. 
Multivariate analyses showed that a lower Spetzler-Martin grade (p = 0.035) and a higher marginal dose (p = 0.007) were 
associated with obliteration. Post-GKRS hemorrhages occurred in 14 patients (7.4%). A longer time between diagnosis and 
GKRS was the only factor associated with post-GKRS hemorrhages in multivariate analysis (p = 0.022). Complications 
related to the combined treatment were responsible for a new permanent neurological disability in 20 patients (10.5%), and 
a case of death (0.5%).
Conclusions This study shows that the embolization of AVMs does not have a negative impact on the obliteration rate after 
radiosurgery. Embolization reduces the AVM size to a treatable volume by GKRS. However, the combined treatment results 
in an increased complication rate related to the addition of the risks of each treatment modality.
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Introduction

The contemporary management of cerebral arteriovenous 
malformations (AVMs) has evolved through a multidiscipli-
nary approach that involves multiple interventional options, 

including microsurgery, embolization, radiosurgery, and 
the combination of these modalities [1]. Radiosurgery is a 
well-established treatment that has demonstrated its efficacy 
and safety in AVMs management [1, 2]. The most favora-
ble outcomes using this modality are obtained in patients 
with small- and medium-volume lesions (volume < 10  cm3), 
while the treatment of large volume AVMs is associated 
with a lower obliteration rate and a higher rate of adverse 
radiation effects [1, 3]. Endovascular treatment is more 
commonly used in a multimodal approach as a neoadjuvant 
therapy preceding either microsurgery or radiosurgery [4]. 
Embolization of AVMs before radiosurgery reduces the size 
of the lesion and brings it to a treatable volume by radiosur-
gery [5]. Furthermore, endovascular treatment may be used 
to treat high-risk angioarchitectural abnormalities associ-
ated with AVMs, such as aneurysms, which reduce the risk 
of bleeding during the latency phase after radiosurgery [6]. 
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Various embolic agents are currently used in AVMs embo-
lization. N-butyl cyanoacrylate (NBCA) has been used for 
a long time, showing its efficiency and safety in AVMs 
embolization [7]. Non-adhesive embolic agents such as 
Onyx have been developed, and higher rates of AVMs cure 
were obtained using these agents [7]. However, emboliza-
tion before radiosurgery exposes patients to an additional 
risk of complications related to the endovascular procedure 
[4]. These complications may be hemorrhagic or ischemic, 
with a commonly reported rate of permanent neurological 
morbidity between 4 and 9% [8–10]. Numerous authors have 
postulated that embolization has a negative impact on the 
efficiency of radiosurgery by reducing the obliteration rate of 
AVMs treated by radiosurgery [2, 3, 11, 12]. However, this 
notion remains controversial. It has been shown recently by 
Chen et al. that there is a lack of superiority of treatment by 
radiosurgery alone compared to treatment by radiosurgery 
with prior embolization in a matched cohort study compris-
ing 101 patients each, with comparable groups in terms of 
AVM angioarchitectural characteristics and volume [13]. 
Given this controversy, we aimed to assess in this study the 
relevance of the combined approach by describing the clini-
cal and radiological outcomes in terms of obliteration, the 
occurrence of hemorrhage after treatment, and radiation-
related complications in a series of 190 patients treated by 
Gamma Knife radiosurgery (GKRS) for previously embo-
lized AVMs. Predicting factors of obliteration and post-
GKRS hemorrhage, and outcomes according to AVM scor-
ing systems were also analyzed in this study population.

Methods

Patients and population

AVM patients were managed at our institution, since 2004, 
according to a multidisciplinary protocol with a strategy 
based on embolization of AVMs with an intent to cure 
the lesion; and treatment of the residual nidus by GKRS. 
After obtaining institutional ethics committee approval, this 
AVM database was retrospectively reviewed to identify all 
patients treated between January 2004 and March 2018. All 
newly treated patients with GKRS for previously embolized 
cerebral AVMs were included in the study. The inclusion 
required a minimum follow-up of 3 years unless oblitera-
tion was reached or hemorrhage occurred within this period. 
Patients were excluded if they were treated with staged 
radiosurgery or if they were lost to follow-up.

Embolization technique

In all patients, endovascular treatment was performed under 
general anesthesia and without systemic heparinization in 

the majority of the cases. The goal of each session is to 
occlude the nidus by injecting Glubran (GEM, Italy), Onyx 
(ev3, USA), or both into arterial feeders without complete 
occlusion of draining veins to avoid hemorrhage complica-
tions. The concentration of Glubran for each injection was 
left to the discretion of the operator depending on several 
parameters linked to the morphology of the AVM. The rate 
of occlusion in each session depends on the size and mor-
phology of the AVM, and the duration of the procedure. 
Targeted treatment of high-risk features was also performed 
in untreatable AVMs. After the treatment, control angio-
graphic series were performed, including working, frontal, 
and lateral views. All embolization sessions were performed 
with the objective to have a compact AVM remnant, in order 
to get only one target for the complementary GKRS.

AVM nidus volume and maximum diameter were meas-
ured for each patient on the first pre-embolization angiog-
raphy using the Pacs Osiris system. The nidus was defined 
on the cerebral angiography when early draining veins were 
observed on the arterial phase of the angiogram. The nidus 
volume was calculated according to the AxBxC/2 method 
[14]. The post-embolization volumes and maximum diam-
eters of the AVM nidus were measured on the day of GKRS 
treatment angiography. The post-embolization volumes were 
also measured according to the AxBxC/2 method. The tar-
get volumes measured during GKRS planning were also 
reported. Post-embolization and target volumes were also 
reported according to the embolic agent used.

Radiosurgery technique

The Gamma Knife Model C was used between 2004 and 
2010, the Perfexion between 2010 and 2017, and the Icon 
between 2017 and 2018. For all patients, the Leksell Model 
G stereotactic frame (Elekta AB) was set up using local 
anesthesia assisted by light sedation, with more rare recourse 
to general anesthesia. 3D stereotactic MR imaging was per-
formed, followed by CT and cerebral angiography. The tar-
get was defined on 3D stereotactic MR imaging and adjusted 
using anteroposterior and lateral angiography images. Only 
the non-embolized part of the nidus was included in the 
treatment target. When Onyx was used, nidus definition was 
often challenging, and Onyx was usually identified on T1 
weighted MRI as a flow void. Planning and dosimetry were 
carried out by the neurosurgeon in collaboration with the 
radiation oncologist and the radiophysicist.

Clinical and radiological data and follow‑up

For each patient, the medical records were reviewed to col-
lect data related to clinical history, presentation, clinical 
status, and complications after each embolization session 
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and during the post-GKRS follow-up. Data related to endo-
vascular treatment were reviewed to identify the details of 
the endovascular procedure, the embolic agent used, and 
the embolization outcomes. The radiological reports were 
reviewed to determine for each patient the AVM nidus 
location, the type of drainage, and the angioarchitectural 
features. Data related to GKRS planning were reviewed to 
identify the marginal dose (Gy), isodose prescription line, 
maximum dose (Gy), volume, and maximum diameter of 
the nidus measured during radiosurgical planning. Imaging 
studies (angiography and MRI) performed during the post-
GKRS follow-up were reviewed to determine the status of 
AVM obliteration and post-GKRS complications. MRI was 
generally performed every 6 months after GKRS during the 
first 2 years of follow-up and once a year afterward. Angiog-
raphy was performed when feasible if the MRI showed signs 
of obliteration. Patients underwent clinical examination after 
each radiological examination. Obliteration was defined 
angiographically by the disappearance of the nidus and any 
arteriovenous shunt. Obliteration on MRI was defined in 
this study by the disappearance of nidus enhancement as 
well as any nidus-related venous enhancement. The annual 
hemorrhage rate was defined by the number of post-GKRS 
hemorrhagic events divided by the number of patient-years 
of post-GKRS follow-up without obliteration.

Statistical analysis

Continuous variables were summarized by their means and 
standard deviation (SD), and qualitative variables were sum-
marized by numbers and percentages. Means of continuous 
variables were compared between 2 independent groups using 
classical Student’s t tests or Welch’s t tests in case of variance 
inequality and with paired t tests in the case of 2 paired samples.

Associations between variables were analyzed with linear 
univariate and multivariate regressions when appropriate. 
Statistical significance was considered when p was < 0.05. 
All statistical tests were performed using IBM-SPSS (ver-
sion 27.0) software (IBM Corp, Armonk, NY, USA).

Results

A total of 239 consecutive patients were treated with GKRS 
for previously embolized cerebral AVMs between January 
2004 and March 2018. Among them, 35 were lost to follow-
up, and 14 others were treated with staged radiosurgery. The 
final study group was comprised of 190 patients. The mean 
age at diagnosis was 31 years (range 1–73 years). The initial 
presentation was hemorrhage in 91 patients (47.9%), seizure 
in 45 patients (23.7%), headaches in 23 patients (12.1%), 
focal deficit in 11 patients (5.8%), and incidental in 20 
patients (10.5%). The patients’ clinical characteristics and 

AVM radiologic features regarding the location, angioarchi-
tectural risk factors, and venous drainage type are shown in 
Table 1.

Embolization outcomes

The mean number of embolization sessions per patient was 
2.5 sessions (range 1–11 sessions). The embolic agent used 
was Glubran in 77.9% of patients, Onyx in 17.9%, and a mix 
of both in 4.2%. Embolization details are shown in Table 2. 
The mean pre-embolization nidus volume and maximum 
diameter were 17.1  cm3 (range 0.1–85  cm3) and 31 mm 
(range 5–75 mm), respectively. The mean post-emboliza-
tion volume and maximum diameter of the nidus were 4.2 
 cm3 (range 0.1–21  cm3) and 17.1 mm (range 1–56 mm), 
respectively. There was a statistically significant reduction 
in nidus volume and maximum diameter after embolization 
(p < 0.001 for both). The mean post-embolization volume 
was 3.9  cm3 (range 0.1–21  cm3) when Glubran was used, 
4.6  cm3 (range 0.1–15.5  cm3) with Onyx, and 8.1  cm3 (range 
0.1–16  cm3) when both agents were used. An additional 
analysis of AVMs whose pre-embolization volume was < 10 
 cm3 has been performed. In this subgroup, the mean pre-
embolization volume was 3.3  cm3 (range 0.1–9.1  cm3) and 
the mean post-embolization volume was 1.7  cm3 (range 
0.1–8.3  cm3). There was a statistically significant volume 
reduction after embolization in this subgroup (p < 0.001).

Table 1  Pre-GKRS patient and AVM characteristics in 190 patients

*  Values represent the number of patients (%) unless otherwise specified

Characteristics Value (%) *

Male/Female sex 106/84 (56/44)
Age at diagnosis (in years)
  Mean ± SD 33 ± 16
  Median 31
  Range 1–73

Presentation
  Hemorrhage 91(47.9)
  Seizure 45(23.7)
  Headache 23(12.1)
  Focal deficit 11(5.8)
  Incidental 20(10.5)

Localisation
  Frontal, temporal 64 (33.7)
  Parietal, occipital, corpus call, Cerebellum 103 (54.2)
  Thalamus, Basal ganglia, Brain stem 23(12.1)

High-risk angioarchitectural features 78(41.1)
  Associated aneurysms 26(9.5)
  Intranidal aneurysms 17(8.9)
  Venous ectasia 50(26.3)

Deep venous drainage 99(52.1)
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Twelve patients (6.3%) had hemorrhages during the 
embolization or within hours of the procedure. Among 
them, vessel perforation occurred in 3 patients (1.6%), one 
patient (0.5%) had a flow-related aneurysm rupture during 
the embolization, and 8 patients (4.2%) had a delayed post-
embolization hemorrhage within hours of the procedure. 
Seven patients (3.7%) developed a transient neurological 
deficit after the endovascular intervention with no evidence 
of hemorrhagic complications on the CT scan. Ischemic 
complications were identified in 13 patients (6.8%). These 
were related to inadvertent embolization of normal arteries 
in 3 patients (1.6%), a retained microcatheter in the nidus 
in one patient (0.5%), and venous sinus thrombosis in one 
patient (0.5%).

Radiosurgical parameters

The mean time between diagnosis and GKRS was 27 months 
(range 0–282 months). The distribution of the study popu-
lation based on the Pollock & Flickinger AVM score, the 

modified Pollock & Flickinger AVM score, the Virginia 
Radiosurgery AVM scale (VRAS), and the Spetzler-Martin 
grade is shown in Online Resource 1. The mean target vol-
ume measured during planning was 5.7  cm3 (range 0.1–31.7 
 cm3). The mean target volume was 5.2  cm3 (range 0.1–29 
 cm3) when Glubran was used, 6.6  cm3 (range 0.1–31.7  cm3) 
with Onyx, and 9.2  cm3 (range 0.1–20.5  cm3) when both 
agents were used. The mean marginal dose in this study was 
20 Gy (range 12–30 Gy), with a mean maximum dose of 
43 Gy (range 24–60 Gy) and a mean isodose prescription 
line of 50%.

Clinical and radiological outcomes post‑GKRS

The mean follow-up after GNRS was 6  years (range 
0.1–16 years). The obliteration rate based on angiography or 
MRI was 78.4%. Angiographically proven obliteration was 
found in 47.3% of patients. Obliteration based on MRI alone 
was found in 31% of patients. The AVM obliteration rate 
over time represented by the modified Kaplan–Meier graph 

Table 2  Pre-GKRS 
embolization details and 
complications

Embolization details and complications No of patients (190)
No of embolization sessions (total:468)

  1 63(33.2%)
  2 52(27.4%)
  3 28(14.7%)
  4 26(13.7%)
  5 13(6.8%)
  ≥ 6 8(4.2%)

Embolic agents
  Glubran 148 (77.9%)
  Onyx 34(17.9%)
  Mix 8 (4.2%)

Complications
  All imaging or clinical events 36(18.9%)

    Imaging abnormalities without clinical manifestations 6(3.2%)
    Clinical events 30(15.8%)
      Transient neurologic abnormalities 15(7.9%)
          Transient focal deficit 9(4.7%)
          Seizure 4(2.1%)
          Cerebral edema 1(0.5%)
          Hydrocephalus 1(0.5%)
      Permanent neurologic abnormalities 15(7.9%)
          Hemiparesis 3(1.6%)
          Limb weakness 4(2.1%)
          Aphasia 1(0.5%)
          Visual abnormality 3(1.6%)
          Sensitive abnormality 4(2.1%)

Recanalization after complete obliteration with embolization 17(8.9%)
Delayed post-embolization hemorrhage (Before GKRS) 3(1.6%)
Post-embolization deficit improvement at the long-term follow-up 6(3.2%)
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is shown in Fig. 1. The obliteration rate was 83.5% in patients 
with hemorrhagic presentation and 73.7% in patients with a 
non-hemorrhagic presentation. Regarding the embolic agent 
used, the obliteration rate was 78.4% in the AVMs embolized 
with Glubran and 82.4% when Onyx was used. In patients 
with pre-embolization AVM volume < 10  cm3, the oblitera-
tion rate was 86.2%. In patients with pre-embolization AVM 
volume > 10  cm3, the obliteration rate was 70.8%. The mean 
time to obliteration was 2.5 years. The mean Pollock & Flick-
inger AVM score and modified Pollock & Flickinger AVM 
score in the case of obliteration were significantly lower than 
those in the case of non-obliteration (p = 0.004 and p = 0.005, 
respectively). The distribution of VRAS scores and Spetzler-
Martin grades were significantly different in cases of oblitera-
tion or not (p = 0.042 and p = 0.001, respectively), showing 
different patterns in VRAS scores according to obliteration 
incidence and showing lower Spetzler-Martin grades in cases 
of obliteration (Online Resource 2). Predictors of post-GKRS 
obliteration in univariate regression analysis were decreased 
post-embolization volume, lower Spetzler-Martin grade, 
lower Pollock & Flickinger AVM score, lower modified Pol-
lock & Flickinger AVM score, higher marginal dose, and 
higher maximum dose. By multivariate regression analysis, 
lower Spetzler-Martin and high marginal dose were the only 
factors independently associated with obliteration (p = 0.035 
and p = 0.007, respectively). The details of univariate and 
multivariate regression analysis of predictors of obliteration 
are shown in Table 3.

Among the forty-one patients (21.6%) with non-oblit-
erated AVMs, 3 patients (1.6%) had a new endovascular 
treatment, 5 patients (2.6%) had a new GKRS session, 1 
patient (0.5%) underwent an embolization and GKRS, and 
31 patients (16.3%) were managed with observation.

Post‑GKRS hemorrhage

Post-GKRS hemorrhage occurred in 14 patients (7.4%), 
with an annual post-GKRS hemorrhage rate of 2.3%. 
Among them, one patient had an AVM considered to be 
angiographically obliterated with signs of recanalization 
on post-hemorrhagic angiography. Bleeding occurred in 
71% of cases during the first 3 years post-GKRS. The ini-
tial presentation among patients with post-GKRS bleeding 
was hemorrhage in 7 patients (50%), and 7 others (50%) 
had unruptured AVMs. In 50% of the cases, the hemor-
rhages were without any clinical consequences. There were 
5 patients (2.6%) who had a permanent neurological deficit 
and 2 deaths (1.1%). A larger post-embolization volume 
and longer time between diagnosis and GKRS were associ-
ated with post-GKRS hemorrhage in univariate regression 
analysis. A longer time between diagnosis and GKRS was 
the only factor associated with post-GKRS hemorrhage in 
multivariate regression analysis (p = 0.022). The details of 
univariate and multivariate regression analysis of predictors 
of post-GKRS hemorrhage are reported in Table 4.

Complications of combined treatment and clinical 
status

Complications related to embolization with or with-
out clinical consequences were observed in 36 patients 
(18.9%). Thirty patients (15.8%) had newly developed 
neurological abnormalities after an embolization session. 
Embolization-related complications are detailed in Table 2. 
Radiation-induced changes, defined as T2 signal changes 
typically noted 6 to 18 months after GKRS, were observed 
in 65 patients (34.2%), including 7 (3.7%) who developed 

Fig. 1  Modified Kaplan–Meier 
plot representing the post-
GKRS obliteration rate over 
time

0.6

0.4

0.2

0.0

0 50 100 150 200

Time post-GKRS (Months)

C
u

m
u

la
ti
v
e

 i
n

c
id

e
n

c
e

 o
f 

o
b

li
te

r
a

ti
o

n
  

1.0

0.8

395Neuroradiology (2023) 65:391–399



1 3

neurological disorders. Seven patients (3.7%) presented 
post-GKRS radionecrosis. Among them, two patients 
underwent surgical resection, and one patient died because 
of severe mass effect. Six patients (3.2%) developed a cyst 
during the follow-up, including 3 (1.6%) who required surgi-
cal drainage. Details of post-GKRS complications are shown 
in Online Resource 3. In total, complications related to this 
combined strategy were responsible for a new transient neu-
rological disorder in 26 patients (13.7%), a new permanent 
neurological disability in 20 patients (10.5%), and a case 
of death (0.5%). Among patients with a pre-embolization 
AVM volume < 10  cm3, 7 (7.4%) had permanent neuro-
logical complications that were all related to embolization. 
Among patients with a pre-embolization AVM volume > 10 
 cm3, 14 (14.6%) had permanent neurological complications. 

Regarding the clinical presentation, permanent neurologi-
cal abnormalities were observed in 9 patients (9.8%) with 
hemorrhagic AVM presentation and 11 (11.2%) with a non-
hemorrhagic presentation. In patients with AVMs embolized 
with Glubran, there were 16 permanent neurological com-
plications (10.8%). When Onyx was used, 5 patients had 
permanent neurological complications (14.7%). The clinical 
status at last follow-up in the entire study population was 
represented as follows: 86 patients (45.3%) without any 
neurological abnormality, 43 patients (22.6%) who had a 
focal neurological deficit, 51 patients (26.8%) with epilepsy, 
19 patients (10%) who had a chronic headache, 8 patients 
(4.2%) with cognitive impairment, one patient (0.5%) who 
suffered from chronic vertigo, and 6 patients (3.2%) who 
died. Among the patients who died, the cause of death was 

Table 3  Predicting factors of 
obliteration

GKRS, Gamma Knife radiosurgery; VRAS, the Virginia Radiosurgery AVM scale

Univariate Multivariate

Factors HR 95% CI P value HR 95% CI P value

Increased age at diagnosis 1.002 0.981 1.024 0.836 0.997 0.935–1.063 0.923
Male sex 1.044 0.520 2.094 0.903 1.474 0.661–3.287 0.344
Previous hemorrhage 1.805 0.885 3.678 0.104 1.278 0.477–3.425 0.625
Decreased post embolization volume 0.897 0.833 0.966 0.004 1.028 0.746–1.417 0.864
Long time to GKRS 0.995 0.987 1.002 0.154 0.994 0.985–1.003 0.189
Non-eloquent area 0.669 0.328 1.364 0.269 1.682 0.349–8.111 0.517
No deep drainage 0.718 0.357 1.445 0.353 2.587 0.731–9.149 0.140
Lower Spetzler- Martin grade 0.540 0.368 0.791 0.002 0.376 0.151–0.933 0.035
Lower Pollock-Flickinger score 0.377 0.189 0.752 0.006 1.919 0.021–172.430 0.776
Lower Modified Pollock-Flickinger score 0.386 0.194 0.768 0.007 0.578 0.016–20.506 0.763
Lower VRAS 0.754 0.542 1.050 0.095 1.121 0.655–1.920 0.676
Higher GKRS dose 1.252 1.115 1.407  < 0.001 1.225 1.057–1.420 0.007

Table 4  Predicting factors of post-GKRS hemorrhage

GKRS, Gamma Knife radiosurgery; VRAS, the Virginia Radiosurgery AVM scale

Univariate Multivariate

Factors HR 95% CI P value HR 95% CI P value

Decreased age at diagnosis 0.991 0.958–1.026 0.614 0.956 0.867–1.054 0.365
Male sex 2.368 0.763–7.355 0.136 3.725 0.916–15.147 0.066
Previous hemorrhage 1.095 0.369–3.253 0.870 1.231 0.239–6.341 0.803
Increased post embolization volume 1.119 1.011–1.238 0.030 0.886 0.556–1.414 0.612
Associated aneurysm 2.087 0.660–2.603 0.211 1.986 0.480–8.216 0.344
Deep drainage 0.485 0.156–1.504 0.210 0.369 0.050–2.752 0.331
Increased number of embolizations 1.158 0.867–1.547 0.319 0.923 0.593–1.436 0.721
Long time to GKRS 1.011 1.002–1.020 0.011 1.014 1.002–1.025 0.022
Higher Pollock-Flickinger score 2.480 0.899–6.840 0.079 11.813 0.025–5658.766 0.433
Higher Modified Pollock-Flickinger score 2.370 0.859–6.543 0.096 0.689 0.003–171.880 0.895
Higher Spetzler-Martin grade 1.071 0.617–1.859 0.808 0.807 0.224–2.906 0.743
Higher VRAS 1.450 0.863–2.438 0.160 0.992 0.437–2.250 0.985
Lower GKRS dose 0.913 0.780–1.069 0.256 0.967 0.765–1.222 0.776
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not related to AVM in 2 patients (1.1%), and it was unknown 
in one patient (0.5%). Two patients (1.1%) died after post-
GKRS AVM rupture, and one patient (0.5%) died due to 
radionecrosis, as mentioned above.

Discussion

In this retrospective study, we analyze the role of the embo-
lization of AVMs before radiosurgery. Using this combined 
approach, our series’ obliteration rate was 78.4%. This rate is 
comparable to the most reported recent radiosurgical series, 
which reported an obliteration rate of 64–86% [2, 15, 16]. 
In our treatment strategy, the intensified embolization of 
AVMs led to a significant reduction in the volume treated 
by radiosurgery. This increases the benefit of radiosurgery as 
the treated volume with GKRS is smaller. It has been dem-
onstrated that the risk of radiation-related complications is 
higher when the treated volume is large. [17, 18]. However, 
the complication rate in our combined strategy is relatively 
high as we noted 10.5% of permanent neurological compli-
cations and one case of death. We also found a permanent 
neurological complication rate of 7.4% in patients with a 
pre-embolization AVM volume < 10  cm3. This rate is two 
times lower than AVM > 10  cm3. Nevertheless, a standalone 
treatment could be considered in this group of patients with 
small AVM suitable for GKRS treatment, avoiding the expo-
sition of patients to an additional risk of complications.

The controversy around the role of embolization in com-
bination with radiosurgery has arisen since several stud-
ies have suggested that embolization may have a negative 
impact on the efficiency of radiosurgery in the treatment of 
AVMs [3, 18, 19]. This was supported by two meta-analy-
ses of 10 and 16 studies that compared treatment by radio-
surgery alone and embolization followed by radiosurgery. 
The conclusion was the superiority of radiosurgery alone 
in terms of obliteration rate [12, 19]. Several hypotheses 
have been proposed to explain this effect. The emboliza-
tion could stimulate angiogenesis through hypoxia, hemo-
dynamic modification, and inflammatory phenomena [20]. 
The impact of the type of embolic agent on radiosurgical 
outcomes was also studied. High recanalization rates have 
been reported with NBCA, while Onyx, which has become 
the most widely used embolic agent in neuro-interventional 
procedures, would cause less recanalization than previous 
embolic agents [21, 22]. Liquid embolization materials have 
been reported to act as a barrier reducing radiation delivery 
[23]. Furthermore, they alter the definition of the radio-
surgical target, inducing the fragmentation of a compact 
nidus [24]. However, these hypotheses remain controver-
sial, and the exact mechanism of this effect remains unclear 
[25, 26]. It must be emphasized that the main comparative 
studies that have demonstrated the superiority of treatment 

by radiosurgery alone compared to combined embolization 
and radiosurgery were composed of heterogeneous groups, 
with larger AVMs and more complex angioarchitecture in 
the combined embolization and radiosurgery groups [19]. In 
addition, it has been shown that the AVM angioarchitecture 
could influence the efficiency of radiosurgery [27]. Moreo-
ver, embolization does not appear to have a negative impact 
on the radiosurgical effect if AVM pre-embolization charac-
teristics are considered when comparing groups treated by 
embolization followed by radiosurgery and others treated by 
radiosurgery alone, with no superiority of radiosurgery alone 
in terms of obliteration [13].

In our study cohort, 99 patients (52.1%) had unruptured 
AVMs. The rate of treatment-related permanent neurologi-
cal impairment in this group was 10.2%. The role of inter-
ventional treatment of unruptured AVMs became highly 
controversial since the A Randomized trial of Unruptured 
Brain Arteriovenous malformations (ARUBA) trial and 
The Scottish Audit of Intracranial Vascular Malformations 
(SAIVM) study showed a better clinical outcome of con-
servative management of unruptured AVMs.[28, 29]. While 
these studies have shown that the morbidity of the treatment 
is higher than expected, several criticisms have been made 
particularly concerning the treatment modality used, their 
relatively low success rates, and their high complication rate. 
In ARUBA, 26% of patients were treated by embolization 
alone [28]. Furthermore, a recent meta-analysis showed a 
high complication rate with a low success rate of standalone 
embolization of AVMs with the intent to cure [30]. Several 
retrospective analyses, including studies on patients eligible 
for ARUBA and treated by surgery or radiosurgery, have 
shown higher success rates and fewer complications [31, 
32]. Thus, it would be inappropriate to universally define 
non-interventional treatment as the standard treatment for 
unruptured AVMs. Optimizing the outcome goes through 
a careful patient selection in a multidisciplinary and expe-
rienced center.

We found in this study population that outcomes were 
congruent with AVM prognostic scores relevant to radio-
surgery, namely, the Pollock & Flickinger AVM score and 
the modified Pollock & Flickinger AVM score, which were 
validated as predictors of favorable outcomes in AVM 
patients undergoing radiosurgery [2, 33–35]. However, 
these outcomes were inconsistent with the VRAS score, 
as we found a significantly higher rate of non-obliteration 
in VRAS score 1. In multivariate analysis, the Spetzler-
Martin grading system was an independent predictor of 
outcomes in our study population. Even if it has already 
been reported that this score could have a predictive effect 
on radiosurgical outcomes, this grading system was mainly 
validated for surgical series and is generally not consid-
ered an adequate system in the prediction of outcomes 
in patients treated with other modalities [33, 36, 37]. In 
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this study, a high marginal dose was independently associ-
ated with obliteration, as shown in multivariate analysis. 
We did not find a predictive effect of the lesion volume 
on obliteration in this study, contrary to what has been 
reported in other series [2, 11].

The late therapeutic effect of radiosurgery treatment 
exposes patients to a risk of hemorrhage during the latency 
period preceding obliteration. The annual post-GKRS 
hemorrhagic risk reported in the literature varies roughly 
between 1 and 4.8% [2, 15, 36, 38]. In our series, the hem-
orrhage rate was 7.4% with an annual rate of 2.3%, which 
is comparable to the rates reported in the radiosurgical 
literature with or without embolization. Post-GKRS hem-
orrhage occurred in the majority of cases during the period 
in which AVMs were still patent. This finding suggests 
that embolization does not appear to have a protective 
effect during this period.

Our study has limitations due to the retrospective nature 
of the analysis. In addition, obliteration was assessed in a 
portion of the study population by MRI only without angi-
ographic examination. Moreover, even the ABC method 
has been used for pre-embolization and post-embolization 
AVMs volume measurement, it has not been validated in 
this indication and is therefore subject to bias [39].

Conclusion

In summary, this study showed that in combined approach 
using endovascular treatment followed by radiosurgery for 
AVMs, the embolization does not have a negative impact 
on the obliteration rate after radiosurgery. The main 
advantage of embolization is to reduce the volume of the 
AVM, thus making it possible to treat large volume AVMs 
by radiosurgery. However, the combined treatment results 
in a relatively increased complication rate related to the 
addition of the risks of each treatment modality.
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