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Whether the use of endovascular embolization could provide additional benefits in patients treated with stereotactic radiosurgery
(SRS) for intracranial arteriovenous malformations (IAVMs) remains controversial. The current meta-analysis was conducted to
assess the efficacy and safety of SRS with and without prior endovascular embolization in patients with IAVMs. The electronic
databases of PubMed, EmBase, and Cochrane Library were systematically searched for eligible studies published from inception
to August 12, 2020. The pooled results for obliteration rate, rehemorrhage rate, and permanent neurological deficits were
calculated by odds ratios (ORs) with 95% confidence intervals (Cls) using the random-effects model. The sensitivity analysis,
subgroup analysis, and publication bias for investigated outcomes were also evaluated. Nineteen studies (two prospective
and 17 retrospective studies) involving a total of 3,454 patients with IAVMs were selected for the final meta-analysis. We
noted that prior embolization and SRS were associated with a lower obliteration rate compared with SRS alone (OR, 0.57;
95% CI, 0.44-0.74; P <0.001). However, prior embolization and SRS were not associated with the risk of rehemorrhage
(OR, 1.05; 95% CI, 0.81-1.34; P=0.729) and permanent neurological deficits (OR, 0.80; 95% CI, 0.48-1.33; P =0.385)
compared with SRS alone. The sensitivity analysis suggested that prior embolization might reduce the risk of permanent
neurological deficits in patients with IAVMs treated with SRS. The treatment effects of prior embolization in patients with
IAVMs could be affected by nidus volume, margin dose, intervention, and follow-up duration. This study found that prior
embolization was associated with a reduced risk of obliteration in patients with IAVMs treated with SRS. Moreover, prior
embolization might reduce the risk of permanent neurological deficits in patients with IAVMs.

1. Introduction

Intracranial arteriovenous malformations (IAVMs) are con-
genital, heterogeneous, and rare vascular abnormalities that
can cause intracranial hemorrhage, headache, seizure, and
death [1]. IAVMs with an abnormal nidus of blood vessels
shunt blood from the arterial to the venous system and
bypass an intervening capillary bed [2]. These lesions
account for 2-3% of symptomatic hemorrhages, and the
hemorrhage rate was 2-4% annually when patients were left
untreated [3, 4]. The primary treatment goal for IAVMs was
to reduce rupture risk and ameliorate symptoms, and the
spontaneous hemorrhage rate in IAVMs ranged from 2% to

5% [5, 6]. Moreover, IAVMs with hemorrhage had morbidity
and mortality rates ranging from 53% to 81% and 10% to
18%, respectively [7, 8]. Presently, the standard treatment
strategies for JAVMs included conventional microsurgical
excision, stereotactic radiosurgery (SRS), endovascular
embolization, and a combination of the abovementioned
strategies according to the size and anatomic location, clini-
cal presentation, and angioarchitecture of the IAVMs [9, 10].

Currently, the treatment effects of SRS were inversely
related to the size of the malformation and treatment dose,
which could provide more beneficial effects for IAVMs with
size < 3 cm. Studies have found that the obliteration rate at
3 years ranged from 55% to 81% in patients with IAVMs
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staged Spetzler-Martin 1 and 2 treated with 20-25Gy [11-
15], while the obliteration rate after 5 years of SRS in patients
with large and more complex IAVMs was <50% [16-18].
Therefore, the risk of hemorrhage was not significantly
reduced after 1-2 years of SRS prior to angiographic obliter-
ation [19]. Therefore, endovascular embolization prior to
SRS should introduce as a neurointerventional minimally
invasive approach for patients with TAVMs. Although endo-
vascular embolization rarely provided complete treatment
for IAVMs, it could improve the natural history of patients
at high risk of hemorrhage owing to intranidal or perinodal
aneurysms and large venous varices [20-22]. However,
whether the use of SRS following by prior embolization could
provide additional benefits than SRS alone in patients with
IAVMs was not determined. Therefore, the current system-
atic review and meta-analysis were conducted to obtain a
comprehensive, quantitative evidence to compare the efficacy
and safety of SRS following embolization with SRS alone in
patients with IAVM new results.

2. Materials and Methods

2.1. Data Sources, Search Strategy, and Selection Criteria.
The current systematic review and meta-analysis were
conducted following the Preferred Reporting Items for
Systematic Reviews and Meta-Analysis Protocol [23]. Studies
that compared the efficacy and safety of prior embolization
for patients with IAVMs treated with SRS were eligible for
this study, and restriction was not placed on published lan-
guage and status. The electronic databases of PubMed,
EmBase, and Cochrane Library were systematically searched
for eligible studies from their inception until August 12, 2020,
and the following search terms were used: (“intracranial
arteriovenous malformations” or “brain arteriovenous mal-
formations” or “cerebral arteriovenous malformations”)
and (“radiosurgery” or “stereotactic radiosurgery” or “radio-
therapy” or “linear accelerator (LINAC)” or “Gamma Knife”
or “CyberKnife”) and (“embolization” or “particles” or “N-
butyl cyanoacrylate” or “Onyx”). Then, the reference lists of
retrieved studies were reviewed manually to select any new
study that met the inclusion criteria.

The literature search and study screening process were
independently performed by two reviewers, and the disagree-
ment between reviewers was resolved by discussion until a
consensus was reached. The study was included if they met
all the inclusion criteria: (1) patients, all patients diagnosed
with JAVMs, irrespective of disease status; (2) intervention,
SRS following embolization; (3) control, SRS alone; (4) out-
comes, the study reported on obliteration rate, rehemorrhage
rate, or permanent neurological deficits; and (5) study design,
original article and unrestricted design type.

2.2. Data Collection and Quality Assessment. A standardized
protocol guided the two reviewers to abstract the following
items: first author’s name, publication year, study design,
country, sample size, male proportion, mean age of patients,
hemorrhages proportion, nidus size, nidus volume, margin
dose, intervention, follow-up duration, and reported out-
comes. Moreover, the methodological quality of the individ-
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ual study was independently assessed using the Newcastle-
Ottawa Scale (NOS) by two reviewers, which was based on
selection (4 items, 4 stars), comparability (1 item, 2 stars),
and outcome (3 items, 3 stars), and “staring system” for each
study ranged from 0 to 9 [24]. Any inconsistency between the
two reviewers for data abstracted and quality assessment was
resolved by an additional reviewer referring to the full text of
the original article.

2.3. Statistical Analysis. The results of reported outcomes
were assigned as categorical data, and odds ratio (OR) with
95% confidence interval (CI) was calculated from the event
and sample size in each group of each study. Subsequently,
the pooled effect estimates were calculated using the
random-effects model, which could consider the underlying
variations across included studies [25, 26]. Heterogeneity
among included studies for each outcome was assessed by
I? and Q statistic, and significant heterogeneity was defined
as I > 50.0% or P value for Q statistic < 0.10 [27, 28]. The
robustness of pooled conclusion was assessed using the sen-
sitivity analysis through sequential exclusion of individual
study [29]. Subgroup analyses for obliteration rate, rehemor-
rhage rate, and permanent neurological deficits were also
performed based on the study design, country, sample size,
mean age, nidus volume, margin dose, intervention, follow-
up, and study quality, and difference between subgroups
was assessed using the interaction P test, which assumed that
the distribution of effect estimate met the normality [30]. The
funnel plot, Egger, and Begg tests were used to assess the
potential publication bias [31, 32]. The trim-and-fill method
was applied to adjust for potential publication bias if signifi-
cant publication bias was detected [33]. All statistical analy-
ses in this study were conducted using the Stata software
(version 10.0; StataCorp, Texas, USA).

3. Results and Discussion

3.1. Literature Search. The initial electronic search yielded
1,748 articles, and 689 were excluded owing to duplicate
titles. Then, 974 of 1,059 studies were excluded because of
unrelated topics. The remaining 85 studies were retrieved
for further full-text evaluations, and 66 studies were excluded
owing to inappropriate control (n=35), other disease sta-
tuses (n = 19), and insufficient data (n = 12). Then, a review
of the reference lists of the remaining 19 studies found seven
potentially included studies; then, these studies were
excluded because of inappropriate control and insufficient
data, which were noted in the 66 excluded studies by full-
text evaluations. Finally, 19 studies were selected for the final
meta-analysis [34-52]. The details regarding the literature
search and study selection process are presented in Figure 1.

3.2. Study Characteristics. Of the 19 included studies, two
studies had a prospective design [40, 44], and the remaining
17 studies had a retrospective design [34-39, 41-43, 45-52].
The baseline characteristics of the included studies and
patients are summarized in Table 1. The included studies
recruited a total of 3,454 patients with IAVMs, and the
sample size ranged from 22 to 944. Six studies were
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FiGuRre 1: Flow diagram of the literature search and study selection process.

conducted in Eastern countries [34, 38, 39, 42, 45, 52],
and the remaining 13 studies were conducted in Western
countries [35-37, 40, 41, 43, 44, 46-51]. Five studies
applied linear accelerator radiosurgery as SRS [34-36, 41,
48], nine studies used Gamma Knife surgery as SRS [37,
38, 42, 43, 45, 46, 49, 50, 52], and the remaining five stud-
ies applied combined strategies as SRS [39, 40, 44, 47, 51].
The follow-up duration ranged from 24.0 to 180.0 months.
The quality of included studies was assessed using the
NOS: six studies had 8 stars [36, 42, 46, 48-50], six studies
had 7 stars [35, 40, 43, 45, 51, 52], and the remaining
seven studies had 6 stars [34, 37-39, 41, 44, 47].

3.3. Obliteration Rate. A total of 18 studies reported the
effects of SRS following embolization versus SRS alone on
the obliteration rate [34-50, 52]. We noted that SRS follow-
ing embolization was associated with a lower obliteration rate
compared with SRS alone (OR, 0.57; 95% CI, 0.44-0.74; P <
0.001; Figure 2), and significant heterogeneity was observed
across included studies. The sensitivity analysis found that
the pooled conclusion was not altered by sequential exclusion
of individual study (Supplement 1). Although the subgroup
analyses found a significant difference in the obliteration rate
in most subgroups between SRS following embolization and
SRS alone, we noted that SRS following embolization was
not associated with the risk of obliteration in prospective
pooled studies, studies that did not report on SRS strategy,

or studies with low quality (Table 2). Moreover, the treat-
ment effect between SRS following embolization and SRS
alone on the risk of obliteration could be affected by nidus
volume (P <0.001), margin dose (P <0.001), intervention
(P<0.001), and follow-up duration (P=0.036). Finally,
although the Egger test suggested no significant publication
bias for the obliteration rate (P=0.472), the Begg test
suggested potential significant publication bias for the oblit-
eration rate (P=0.028) (Supplement 2). The conclusion
was not changed after adjusting for publication bias using
the trim-and-fill method [33].

No: number; yrs: years; vol: volume; NA: not available;
SM: Spetzler-Martin; Retro: retrospective; Pro: prospective.

3.4. Rehemorrhage. A total of 10 studies reported the effects
of SRS following embolization versus SRS alone on the
risk of rehemorrhage [36-39, 42-44, 46-48]. We noted
that SRS following embolization was not associated with
the risk of rehemorrhage compared with SRS alone (OR,
1.05; 95% CI, 0.81-1.34; P =0.729; Figure 3), and unim-
portant heterogeneity was detected across included studies.
This conclusion showed stability through sequential exclu-
sion of individual study (Supplement 1). There was no sig-
nificant difference in the risk of rehemorrhage in all
subgroups between SRS following embolization and SRS
alone, and no predefined factors could affect the treatment
effects (Table 2). There was no significant publication bias
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1
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Starke 2017 E B 0.69 (0.47, 1.02) 9.1
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Hasegawa 2019 —-— 0.54 (0.32, 0.92) 7.8
Overall p~— 0.57 (0.4, 0.74); P<0.001  100.0
—_— (I*-square: 65.9%; P < 0.001)
3 5 1 2
OR

F1GURE 2: Forest plot of SRS following embolization versus SRS alone on the risk of obliteration rate.

for rehemorrhage (P value for Egger test, 0.512; P value
for Begg test, 0.721; Supplement 2).

3.5. Permanent Neurological Deficits. Seven studies reported
the effects of SRS following embolization versus SRS alone
on the risk of permanent neurological deficits [36, 38, 43,
46, 48, 50, 51]. The summary OR indicated no significant dif-
ference between SRS following embolization and SRS alone
for the risk of permanent neurological deficits (OR, 0.80;
95% CI, 0.48-1.33; P = 0.385; Figure 4), and significant het-
erogeneity was noted among included studies. The sensitivity
analysis indicated that SRS following embolization might
reduce the risk of permanent neurological deficits than SRS
alone after excluding the study conducted by Schwyzer
et al. [43] (Supplement 1). The subgroup analysis indicated
that SRS following embolization was associated with a
reduced risk of permanent neurological deficits when the
follow-up duration was <60.0 months (Table 2). No signifi-
cant publication bias for permanent neurological deficits
was observed (P value for Egger test: 0.614; P value for Begg
test, 1.000; Supplement 2).

4. Discussions

This systematic review and meta-analysis were performed
based on published articles and compared the treatment
effects between SRS following embolization and SRS alone
in patients with IAVMs. This study recruited 3,454 patients
with IAVMs from two prospective and 17 retrospective stud-
ies across a broad range of patient characteristics. This study
found that SRS following embolization was associated with a
reduced risk of obliteration compared with SRS alone. More-

over, there were no significant differences between SRS
following embolization and SRS alone for the risk of rehe-
morrhage and permanent neurological deficits. The sensitiv-
ity analysis found that SRS following embolization might
play a protective role on the risk of permanent neurological
deficits than SRS alone. Finally, the treatment effects between
SRS following embolization and SRS in patients with IAVMs
could be affected by nidus volume, margin dose, intervention,
and follow-up duration.

Several systematic reviews and meta-analyses have been
conducted to compare the treatment effects between SRS fol-
lowing embolization and SRS alone in patients with IAVMs.
A review on 10 studies conducted by Xu et al. found that SRS
following embolization was associated with a lower oblitera-
tion rate, while there were no significant effects on the risk of
rehemorrhage and permanent neurological deficits [53].
However, this study provided pooled effect estimates for the
treatment effects between SRS following embolization and
SRS alone, and whether the treatment effects vary according
to patient characteristics were not addressed. An updated
meta-analysis conducted by Russell et al. included 12 studies
and found that the combination of embolization and SRS was
associated with lower obliteration rate compared with SRS
alone, while other outcomes were not addressed, and the
pooled effect estimates were not calculated [54]. Zhu et al.
conducted a meta-analysis of six studies to compare the ben-
efit and risk of Gamma Knife surgery after embolization in
patients with residual IAVMs. They point out that Gamma
Knife surgery following embolization could significantly
reduce the obliteration rate, while it did not affect the risk
of rehemorrhage and permanent neurological deficits [55].
However, this study focused on Gamma Knife surgery as an
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FIGURE 3: Forest plot of SRS following embolization versus SRS alone on the risk of rehemorrhage.
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FIGURE 4: Forest plot of SRS following embolization versus SRS alone on the risk of permanent neurological deficits.

SRS strategy, while other types of SRS were not addressed.
Moreover, the analysis only included six studies, and the
power might be inadequate to detect potential differences
between groups. Therefore, the current updated systematic
review and meta-analysis were conducted to compare the
treatment effects between SRS following embolization and
SRS alone in patients with IAVMs.

The overall result of this study found that SRS following
embolization was associated with a lower obliteration rate
than SRS alone, which was consistent with the results of pre-
vious meta-analyses [53-55]. Several reasons could explain
this pooled conclusion: (1) the radiation beams delivered
by SRS could be absorbed or scattered by embolic agents
and cause a reduced overall dose to the nidus [56], (2)

embolization could convert the nidus from dormant status
to a dynamic status by promoting angiogenesis within
IAVMs [57], (3) the embolization in IAVMs could
increase the difficulty to define the nidus by obscuring
its boundaries and cause increased risk of SRS treatment
failure [58], (4) embolization could fragment the nidus
into noncontiguous compartments and increase the diffi-
culty of SRS target [59], and (5) the embolized portions
of JAVMs was not the target of SRS, which could recana-
lize at the post-SRS latency period and cause a patent nidus
on follow-up neuroimaging [60]. Moreover, subgroup analy-
ses found the treatment effects between SRS following embo-
lization and SRS alone for the risk of obliteration could be
affected by nidus volume, margin dose, intervention, and
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follow-up duration. Finally, we noted no significant differ-
ences between groups for the risk of obliteration in prospec-
tive studies, studies that did not report SRS strategy, or
studies with low quality. These results could be explained
by the statistical power, severity of nidus, intensity of inter-
vention, and reliability of results in the individual study.
The pooled results found that SRS following emboliza-
tion was not associated with the risk of rehemorrhage com-
pared with SRS alone. Almost all included studies reported
similar results. Moreover, the results showed stability and
were not altered by using a sensitivity and subgroup analyses.
This result could be explained by the difference in the nidus
size and volume between the SRS following embolization
and SRS alone groups. Furthermore, although SRS following
embolization was not associated with the risk of permanent
neurological deficits than SRS alone, the sensitivity analysis
found that SRS following embolization might reduce the risk
of permanent neurological deficits. In addition, the protective
role of SRS following embolization on the risk of permanent
neurological deficits was mainly observed in studies with
follow-up duration of <60.0 months. The potential reason
for this could be that most permanent neurological deficits
mainly occurred in shorter follow-up duration after SRS.
Several limitations of this study should be acknowledged.
First, most included studies (17/19) had a retrospective
observational design, and the conclusions of this study were
based on lower evidence level, which should be recom-
mended cautiously. Second, the disease status and experience
of the clinician are different across included studies, which
could affect the prognosis of IAVMs. Third, the heterogene-
ity across included studies was not fully explained using sen-
sitivity and subgroup analyses, which restricted the reliability
of pooled conclusions. Fourth, the background treatment
options and rehabilitation strategies were not addressed,
which could affect the treatment effects between groups for
the midterm and long-term outcomes. Finally, the inherent
limitations of the meta-analysis based on published articles
include publication bias and analysis based on pooled data.

5. Conclusions

This study found that SRS following embolization could
reduce the risk of the obliteration rate than SRS alone. More-
over, the sensitivity analysis suggested that SRS following
embolization might play a protective role on the risk of
permanent neurological deficits. However, SRS following
embolization was not associated with the risk of rehemor-
rhage. These conclusions should be verified in further large-
scale randomized controlled trials.
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