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Abstract: Stereotactic radiosurgery (SRS) is an effective treatment strategy for cerebral arteriovenous
malformations (AVMs). Aggressive treatment achieving complete obliteration is necessary to prevent
further intracranial hemorrhage and neurological deficits. However, SRS treatment of large AVMs
(>10 cm3) is challenging. To prevent toxicity in the normal brain tissue, it is imperative to reduce
the radiation dose as the lesion volume increases; however, this also reduces the rate of obliteration.
In this study, we review the various radiosurgical approaches for treating large AVMs and their
outcomes, and suggest ways to improve treatment outcomes during SRS for large AVMs.

Keywords: arteriovenous malformation (AVM); stereotactic radiosurgery (SRS); gamma knife
radiosurgery; adverse radiation effect (ARE); radiation-induced change (RIC); volume-staged;
dose-staged; obliteration; intracranial hemorrhage; large-volume

1. Introduction

Stereotactic radiosurgery (SRS) is an effective treatment strategy for cerebral arteriove-
nous malformations (AVMs), particularly small-to medium-sized AVMs [1,2]. Radiation
causes endothelial and subendothelial damage, which leads to cellular proliferation, extra-
cellular matrix expansion, and eventually, total obliteration of the vessel wall structure [3].
Aggressive treatment is necessary to achieve complete obliteration in order to prevent
intracranial hemorrhage, seizures (epilepsy), and focal neurologic deficits due to the steal
phenomenon. Complete obliteration of the AVM nidus is accomplished in 70–95% of
patients within a period of 3 to 5 years of SRS [4]. However, SRS has certain limitations
for AVMs greater than 10 cm3 in volume. To prevent toxicity to the normal tissues, it is
necessary to reduce the radiation dose as the lesion volume increases, thus reducing the
rate of obliteration. In this study, we reviewed the existing literature on managing large
AVMs, and suggested ways to improve treatment outcomes during SRS for large AVMs.

2. Endovascular Embolization

Endovascular embolization, SRS, and surgical resection, alone or in combination, are
all effective treatment options for AVMs. Endovascular embolization and SRS are com-
monly used together for larger and more complex AVMs, particularly those that have
ruptured [5]. Using embolization as a neoadjuvant treatment prior to SRS has several bene-
fits, including lowering the size of AVMs, enabling the delivery of a higher radiation dose
to a smaller target area, and leading to a higher rate of complete obliteration and fewer com-
plications [2], as well as the elimination of high-risk characteristics, such as AVM-related
aneurysms and high-flow shunts [6–8], and the alleviation of symptoms related to arterial
steal or venous hypertension [9]. Nevertheless, some authors have proposed that em-
bolization prior to SRS has various disadvantages. These include challenges in accurately
identifying the AVM during SRS due to the presence of embolic material [10], the creation
of collateral feeding vessels [11], the induction of hypoxia (which reduces the responsive-
ness of the AVM to radiation) [12], and dose attenuation of embolic agents [13,14], which
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ultimately reduces its obliteration rate. Furthermore, approximately 12–15% of patients
have delayed nidus recanalization following either particle or glue embolization [15–17].
A multi-institutional retrospective study enrolling 257 patients with large-volume AVMs
(median volume, 23.25 cc) who underwent volume-staged SRS (VS-SRS) revealed that prior
embolization was associated with poor outcomes [18]. Furthermore, one meta-analysis con-
cluded that the adjuvant use of endovascular embolization to treat associated aneurysms
and high-flow fistulas correlated with a lower hemorrhage rate, whereas more aggressive
embolization aimed at complete obliteration was associated with a higher rate of peripro-
cedural intracranial hemorrhage [19]. Kim et al. previously suggested that neoadjuvant
embolization was a significant negative predictive factor for obliteration 36 months after
gamma knife radiosurgery (GKRS) in AVMs with a large volume and complex angioar-
chitecture in the single-center retrospective study including 228 patients (29 neoadjuvant-
embolized, 19 adjuvant-embolized, and 180 nonembolized patients) [20]. This finding is
consistent with those of previous matched cohort studies [14] and meta-analyses [21,22].
Hasegawa et al. retrospectively analyzed the treatment outcomes of 1246 patients in a
single institution. The study revealed embolization before GKRS was negatively associated
with nidus obliteration [23]. However, in a recent case-control study with propensity score
matching conducted by the same group, there was no significant difference in either the
nidus obliteration rate or cumulative hemorrhage between SRS only and embolization+SRS
groups. Most patients in the embolization+SRS group (88%) underwent embolization with
n-butyl-2-cyanoacrylate [24]. Additionally, a multicenter matched cohort study to compare
outcomes of SRS with vs without upfront Onyx embolization revealed that pre-SRS Onyx
embolization did not appear to negatively influence outcomes after SRS. The authors pro-
posed that the use of neoadjuvant embolization should be carefully considered for selected
large-volume or high-risk AVMs with complex angioarchitecture [25]. Another matched
cohort study comprising 17 patients in the embolized group (median volume 17 cc) and
35 patients in the non-embolized group (median volume 13.1 cc) reported that the em-
bolized group had a significantly higher incidence of repeat SRS, and collateral flow
and neovascularization were more frequently observed in the embolized non-obliterated
AVMs [26]. Although we expected that the potential benefits of embolization would re-
duce the risk of latent period hemorrhage, particularly recurrent bleeding from previously
ruptured AVMs, we suggested considering recanalization following embolization and the
adjuvant use of endovascular embolization instead of curative intent.

3. Hemorrhage

Intracranial hemorrhage is the most devastating complication of AVMs; if left un-
treated, the overall risk of spontaneous hemorrhage from a brain AVM varies between
2% and 5% annually [10,27,28]. Moreover, previous studies have demonstrated that the
occurrence of an initial AVM rupture significantly increases the risk of subsequent rup-
ture. Prior hemorrhage was identified as a significant contributing factor to subsequent
bleeding [29–31]. Previous studies have also indicated that smaller AVMs exhibit a higher
incidence of hemorrhage than larger AVMs [32,33]. Nevertheless, recent investigations
in the field of natural history have indicated that a larger AVM size is correlated with a
heightened likelihood of subsequent hemorrhage [34,35]. The annual rate of hemorrhage
after radiosurgery for large AVMs varies from 3.3% to 12.41% [36].

In the case of large AVMs, one potential drawback of VS-SRS is that partial AVM
irradiation may increase the bleeding risk by redistributing blood flow within the AVM
to non-irradiated patients [37,38]. Colombo et al. also found that the hemorrhage risk for
partially treated AVMs was greater (7/27 patients, 26%) than that for completely irradiated
AVMs (8/153, 5%) [39]. Although some early studies have revealed an increased risk of
bleeding after SRS, larger and more detailed analyses have demonstrated that the risk of
hemorrhage is either unchanged or decreased following SRS for AVMs [40–44]. Indeed, one
previous meta-analysis that included only AVMs with an AVM score greater than 2 reported
that the annual hemorrhage rate was 3.22%, the annual hemorrhage rate for unruptured
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large AVMs was 3.53%, and the annual hemorrhage rate for previously ruptured large
AVMs was 6.10% following SRS, which was comparable to the baseline rupture rates
reported for untreated AVMs [45].

4. Adverse Radiation Effect

Approximately 30% of patients with AVM show radiation-induced changes (RICs) in
the brain on magnetic resonance (MR) T2 scans following SRS. However, these features
are asymptomatic in two-thirds of affected individuals. As a result, symptomatic adverse
radiation effects (ARE) arise in approximately 9% of patients, while 3% have a permanent
deficit [46–49]. Previous studies have indicated that a sudden alteration in venous drainage
could result in substantial T2 changes, as well as the development of severe edema fol-
lowing SRS [50,51], a phenomenon which may be explained by the existence of occlusive
hyperemia [52]. This finding supports the notion that hemodynamic changes other than
radiation injury may be attributed to ARE [53]. A recent study further suggested that an
imbalance between inflow and outflow capacity and a lower vein-artery (VA) ratio are both
strong predictors of ARE [53]. Conversely, Kim et al. reinforced the idea that radiation
injury to the intervening brain parenchyma within the nidus could explain AREs. They
found that a greater proportion of brain tissue between the nidus and 50% isodenseline
(IDL) was significantly correlated with RICs [54].

A higher incidence of ARE was also observed in patients with large AVMs treated
with SRS. Miyawaki et al. previously reported that AVMs with a volume ≥ 14 cc treated
with a dose of ≥16 Gy had a 72% frequency of radiation necrosis, while surgical resec-
tion was required in 22% of patients [55]. Han et al. previously reported that 33.3% of
AVMs with volumes ranging from 4 to 14 cc experienced postradiosurgical changes, with
AVMs > 14 cc having 3 times fewer AREs. They ascribed this result to their dosimetry
strategy of preventing radiation effects by prescribing a dose of approximately 10 Gy to
large AVMs [56].

Administering conventional therapeutic doses of radiation to treat large AVMs is
associated with a higher likelihood of AREs in the adjacent brain tissue. While there is a
clear correlation between the dose and AVM obliteration, the prescription of the dose must
consider the potential risk of ARE [57–60]. The “12-Gy-volume” refers to the total volume
of tissue receiving 12 Gy or more (including the target). Flickinger et al. found that the
“12-Gy-volume” reflects the risk of developing postradiosurgery imaging changes, while
the location of the AVM significantly influenced whether the postradiosurgery imaging
changes were symptomatic or not [48]. They also proposed that it would not be advisable
to reduce the chance of obliteration using lower doses solely to avoid temporary and mild
postoperative sequelae.

When treating large AVMs, it is necessary to decrease the prescribed dose to minimize
the risk of AREs. However, this resulted in a decrease in the complete obliteration rate
of the AVMs. Hence, attaining complete obliteration of large AVMs in a single session is
challenging. Staged SRS with multiple irradiations has previously been documented. The
rationale for the volume-staged SRS (VS-SRS) was proposed by Pollock et al., who compared
the radiation dosimetry of VS-SRS with that of hypothetical single-session procedures in
10 patients. VS-SRS resulted in an average reduction of 11.1% in the “12-Gy-volume”,
while the “non-AVM 12-Gy-volume” was decreased by an average of 27.2%. This study
concluded that performing VS-SRS on large AVMs led to reduced radiation exposure to
the surrounding brain tissue [37]. The reported ARE rates of ARE following VS-SRS range
from 11.2% to 14% [38,61–65]. A recent retrospective study comparing large AVMs treated
with regular-dose (18–22 Gy) and low-dose (<18 Gy) SRS reported that regular-dose SRS
significantly contributed to an increase in the obliteration rate and a decrease in significant
neurological events and hemorrhage. The authors also proposed that single-session SRS
could be acceptable for AVMs with volumes up to 20 cc [66].
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5. Staged SRS

Radiosurgical methods for treating large AVMs include single-session dose-stage (DS-
SRS) and volume-stage (VS-SRS) procedures. Typically, a higher cure rate is not achieved
when the AVM nidus volume is large, for two reasons. The primary reason is that only
partial coverage of the actual nidus is commonly achieved, as there is a worry of causing
intolerable damage to the surrounding normal brain tissue. The second reason is the use of
a low prescribed marginal dose to minimize the harmful effects of radiation on the treated
area [67]. We reviewed two radiosurgical approaches to achieve favorable outcomes in the
treatment of large AVMs.

5.1. Dose-Staged SRT/SRS (DS-SRS)

Previous studies described dose staging as either hypofractionated stereotactic ra-
diotherapy (HSRT) or repeat SRS. HSRT involves the delivery of several small doses of
radiation to the AVM over a few weeks. The main rationale for this approach is the frac-
tionation effect in the normal brain, i.e., the brain tissue adjacent to the target volume can
tolerate a higher total dose. Repeat radiosurgery employs a higher initial dose (less than a
single session for small-to-medium-sized AVMs), while additional sessions are performed
after several months or years, if there is no evidence of obliteration [64].

The nidus of AVMs may have a small α/β ratio, similar to that of late-responding
normal tissues. Nevertheless, the real α/β ratios for AVMs, as well as for normal vessels
or normal neural structures, remain only poorly understood. Assuming an α/β ratio of
2.0 Gy for normal tissue, which is widely recognized for late effects following radiotherapy,
a dose of 25 Gy in 5 fractions and 32 Gy in 4 fractions would have equivalent effects to
doses of 12.3 and 17 Gy delivered in a single fraction, respectively [68]. The results of HSRT
have revealed a decrease in treatment-related toxicity, while still achieving an obliteration
rate of 20–40%, which is lower than that of RS [68–74]. Unlike conventional HSRT, which
divides the dose evenly into several fractions, partial hypofractionation is a method to boost
complementary parts of the target volume in different fractions to improve the therapeutic
ratio and biological dose reduction of the normal brain in the treatment of large AVMs [75].

Repeat SRS involves administering a low dose of radiation to the entire AVM nidus,
followed by a waiting period of three to four years, after which the remaining AVM is
treated. Kim et al. previously reported an overall obliteration rate of 34.1% in 44 patients
who underwent repeat SRS, maintaining an interval of at least 3 years between procedures
(mean AVM nidus volume, 48.8 cm3, mean marginal dose, 13.9 Gy) [76]. Another study that
included 89 patients (median volume, 14 cm3; median marginal dose, 15 Gy) documented
an estimated obliteration rate of 62% following repeat SRS in the retrospective study.
However, the annual incidence of hemorrhage is high (7%), with 35% occurring within
the first year of initial treatment [74]. Chytka et al. retrospectively compared the results
of staged treatment with single-session radiosurgery for AVM (≥15 cm3) and suggested
performing repeat radiosurgery if complete obliteration was not accomplished within
3 years of SRS [77].

Mantziaris et al. pooled data from 14 multicenter experiences with 505 patients
undergoing repeat SRS. This study included 167 AVMs (33.1%) with a Virginia Radiosurgery
AVM Scale (VRAS) score of 3 and 68 AVMs (13.5%) with a VRAS score of 4. They reported
59.4% of obliteration rate, 5.6% of post-SRS hemorrhage, and 5.6% of symptomatic RIC. The
authors identified that a larger nidus volume and brainstem/basal ganglia involvement
were negatively correlated with a favorable outcome following repeat SRS [78]. A recent
systemic review and meta-analysis conducted by Shaaban et al. included 32 AVMs with a
Spetzler–Martin (SM) grade IV and 6 AVMs with SM grade V. The authors suggested that
repeat SRS could be used for SM IV and V AVMs after a period of 3 to 5 years after the
initial SRS for incompletely obliterated AVMs in the International Stereotactic Radiosurgery
Society Practice Guidelines [79].
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5.2. Volume-Staged SRS (VS-SRS)

VS-SRS is a technique in which the nidus is divided into multiple volumes and treated
in consecutive sessions with 3–6-month intervals between treatments. This method de-
creases the amount of radiation received by the normal brain, potentially minimizing the
risk of toxicity, while ensuring that the prescribed doses are adequate [18,37,61]. This
technique is based on the hypothesis that higher radiation doses can decrease the risk of
hemorrhage in large AVMs by improving the rate at which they are obliterated. Addition-
ally, it is believed that the normal tissues surrounding AVMs undergo sublethal radiation
repair before progressing to the next session [80]. The initial series divided the nidus into
two volumes, independent of size, and administered doses of <17 Gy for each stage. VS-SRS
led to only a 21% chance of near or complete obliteration at 5 years [62]. The dosage used
at each stage was consistently increased. When doses ≥ 17 Gy were used, the likelihood of
complete obliteration after 5 years was found to be 68% [62]. In one prospective study by
Kano et al., it was found that there was a 62% chance of obliteration when a dose ≥ 17 Gy
was administered per volume stage after a period of 5 years [64]. In addition, Seymour et al.
proposed in the multi-center retrospective study that increasing the dose beyond 17.5 Gy
was strongly associated with an increased rate of partial response, complete obliteration,
and cure. Conversely, the cohort that received extensive treatment experienced a higher
incidence of latent period hemorrhage than anticipated [18]. In contrast, Franzin et al.
identified that radiation doses of up to 20 Gy with a longer time interval between the stages
(15 ± 6 months) were safely administered in 20 VS-SRS procedures for large AVMs (median
volume 15.9 cm3) in the prospective study [65]. Another retrospective study investigat-
ing how to improve outcomes in VS-SRS suggested that ≥20-Gy volume coverage was
significantly correlated with higher total obliteration rates. Further, results showed that
when the margin dose was ≥17 Gy and the 20-Gy SRS volume included ≥63% of the total
target volume, the obliteration rates increased to 61% at 5 years, and 70% at 10 years. The
authors recommended adding additional isocenters with low weights within the volume
described by 17 Gy to increase the volume of AVM receiving ≥20 Gy [81]. Regarding the
risk of ARE following VS-SRS, 257 patients from nine different radiosurgical centers were
retrospectively analyzed (median volume, 23.25 cm3 and median marginal dose, 17 Gy).
The authors reported that 25% of patients developed ARE, of which 7.4% were perma-
nent. They revealed that the maximal linear dimension of the Z (craniocaudal) dimension
significantly correlated with toxicity (threshold length, 3.28 cm), possibly because these
large lesions must either be displaced or contain an eloquent cortex, which may lead to
symptomatic ARE [82].

Typically, the time interval between sessions was intended to be 3–6 months. Rec-
ommendations have been made by other studies to decrease the time interval between
treatment sessions and increase obliteration rates. A period of six months is expected to
provide sufficient time for the tissue surrounding the irradiated AVM to heal any sublethal
damage that may occur during radiosurgical sessions. Reducing the amount of radiation
that reaches the surrounding normal brain tissue can also lower the risk of delayed white
matter changes or cyst formation following VS-SRS for large AVMs [37]. Seymour et al.
retrospectively compared the VS-SRS treatment outcomes for 63 AVMs larger than 10 mL
during two eras: Era 1 (from 1992 to March 2004) and Era 2 (from May 2004 to 2008). In
the Era 2 group, the target volume of each stage was reduced (median, 15.0 cc to 6.8 cc),
the dose per stage was increased (median, 15.5 Gy to 17.0 Gy), and the interval between
stages was shortened (median, 5.8 to 3.7 months) compared to the Era 1 group. The rate of
near or complete obliteration was significantly higher in Era 2 than in Era 1 (21% vs. 68% at
5 years). Additionally, the near or complete obliteration rate was significantly higher for
AVMs treated with a dose of at least 17 Gy per stage. The complication rates were 29% and
13% in Eras 1 and 2, respectively. The authors recommended that the irradiation volume of
each stage should be ≤8 mL and that the marginal dose should be ≥17 Gy [62].

Two approaches were employed to strategize the planning of VS-SRS. The first in-
volved the creation of a plan that covered the entire nidus during the initial stage. The plan
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was divided into 2–4 volume stages, serving as the first volume stage and pre-plans for the
following stages. In the second method, each volume stage was planned solely on the date
of each treatment. This method could potentially reduce the underdosing of the junction
zones between the nidus subvolumes and accommodate any anatomical alterations that
may be associated with a treatment response [18]. This approach enabled more precise
target delineation and higher-quality dose plans, thus preventing dose overlap within and
outside the nidus [83].

The planning strategies in VS-SRS are as follows:

• The time interval between sessions should be 3–6 months [37,84,85].
• The components are divided mainly in the vertical direction (z-axis direction) [85].
• The AVM treatment plan should start from the deepest region to the most superficial

region, and from the medial to the lateral region [86].
• The nidus should be divided according to the territories of the contributing arteries [87].
• The components with main feeders should be irradiated first [85].
• The portion of the AVM associated with the major draining veins should be irradiated

last in order to minimize the possibility of increasing the hemorrhage risk due to early
venous outflow obstruction [37,85].

• It is imperative to make every possible effort to guarantee that the radiation overlap is
limited to the AVMs and not in the normal brain tissue [37].

• The minimum marginal dose should be 17 Gy or greater, depending on the AVM
location [62,64].

• The irradiation volume of each stage should be ≤8 mL [62].
• Additional isocenters with low weights should be added within the volume described

by 17 Gy to increase the volume of AVM receiving ≥20 Gy [81].
• An irradiation volume of 18 Gy (V18Gy) < 10 mL should be maintained when possible [85].
• Smaller volumes per stage should be used for deep AVMs to decrease the incidence of

symptomatic ARE [88].
• Low-dose SRS with repeat SRS could be an option for moderate-sized AVMs in a deep

location [57].

The primary goal of AVM treatment is complete obliteration. However, complete
obliteration of large AVMs remains challenging and takes longer after VS-SRS. Previous
studies have reported that patients experience neurological improvements even without
complete obliteration. The progressive decrease in the volume of large AVMs with VS-SRS
might positively alter the hemodynamics within the nidus. This can potentially lead to
clinical benefits such as a reduced risk of hemorrhage, improvement in seizure control, and
the reversal of neurological deficits caused by chronic vascular steal [89–91].

5.3. DS-SRS vs. VS-SRS

Table 1 lists the published results of DS-SRS and VS-SRS for large AVMs. Two system-
atic reviews comparing VS-SRS with DS-SRS (including HSRT) identified higher rates of
obliteration with the VS-SRS approach, with similar rates of toxicity favoring the VS-SRS
approach [92,93].
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Table 1. Literature review of staged SRS for large AVMs.

Authors & Year
& Study
Design.

DS or
VS No. of Patients Follow-Up

Median
Volume

(cm3)

Median
Marginal
Dose (Gy)

No. of Stages
Time

between
Stages

(Months)
Obliteration Hemorrhage ARE

Karlsson et al.,
2007 [74]

MC, R
DS 89 NA 14 (9–56)

First: 15
(10–25)

Second: 18
(15–25)

42 pts; 2,
2 pts: 3 At least 35 62% 7% 7%

Kim et al.,
2010 [76]

S, R
DS 44

109.4
months
(27–202)

Mean 48.8
(30.3–109.5)

Mean 13.9
(8.4–17.5)

23 pts: 2
8 pts: 3
2 pts: 4

At least 26 34.1% 6.8% 4.5%

Seymour et al.,
2016 [62]

S, R

VS

Era 1
(1999–2004) 33 8.6 years 27.3

(13.5–68)
15.5

(12–18)
2 stages +

salvage SRS

Median 5.8
(3.1–31.1)

Near or complete 3 yr-5%,
5 yr-21%

11 pts experience
15 hemorrhages

29%
persistent-

16%

Era2
(2004–2008) 30 4.6 years 18.9

(8.6–65.9)
17

(16–18)
Median 3.7

(2.0–6.7)
Near or complete 3 yr-23%,

5 yr-68%
7 pts experience
8 hemorrhages

13%
persistent-

3%

Seymour et al.,
2020 [18]

MC, R
VS 257 5.79 years 23.25

(7.7–94.4)
17

(12–20)
224 pts: 2
26 pts: 3
7 pts: 4

3–6
<17 Gy 5 yr-6.8% 3.7% per year total

46 hemorrhages

28.7%
permanent-

9.8%≥17 Gy 5 yr-26.7%

Kano et al.,
2012 [64]

S, P
VS 47 87 months

(0.4–209)
22.0

(10.2–56.9)
16

(13–18)

2–4
16 pts:

additional
SRS

Median 4.9
(2.8–13.8)

3 yr-7%,
4 yr-20%,
5 yr-28%,
10 yr-36%

1 yr-4.3%,
2 yr-8.6%,

5 yr-13.5%,
10 yr-36%

13%

Franzin et. al.,
2016 [65]

S, P
VS 20 45 months

(19–87)
15.9

(10.1–34.3) 20 (18–25) 2 Mean
15 ± 9 42% 10% 5%

Kano et al.,
2018 [81]

S, R
VS 60 82 months

(0.4–206)

First: 11.6
(4.3–26),
Second:

10.6
(2.8–33.7)

16 (13–18) 2 Median 4.5
(2.8–13.8)

3 yr-4%,
4 yr-13%,
5 yr-23%,
10 yr-27%

When ≥17 Gy and 20 Gy
volume ≥ 63%

5 yr-61%,
10 yr-70%

1 yr-1.7%,
2 yr-5.2%,
3 yr-7.0%,
5 yr-9.0%,

10 yr-25.2%

8.3%

ARE, adverse radiation effect, DS, dose-staged; MC, multicenter; P, prospective; pts, patients; R, retrospective; S, single; VS, volume-staged; yr, years.
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Moosa et al. previously performed a systematic review of VS-SRS and DS-SRS for
the treatment of large AVMs (>10 cm3). The mean complete obliteration rates in the DS
and VS groups were 22.8% and 47.5%, respectively, while the mean rates of symptomatic
radiation-induced changes in these groups were 13.5% and 13.6%, respectively. The mean
rates of cumulative post-SRS latency hemorrhage in the DS and VS groups were 12.3%
and 17.8%, respectively. The mean post-SRS mortality rates were 3.2% and 4.6% in the DS
and VS groups, respectively. The authors proposed that VS-SRS provides higher rates of
obliteration with comparable rates of complications to DS-SRS. Therefore, VS-SRS may
be a more effective approach for treating large AVMs that have not been successfully
treated using single-session SRS [93]. Ilyas et al. [92] also conducted a systematic review of
11 VS-SRS and 10 DS-SRS for large AVMs (>10 cm3), comparing 299 and 219 patients by
adding new studies to the prior data by Moosa et al. [93], and reported that the mean
complete obliteration rate was 41.2% for VS-SRS and 32.3% for DS-SRS. The mean rates
of symptomatic RIC and post-SRS hemorrhage were 14.0% and 18.8%, respectively, for
VS-SRS, and 12.5% and 11.6%, respectively, for DS-SRS. They suggested that, from the
perspective of achieving complete obliteration, VS-SRS is more beneficial, but DS-SRS is
associated with fewer adverse events [92]. Fogh et al. exported the target and normal
tissue contours from gamma knife radiosurgery to CyberKnife SRT in seven pediatric
AVM cases treated with VS-SRS, yielding the same level of target coverage and conformity
indices. They further revealed a mean reduction of 18.7% ± 7.3% in biologically equivalent
12-Gy normal brain volume in VS-SRS. They concluded that VS-SRS is more beneficial than
hypofractionation in providing a higher dose to the target, and achieving better protection
of normal brain tissue in the treatment of large AVMs [94].

6. Factors Related to Treatment Outcomes

A recent matched cohort analysis including 149 patients in each cohort to evaluate the
effect of AVM location on repeat SRS outcomes split the patients into the deep (brainstem,
basal ganglia, thalamus, deep cerebellum, and corpus callosum) and superficial cohorts.
The authors concluded that AVMs located in a deep region had significantly lower favor-
able outcomes and obliteration rates compared with superficial lesions after repeat SRS,
although rates of latent period hemorrhage and RIC were not significantly different [95].
A meta-analysis including 2508 patients with deep-seated AVMs reported that the mean
obliteration rates were 67% and 65% in brainstem and basal ganglia/thalamus, respec-
tively. The mean incidence of hemorrhage was 7% for the brainstem and 9% for basal
ganglia/thalamus AVMs. The authors concluded that SRS appears to be a safe and effective
modality for treating deep-seated AVMs [96]. As previously mentioned, Flickinger et al.
observed significantly more symptoms when imaging changes developed in the midbrain
and brainstem compared to the cerebral cortical or cerebellar locations according to the
significant post-radiosurgery injury expression (SPIE) score (the frontal lobe had the lowest
risk with an SPIE score of 0, whereas the pons/midbrain had the highest risk with an SPIE
score of 10) [48]. Hence, when treating deep AVMs, there is a specific concern regarding
the occurrence of ARE. One prior study involving VS-SRS, including moderate-sized AVM
in a deep location, reported an unfavorable outcome, suggesting that low-dose SRS with
repeat SRS could yield similar results as VS-SRS for these patients [57].

Essibayi et al. pooled data from 22 studies with 3469 patients (1316 pediatric and. 2153
adult aged over 18 years) in the meta-analysis and reported that there was no significant
difference in the obliteration rate between the pediatric (61%) and adult (67%) cohorts. The
post-SRS hemorrhage rates (5% pediatric, 6% adult) and symptomatic RIC rates (10% in
both cohorts) were similar [97]. A multi-center retrospective analysis of patients treated
with a planned prospective VS-SRS reported that age was not a significant predictive factor
for obliteration. However, improved overall survival was correlated with younger age at
VS-SRS in the multivariate analysis [18].

Many previous studies have identified that the total AVM volume was inversely
correlated with obliteration when treating large AVMs [18,62,66,83]. Nevertheless, some
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investigations ha e reported that there was no significant correlation between AVM volume
(size) and obliteration [64,81,98]. Regarding the type of AVM (compact vs diffuse), compact
nidus architecture was a significant predictive factor for obliteration in the multivariate
analysis [18,62,83].

A retrospective analysis on 791 patients with AVMs treated with SRS in a single center
revealed that a modified Pittsburgh radiosurgical AVM score ≥ 1.2, VRAS ≥ 3, and SM
grade ≥ 3 showed significant inverse correlations with nidus obliteration [66]. Graffeo et al.
reported a meta-analysis incorporating 9 studies of 1634 AVMs consisting of 431 SM Grade
III (88%), 186 SM Grade IV (11%), and 11 SM Grade V lesions (1%). They observed total
obliteration and hemorrhage rates of 72% and 7% for SM Grade III and 46% and 17% for
SM Grade IV–V lesions, respectively. High-grade AVMs exhibit diversity and heterogeneity,
making it challenging to predict their response to SRS. Although the median obliteration
rate was less than 50% in SM Grade IV–V lesions, the authors recommended SRS as a
primary treatment with personalized treatment planning strategies for high-grade AVMs,
unless there are specific features that make surgical removal a better option [99].

7. Asymptomatic Large AVMs

Following the results from A Randomized Trial of Unruptured Brain AVMs (ARUBA)
and the Scottish Audit of Intracranial Vascular Malformations prospective AVM cohort
study, which reported an equal or greater risk of any intervention than the natural history
of AVM if left untreated for unruptured asymptomatic AVM, the risk-benefit profile of
treatment for this subset of patients has been the subject of significant debate [100,101].

The outcomes of treatment of high-grade AVMs have been found to be worse after in-
terventions in comparative studies on conservative management and intervention [36,102].
For example, one multi-center retrospective analysis of 110 unruptured SM Grade IV–V
AVMs reported a relatively low obliteration rate (28%), along with high rates of post-SRS
hemorrhage (20%), symptomatic RIC (13%), and death (7%). The authors concluded that the
risk-to-benefit profile of SRS for unruptured high-grade AVMs was poor and suggested that
conservative management was superior to single-session SRS [98]. However, some studies
have indicated that intervention may be beneficial for appropriately selected patients, as it
could modify the natural history of these lesions with acceptable treatment-related mor-
bidity rates [103–105]. A recent meta-analysis comprising 1620 ARUBA-eligible patients
(36% asymptomatic) who underwent SRS identified SRS achieved obliteration to 68% with
a post-SRS hemorrhage risk of less than 10%. The authors suggested that SRS has a positive
risk–benefit ratio for ARUBA-eligible patients who are carefully chosen, especially those
with smaller AVMs [106]. Individuals who have experienced a previous hemorrhage or are
experiencing worsening neurological symptoms due to AVMs have a risk–benefit ratio that
makes intervention more reasonable. In such cases, it is important to consider all possible
treatment options. When managing asymptomatic large AVMs, which are believed to be
more beneficial for treatment, more elaborate radiosurgical planning to minimize the risk
of latent period hemorrhage and ARE and long-term follow-up are required to monitor
delayed ration-induced toxicities.

8. Future Study

Four-dimensional (4D) flow MRI is a non-invasive technique used to evaluate time-
resolved 3D blood flow velocities, providing complete coverage of the entire volume of the
brain. 4D Flow MRI can further measure cerebral hemodynamics at the level of individual
voxels over the entire volume. This method is distinct from structural imaging and pro-
vides unique information [107]. Prior research has demonstrated that 4D Flow MRI can
be used to analyze intricate 3D blood flow patterns, identify the primary feeding arteries
and draining veins, and measure changes in cerebral blood flow distribution following
staged embolization treatment of AVM [108,109]. Large AVMs have a complex angioarchi-
tecture, and may have multiple feeding vessels. In VS-SRS, as previously mentioned, it
is recommended to first divide the nidus according to the territories of the contributing
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arteries [87], and to only then irradiate the components involving the main feeder [85].
4D Flow MRI can facilitate not only radiosurgical planning in VS-SRS for large AVMs by
identifying the discrete portion of the nidus that is fed by separate arterial supplies, but also
the measurement of hemodynamic changes in AVMs after VS-SRS, even in the early phase,
when volumetric changes of the nidus are not prominent in the structural images. Srinivas
et al. further demonstrated that appreciable changes, including a decrease in arterial flow in
the primary feeding artery and flow in the draining vein within the first 6 months after SRS,
occurred earlier than the structural changes on standard MRI/MRA [110]. Flow mapping
capabilities can be used to assess alterations in flow connectivity in complex AVMs with
multiple feeding and draining vessels, and may aid in refining SRS treatment targets and
capture treatment responses and changes in blood flow within AVMs during the latent
period until nidus obliteration [111,112].

Until recently, the available medical treatments for AVMs have been limited. Some
researchers have identified that the level of vascular endothelial growth factor (VEGF) is
elevated in surgically resected specimen [113–115]. Walker et al. developed an AVM mouse
model by focal Alk1 gene deletion and human VEGF stimulation and revealed that VEGF
antagonism by bevacizumab (Avastin) might reduce the number of dysplastic vessels [116].
Further investigation is needed to see if Avastin can be effectively used as a specific medical
treatment for the human AVM, by inhibiting VEGF. Furthermore, Ferreira et al. specifically
reported VEGF-D overexpression in AVM and identified that microRNA-18a reduced the
VEGF-D level and AVM-derived brain endothelial cell proliferation [117]. Gene and cell
therapy combined with SRS has clinical potential for novel and personalized therapeutic
strategies for large intractable AVMs.

9. Conclusions

VS-SRS appears to be a beneficial approach for the treatment of large AVMs at risk
of obliteration failure. However, dose selection must balance the chances of obliteration
and risk of ARE. The suggested time interval between VS-SRS sessions is 3–6 months.
The nidus should be divided based on the territories of the contributing arteries. The
components that get the main blood supply should be treated with radiation first, while
the portion of the AVM associated with the major draining veins should be treated last.
The minimum recommended marginal dose should be 17 Gy or higher, depending on the
location of the AVM. To reduce the incidence of symptomatic ARE, it is advisable to utilize a
smaller volume per stage for deep AVMs. It is also advisable to consider utilizing low-dose
SRS in combination with repeated SRS as a potential treatment approach for AVMs of a
modest size located in a deep region. An elaborate radiosurgical plan to avoid radiation
overlap within the normal brain tissue and minimize the risk of latent period hemorrhage is
therefore necessary, particularly when treating asymptomatic large diffuse AVMs. Further
studies involving 4D flow MRI to facilitate radiosurgical planning and monitor treatment
responses are expected to improve treatment outcomes for large AVMs.

Author Contributions: Conceptualization, M.J.K.; methodology, M.J.K.; data curation, J.H.L.;
writing—original draft preparation, J.H.L.; writing—review and editing, M.J.K.; supervision, M.J.K.
All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflicts of interest.



Biomedicines 2024, 12, 2003 11 of 16

References
1. Yamamoto, M.; Jimbo, M.; Hara, M.; Saito, I.; Mori, K. Gamma knife radiosurgery for arteriovenous malformations: Long-term

follow-up results focusing on complications occurring more than 5 years after irradiation. Neurosurgery 1996, 38, 906–914.
[CrossRef] [PubMed]

2. Kano, H.; Kondziolka, D.; Flickinger, J.C.; Park, K.J.; Iyer, A.; Yang, H.C.; Liu, X.; Monaco, E.A., 3rd; Niranjan, A.; Lunsford,
L.D. Stereotactic radiosurgery for arteriovenous malformations after embolization: A case-control study. J. Neurosurg. 2012, 117,
265–275. [CrossRef]

3. Schneider, B.F.; Eberhard, D.A.; Steiner, L.E. Histopathology of arteriovenous malformations after gamma knife radiosurgery. J.
Neurosurg. 1997, 87, 352–357. [CrossRef] [PubMed]

4. Flickinger, J.C.; Pollock, B.E.; Kondziolka, D.; Lunsford, L.D. A dose-response analysis of arteriovenous malformation obliteration
after radiosurgery. Int. J. Radiat. Oncol. Biol. Phys. 1996, 36, 873–879. [CrossRef]

5. Kim, M.J.; Park, S.H.; Park, K.Y.; Jung, H.H.; Chang, J.H.; Chang, J.W.; Lee, J.W.; Chang, W.S. Gamma Knife Radiosurgery
Followed by Flow-Reductive Embolization for Ruptured Arteriovenous Malformation. J. Clin. Med. 2020, 9, 1318. [CrossRef]
[PubMed]

6. Huo, X.; Jiang, Y.; Lv, X.; Yang, H.; Zhao, Y.; Li, Y. Targeted embolization reduces hemorrhage complications in partially embolized
cerebral AVM combined with gamma knife surgery. Interv. Neuroradiol. 2015, 21, 80–87. [CrossRef]

7. Krings, T.; Hans, F.J.; Geibprasert, S.; Terbrugge, K. Partial “targeted” embolisation of brain arteriovenous malformations. Eur.
Radiol. 2010, 20, 2723–2731. [CrossRef]

8. Crowley, R.W.; Ducruet, A.F.; Kalani, M.Y.; Kim, L.J.; Albuquerque, F.C.; McDougall, C.G. Neurological morbidity and mortality
associated with the endovascular treatment of cerebral arteriovenous malformations before and during the Onyx era. J. Neurosurg.
2015, 122, 1492–1497. [CrossRef]

9. Ogilvy, C.S. Radiation therapy for arteriovenous malformations: A review. Neurosurgery 1990, 26, 725–735. [CrossRef]
10. Kano, H.; Kondziolka, D.; Flickinger, J.C.; Yang, H.C.; Flannery, T.J.; Awan, N.R.; Niranjan, A.; Novotny, J., Jr.; Lunsford, L.D.

Stereotactic radiosurgery for arteriovenous malformations, Part 3: Outcome predictors and risks after repeat radiosurgery. J.
Neurosurg. 2012, 116, 21–32. [CrossRef]

11. Kwon, Y.; Jeon, S.R.; Kim, J.H.; Lee, J.K.; Ra, D.S.; Lee, D.J.; Kwun, B.D. Analysis of the causes of treatment failure in gamma knife
radiosurgery for intracranial arteriovenous malformations. J. Neurosurg. 2000, 93 (Suppl. S3), 104–106. [CrossRef]

12. Sure, U.; Battenberg, E.; Dempfle, A.; Tirakotai, W.; Bien, S.; Bertalanffy, H. Hypoxia-inducible factor and vascular endothe-
lial growth factor are expressed more frequently in embolized than in nonembolized cerebral arteriovenous malformations.
Neurosurgery 2004, 55, 663–669; discussion 669–670. [CrossRef] [PubMed]

13. Andrade-Souza, Y.M.; Ramani, M.; Beachey, D.J.; Scora, D.; Tsao, M.N.; Terbrugge, K.; Schwartz, M.L. Liquid embolisation
material reduces the delivered radiation dose: A physical experiment. Acta Neurochir. 2008, 150, 161–164; discussion 164.
[CrossRef] [PubMed]

14. Andrade-Souza, Y.M.; Ramani, M.; Scora, D.; Tsao, M.N.; terBrugge, K.; Schwartz, M.L. Embolization before radiosurgery reduces
the obliteration rate of arteriovenous malformations. Neurosurgery 2007, 60, 443–451; discussion 451–452. [CrossRef] [PubMed]

15. Pollock, B.E.; Flickinger, J.C.; Lunsford, L.D.; Maitz, A.; Kondziolka, D. Factors associated with successful arteriovenous
malformation radiosurgery. Neurosurgery 1998, 42, 1239–1244; discussion 1244–1247. [CrossRef] [PubMed]

16. Gobin, Y.P.; Laurent, A.; Merienne, L.; Schlienger, M.; Aymard, A.; Houdart, E.; Casasco, A.; Lefkopoulos, D.; George, B.; Merland,
J.J. Treatment of brain arteriovenous malformations by embolization and radiosurgery. J. Neurosurg. 1996, 85, 19–28. [CrossRef]

17. Pollock, B.E.; Kondziolka, D.; Lunsford, L.D.; Bissonette, D.; Flickinger, J.C. Repeat stereotactic radiosurgery of arteriovenous
malformations: Factors associated with incomplete obliteration. Neurosurgery 1996, 38, 318–324. [CrossRef]

18. Seymour, Z.A.; Chan, J.W.; Sneed, P.K.; Kano, H.; Lehocky, C.A.; Jacobs, R.C.; Ye, H.; Chytka, T.; Liscak, R.; Lee, C.C.; et al. Dose
response and architecture in volume staged radiosurgery for large arteriovenous malformations: A multi-institutional study.
Radiother. Oncol. 2020, 144, 180–188. [CrossRef] [PubMed]

19. Subat, Y.W.; Dasenbrock, H.H.; Gross, B.A.; Patel, N.J.; Frerichs, K.U.; Du, R.; Aziz-Sultan, M.A. Periprocedural intracranial
hemorrhage after embolization of cerebral arteriovenous malformations: A meta-analysis. J. Neurosurg. 2019, 133, 1417–1427.
[CrossRef]

20. Kim, M.J.; Jung, H.H.; Kim, Y.B.; Chang, J.H.; Chang, J.W.; Park, K.Y.; Chang, W.S. Comparison of Single-Session, Neoadjuvant,
and Adjuvant Embolization Gamma Knife Radiosurgery for Arteriovenous Malformation. Neurosurgery 2023, 92, 986–997.
[CrossRef]

21. Russell, D.; Peck, T.; Ding, D.; Chen, C.J.; Taylor, D.G.; Starke, R.M.; Lee, C.C.; Sheehan, J.P. Stereotactic radiosurgery alone or
combined with embolization for brain arteriovenous malformations: A systematic review and meta-analysis. J. Neurosurg. 2018,
128, 1338–1348. [CrossRef] [PubMed]

22. Zhu, D.; Li, Z.; Zhang, Y.; Fang, Y.; Li, Q.; Zhao, R.; Hong, B.; Xu, Y.; Liu, J.; Huang, Q. Gamma knife surgery with and without
embolization for cerebral arteriovenous malformations: A systematic review and meta-analysis. J. Clin. Neurosci. 2018, 56, 67–73.
[CrossRef]

23. Hasegawa, T.; Kato, T.; Naito, T.; Tanei, T.; Okada, K.; Ito, R.; Koketsu, Y.; Hirayama, K. Long-Term Risks of Hemorrhage and
Adverse Radiation Effects of Stereotactic Radiosurgery for Brain Arteriovenous Malformations. Neurosurgery 2022, 90, 784–792.
[CrossRef]

https://doi.org/10.1097/00006123-199605000-00010
https://www.ncbi.nlm.nih.gov/pubmed/8727815
https://doi.org/10.3171/2012.4.JNS111935
https://doi.org/10.3171/jns.1997.87.3.0352
https://www.ncbi.nlm.nih.gov/pubmed/9285598
https://doi.org/10.1016/S0360-3016(96)00316-1
https://doi.org/10.3390/jcm9051318
https://www.ncbi.nlm.nih.gov/pubmed/32370235
https://doi.org/10.15274/inr-2014-10090
https://doi.org/10.1007/s00330-010-1834-3
https://doi.org/10.3171/2015.2.JNS131368
https://doi.org/10.1227/00006123-199005000-00001
https://doi.org/10.3171/2011.9.JNS101741
https://doi.org/10.3171/jns.2000.93.supplement_3.0104
https://doi.org/10.1227/01.NEU.0000134556.20116.30
https://www.ncbi.nlm.nih.gov/pubmed/15335434
https://doi.org/10.1007/s00701-007-1482-9
https://www.ncbi.nlm.nih.gov/pubmed/18213438
https://doi.org/10.1227/01.NEU.0000255347.25959.D0
https://www.ncbi.nlm.nih.gov/pubmed/17327788
https://doi.org/10.1097/00006123-199806000-00020
https://www.ncbi.nlm.nih.gov/pubmed/9632181
https://doi.org/10.3171/jns.1996.85.1.0019
https://doi.org/10.1097/00006123-199602000-00016
https://doi.org/10.1016/j.radonc.2019.09.019
https://www.ncbi.nlm.nih.gov/pubmed/31835173
https://doi.org/10.3171/2019.5.JNS183204
https://doi.org/10.1227/neu.0000000000002308
https://doi.org/10.3171/2016.11.JNS162382
https://www.ncbi.nlm.nih.gov/pubmed/28498057
https://doi.org/10.1016/j.jocn.2018.07.008
https://doi.org/10.1227/neu.0000000000001913


Biomedicines 2024, 12, 2003 12 of 16

24. Hasegawa, T.; Kato, T.; Naito, T.; Mizuno, A.; Koketsu, Y.; Hirayama, K.; Niwa, H. Effect of embolization before stereotactic
radiosurgery for brain arteriovenous malformations: A case-control study with propensity score matching. J. Neurosurg. 2023,
138, 955–961. [CrossRef] [PubMed]

25. Chen, C.J.; Ding, D.; Lee, C.C.; Kearns, K.N.; Pomeraniec, I.J.; Cifarelli, C.P.; Arsanious, D.E.; Liscak, R.; Hanuska, J.; Williams, B.J.;
et al. Stereotactic radiosurgery with versus without prior Onyx embolization for brain arteriovenous malformations. J. Neurosurg.
2021, 135, 742–750. [CrossRef]

26. Hung, Y.C.; Mohammed, N.; Eluvathingal Muttikkal, T.J.; Kearns, K.N.; Li, C.E.; Narayan, A.; Schlesinger, D.; Xu, Z.; Sheehan, J.P.
The impact of preradiosurgery embolization on intracranial arteriovenous malformations: A matched cohort analysis based on
de novo lesion volume. J. Neurosurg. 2020, 133, 1156–1167. [CrossRef]

27. Auger, R.G.; Wiebers, D.O. Management of unruptured intracranial arteriovenous malformations: A decision analysis. Neuro-
surgery 1992, 30, 561–569. [CrossRef] [PubMed]

28. Brown, R.D., Jr.; Wiebers, D.O.; Forbes, G.; O’Fallon, W.M.; Piepgras, D.G.; Marsh, W.R.; Maciunas, R.J. The natural history of
unruptured intracranial arteriovenous malformations. J. Neurosurg. 1988, 68, 352–357. [CrossRef]

29. da Costa, L.; Wallace, M.C.; Ter Brugge, K.G.; O’Kelly, C.; Willinsky, R.A.; Tymianski, M. The natural history and predictive
features of hemorrhage from brain arteriovenous malformations. Stroke 2009, 40, 100–105. [CrossRef]

30. Graf, C.J.; Perret, G.E.; Torner, J.C. Bleeding from cerebral arteriovenous malformations as part of their natural history. J. Neurosurg.
1983, 58, 331–337. [CrossRef]

31. Stapf, C.; Mast, H.; Sciacca, R.R.; Choi, J.H.; Khaw, A.V.; Connolly, E.S.; Pile-Spellman, J.; Mohr, J.P. Predictors of hemorrhage in
patients with untreated brain arteriovenous malformation. Neurology 2006, 66, 1350–1355. [CrossRef] [PubMed]

32. Crawford, P.M.; West, C.R.; Chadwick, D.W.; Shaw, M.D. Arteriovenous malformations of the brain: Natural history in unoperated
patients. J. Neurol. Neurosurg. Psychiatry 1986, 49, 1–10. [CrossRef]

33. Spetzler, R.F.; Hargraves, R.W.; McCormick, P.W.; Zabramski, J.M.; Flom, R.A.; Zimmerman, R.S. Relationship of perfusion
pressure and size to risk of hemorrhage from arteriovenous malformations. J. Neurosurg. 1992, 76, 918–923. [CrossRef] [PubMed]

34. Karlsson, B.; Lindquist, C.; Johansson, A.; Steiner, L. Annual risk for the first hemorrhage from untreated cerebral arteriovenous
malformations. Min-Minim. Invasive Neurosurg. 1997, 40, 40–46. [CrossRef] [PubMed]

35. Hernesniemi, J.A.; Dashti, R.; Juvela, S.; Väärt, K.; Niemelä, M.; Laakso, A. Natural history of brain arteriovenous malformations:
A long-term follow-up study of risk of hemorrhage in 238 patients. Neurosurgery 2008, 63, 823–829; discussion 829–831. [CrossRef]

36. Han, P.P.; Ponce, F.A.; Spetzler, R.F. Intention-to-treat analysis of Spetzler-Martin grades IV and V arteriovenous malformations:
Natural history and treatment paradigm. J. Neurosurg. 2003, 98, 3–7. [CrossRef]

37. Pollock, B.E.; Kline, R.W.; Stafford, S.L.; Foote, R.L.; Schomberg, P.J. The rationale and technique of staged-volume arteriovenous
malformation radiosurgery. Int. J. Radiat. Oncol. Biol. Phys. 2000, 48, 817–824. [CrossRef]

38. AlKhalili, K.; Chalouhi, N.; Tjoumakaris, S.; Rosenwasser, R.; Jabbour, P. Staged-volume radiosurgery for large arteriovenous
malformations: A review. Neurosurg. Focus 2014, 37, E20. [CrossRef]

39. Colombo, F.; Pozza, F.; Chierego, G.; Casentini, L.; De Luca, G.; Francescon, P. Linear accelerator radiosurgery of cerebral
arteriovenous malformations: An update. Neurosurgery 1994, 34, 14–20; discussion 20–21. [CrossRef]

40. Friedman, W.A.; Blatt, D.L.; Bova, F.J.; Buatti, J.M.; Mendenhall, W.M.; Kubilis, P.S. The risk of hemorrhage after radiosurgery for
arteriovenous malformations. J. Neurosurg. 1996, 84, 912–919. [CrossRef]

41. Maruyama, K.; Kawahara, N.; Shin, M.; Tago, M.; Kishimoto, J.; Kurita, H.; Kawamoto, S.; Morita, A.; Kirino, T. The risk of
hemorrhage after radiosurgery for cerebral arteriovenous malformations. N. Engl. J. Med. 2005, 352, 146–153. [CrossRef]

42. Pollock, B.E.; Flickinger, J.C.; Lunsford, L.D.; Bissonette, D.J.; Kondziolka, D. Hemorrhage risk after stereotactic radiosurgery of
cerebral arteriovenous malformations. Neurosurgery 1996, 38, 652–659; discussion 659–661. [CrossRef] [PubMed]

43. Yen, C.P.; Sheehan, J.P.; Schwyzer, L.; Schlesinger, D. Hemorrhage risk of cerebral arteriovenous malformations before and during
the latency period after GAMMA knife radiosurgery. Stroke 2011, 42, 1691–1696. [CrossRef]

44. Stefani, M.A.; Porter, P.J.; terBrugge, K.G.; Montanera, W.; Willinsky, R.A.; Wallace, M.C. Large and deep brain arteriovenous
malformations are associated with risk of future hemorrhage. Stroke 2002, 33, 1220–1224. [CrossRef] [PubMed]

45. Mau, C.Y.; Sabourin, V.M.; Gandhi, C.D.; Prestigiacomo, C.J. SLAM: Stereotactic Radiosurgery of Large Arteriovenous Malforma-
tions: Meta-analysis of Hemorrhage in High-Grade Pollock-Flickinger Arteriovenous Malformations. World Neurosurg. 2016, 85,
32–41. [CrossRef]

46. Flickinger, J.C.; Kondziolka, D.; Maitz, A.H.; Lunsford, L.D. Analysis of neurological sequelae from radiosurgery of arteriovenous
malformations: How location affects outcome. Int. J. Radiat. Oncol. Biol. Phys. 1998, 40, 273–278. [CrossRef]

47. Flickinger, J.C.; Kondziolka, D.; Pollock, B.E.; Maitz, A.H.; Lunsford, L.D. Complications from arteriovenous malformation
radiosurgery: Multivariate analysis and risk modeling. Int. J. Radiat. Oncol. Biol. Phys. 1997, 38, 485–490. [CrossRef]

48. Flickinger, J.C.; Lunsford, L.D.; Kondziolka, D.; Maitz, A.H.; Epstein, A.H.; Simons, S.R.; Wu, A. Radiosurgery and brain tolerance:
An analysis of neurodiagnostic imaging changes after gamma knife radiosurgery for arteriovenous malformations. Int. J. Radiat.
Oncol. Biol. Phys. 1992, 23, 19–26. [CrossRef]

49. Starke, R.M.; Kano, H.; Ding, D.; Lee, J.Y.; Mathieu, D.; Whitesell, J.; Pierce, J.T.; Huang, P.P.; Kondziolka, D.; Yen, C.P.; et al.
Stereotactic radiosurgery for cerebral arteriovenous malformations: Evaluation of long-term outcomes in a multicenter cohort. J.
Neurosurg. 2017, 126, 36–44. [CrossRef] [PubMed]

https://doi.org/10.3171/2022.7.JNS221343
https://www.ncbi.nlm.nih.gov/pubmed/36087321
https://doi.org/10.3171/2020.7.JNS201731
https://doi.org/10.3171/2019.5.JNS19722
https://doi.org/10.1227/00006123-199204000-00015
https://www.ncbi.nlm.nih.gov/pubmed/1584355
https://doi.org/10.3171/jns.1988.68.3.0352
https://doi.org/10.1161/STROKEAHA.108.524678
https://doi.org/10.3171/jns.1983.58.3.0331
https://doi.org/10.1212/01.wnl.0000210524.68507.87
https://www.ncbi.nlm.nih.gov/pubmed/16682666
https://doi.org/10.1136/jnnp.49.1.1
https://doi.org/10.3171/jns.1992.76.6.0918
https://www.ncbi.nlm.nih.gov/pubmed/1588424
https://doi.org/10.1055/s-2008-1053413
https://www.ncbi.nlm.nih.gov/pubmed/9228335
https://doi.org/10.1227/01.NEU.0000330401.82582.5E
https://doi.org/10.3171/jns.2003.98.1.0003
https://doi.org/10.1016/S0360-3016(00)00696-9
https://doi.org/10.3171/2014.6.FOCUS14217
https://doi.org/10.1227/00006123-199401000-00004
https://doi.org/10.3171/jns.1996.84.6.0912
https://doi.org/10.1056/NEJMoa040907
https://doi.org/10.1227/00006123-199604000-00004
https://www.ncbi.nlm.nih.gov/pubmed/8692381
https://doi.org/10.1161/STROKEAHA.110.602706
https://doi.org/10.1161/01.STR.0000013738.53113.33
https://www.ncbi.nlm.nih.gov/pubmed/11988594
https://doi.org/10.1016/j.wneu.2015.08.022
https://doi.org/10.1016/S0360-3016(97)00718-9
https://doi.org/10.1016/S0360-3016(97)89481-3
https://doi.org/10.1016/0360-3016(92)90539-T
https://doi.org/10.3171/2015.9.JNS151311
https://www.ncbi.nlm.nih.gov/pubmed/26943847


Biomedicines 2024, 12, 2003 13 of 16

50. Pollock, B.E. Occlusive hyperemia: A radiosurgical phenomenon? Neurosurgery 2000, 47, 1178–1182; discussion 1182–1184.
[CrossRef]

51. Chapman, P.H.; Ogilvy, C.S.; Loeffler, J.S. The relationship between occlusive hyperemia and complications associated with the
radiosurgical treatment of arteriovenous malformations: Report of two cases. Neurosurgery 2004, 55, 228–233; discussion 233–234.
[CrossRef] [PubMed]

52. Al-Rodhan, N.R.; Sundt, T.M., Jr.; Piepgras, D.G.; Nichols, D.A.; Rüfenacht, D.; Stevens, L.N. Occlusive hyperemia: A theory for
the hemodynamic complications following resection of intracerebral arteriovenous malformations. J. Neurosurg. 1993, 78, 167–175.
[CrossRef] [PubMed]

53. Alzate, J.D.; Mashiach, E.; Bernstein, K.; De Nigris Vasconcellos, F.; Qu, T.; Silverman, J.S.; Shapiro, M.; Nelson, P.K.; Raz, E.;
Riina, H.A.; et al. Quantitative Analysis of Parenchymal Effects and Flow of Large Arteriovenous Malformations Managed With
Stereotactic Radiosurgery. Neurosurgery 2023, 93, 1057–1065. [CrossRef] [PubMed]

54. Kim, M.J.; Chang, K.W.; Park, S.H.; Chang, W.S.; Chang, J.H.; Chang, J.W.; Jung, H.H. Predictive Factors of Radiation-Induced
Changes Following Single-Session Gamma Knife Radiosurgery for Arteriovenous Malformations. J. Clin. Med. 2021, 10, 2186.
[CrossRef]

55. Miyawaki, L.; Dowd, C.; Wara, W.; Goldsmith, B.; Albright, N.; Gutin, P.; Halbach, V.; Hieshima, G.; Higashida, R.; Lulu, B.; et al.
Five year results of LINAC radiosurgery for arteriovenous malformations: Outcome for large AVMS. Int. J. Radiat. Oncol. Biol.
Phys. 1999, 44, 1089–1106. [CrossRef]

56. Han, J.H.; Kim, D.G.; Chung, H.T.; Park, C.K.; Paek, S.H.; Kim, J.E.; Jung, H.W.; Han, D.H. Clinical and neuroimaging outcome
of cerebral arteriovenous malformations after Gamma Knife surgery: Analysis of the radiation injury rate depending on the
arteriovenous malformation volume. J. Neurosurg. 2008, 109, 191–198. [CrossRef]

57. Pollock, B.E.; Link, M.J.; Stafford, S.L.; Lanzino, G.; Garces, Y.I.; Foote, R.L. Volume-Staged Stereotactic Radiosurgery for
Intracranial Arteriovenous Malformations: Outcomes Based on an 18-Year Experience. Neurosurgery 2017, 80, 543–550. [CrossRef]

58. Flickinger, J.C.; Kondziolka, D.; Lunsford, L.D.; Kassam, A.; Phuong, L.K.; Liscak, R.; Pollock, B. Development of a model to
predict permanent symptomatic postradiosurgery injury for arteriovenous malformation patients. Arteriovenous Malformation
Radiosurgery Study Group. Int. J. Radiat. Oncol. Biol. Phys. 2000, 46, 1143–1148. [CrossRef]

59. Flickinger, J.C. An integrated logistic formula for prediction of complications from radiosurgery. Int. J. Radiat. Oncol. Biol. Phys.
1989, 17, 879–885. [CrossRef]

60. Kjellberg, R.N.; Hanamura, T.; Davis, K.R.; Lyons, S.L.; Adams, R.D. Bragg-peak proton-beam therapy for arteriovenous
malformations of the brain. N. Engl. J. Med. 1983, 309, 269–274. [CrossRef]

61. Nagy, G.; Grainger, A.; Hodgson, T.J.; Rowe, J.G.; Coley, S.C.; Kemeny, A.A.; Radatz, M.W. Staged-Volume Radiosurgery of Large
Arteriovenous Malformations Improves Outcome by Reducing the Rate of Adverse Radiation Effects. Neurosurgery 2017, 80,
180–192. [CrossRef] [PubMed]

62. Seymour, Z.A.; Sneed, P.K.; Gupta, N.; Lawton, M.T.; Molinaro, A.M.; Young, W.; Dowd, C.F.; Halbach, V.V.; Higashida, R.T.;
McDermott, M.W. Volume-staged radiosurgery for large arteriovenous malformations: An evolving paradigm. J. Neurosurg. 2016,
124, 163–174. [CrossRef]

63. Huang, P.P.; Rush, S.C.; Donahue, B.; Narayana, A.; Becske, T.; Nelson, P.K.; Han, K.; Jafar, J.J. Long-term outcomes after
staged-volume stereotactic radiosurgery for large arteriovenous malformations. Neurosurgery 2012, 71, 632–643; discussion
643–644. [CrossRef] [PubMed]

64. Kano, H.; Kondziolka, D.; Flickinger, J.C.; Park, K.J.; Parry, P.V.; Yang, H.C.; Sirin, S.; Niranjan, A.; Novotny, J., Jr.; Lunsford, L.D.
Stereotactic radiosurgery for arteriovenous malformations, Part 6: Multistaged volumetric management of large arteriovenous
malformations. J. Neurosurg. 2012, 116, 54–65. [CrossRef]

65. Franzin, A.; Panni, P.; Spatola, G.; Del Vecchio, A.; Gallotti, A.L.; Gigliotti, C.R.; Cavalli, A.; Donofrio, C.A.; Mortini, P. Results of
volume-staged fractionated Gamma Knife radiosurgery for large complex arteriovenous malformations: Obliteration rates and
clinical outcomes of an evolving treatment paradigm. J. Neurosurg. 2016, 125, 104–113. [CrossRef] [PubMed]

66. Hasegawa, H.; Hanakita, S.; Shin, M.; Sugiyama, T.; Kawashima, M.; Takahashi, W.; Ishikawa, O.; Nakatomi, H.; Saito, N.
Re-Evaluation of the Size Limitation in Single-Session Stereotactic Radiosurgery for Brain Arteriovenous Malformations: Detailed
Analyses on the Outcomes with Focusing on Radiosurgical Doses. Neurosurgery 2020, 86, 685–696. [CrossRef]

67. Pendl, G.; Unger, F.; Papaefthymiou, G.; Eustacchio, S. Staged radiosurgical treatment for large benign cerebral lesions. J.
Neurosurg. 2000, 93 (Suppl. S3), 107–112. [CrossRef]

68. Zabel-du Bois, A.; Milker-Zabel, S.; Huber, P.; Schlegel, W.; Debus, J. Linac-based radiosurgery or hypofractionated stereotactic
radiotherapy in the treatment of large cerebral arteriovenous malformations. Int. J. Radiat. Oncol. Biol. Phys. 2006, 64, 1049–1054.
[CrossRef]

69. Yamamoto, M.; Akabane, A.; Matsumaru, Y.; Higuchi, Y.; Kasuya, H.; Urakawa, Y. Long-term follow-up results of intentional
2-stage Gamma Knife surgery with an interval of at least 3 years for arteriovenous malformations larger than 10 cm3. J. Neurosurg.
2012, 117, 126–134. [CrossRef]

70. Wang, H.C.; Chang, R.J.; Xiao, F. Hypofractionated stereotactic radiotherapy for large arteriovenous malformations. Surg. Neurol.
Int. 2012, 3, S105–S110. [CrossRef]

https://doi.org/10.1097/00006123-200011000-00033
https://doi.org/10.1227/01.NEU.0000126950.67029.F8
https://www.ncbi.nlm.nih.gov/pubmed/15214994
https://doi.org/10.3171/jns.1993.78.2.0167
https://www.ncbi.nlm.nih.gov/pubmed/8421198
https://doi.org/10.1227/neu.0000000000002539
https://www.ncbi.nlm.nih.gov/pubmed/37235978
https://doi.org/10.3390/jcm10102186
https://doi.org/10.1016/S0360-3016(99)00102-9
https://doi.org/10.3171/JNS/2008/109/8/0191
https://doi.org/10.1093/neuros/nyw107
https://doi.org/10.1016/S0360-3016(99)00513-1
https://doi.org/10.1016/0360-3016(89)90082-5
https://doi.org/10.1056/NEJM198308043090503
https://doi.org/10.1227/NEU.0000000000001212
https://www.ncbi.nlm.nih.gov/pubmed/28173493
https://doi.org/10.3171/2014.12.JNS141308
https://doi.org/10.1227/NEU.0b013e31825fd247
https://www.ncbi.nlm.nih.gov/pubmed/22710381
https://doi.org/10.3171/2011.9.JNS11177
https://doi.org/10.3171/2016.7.GKS161549
https://www.ncbi.nlm.nih.gov/pubmed/27903180
https://doi.org/10.1093/neuros/nyz280
https://doi.org/10.3171/jns.2000.93.supplement_3.0107
https://doi.org/10.1016/j.ijrobp.2005.09.021
https://doi.org/10.3171/2012.6.GKS12757
https://doi.org/10.4103/2152-7806.95421


Biomedicines 2024, 12, 2003 14 of 16

71. Lindvall, P.; Bergström, P.; Löfroth, P.O.; Hariz, M.I.; Henriksson, R.; Jonasson, P.; Bergenheim, A.T. Hypofractionated conformal
stereotactic radiotherapy for arteriovenous malformations. Neurosurgery 2003, 53, 1036–1042; discussion 1042–1043. [CrossRef]

72. Veznedaroglu, E.; Andrews, D.W.; Benitez, R.P.; Downes, M.B.; Werner-Wasik, M.; Rosenstock, J.; Curran, W.J., Jr.; Rosenwasser,
R.H. Fractionated stereotactic radiotherapy for the treatment of large arteriovenous malformations with or without previous
partial embolization. Neurosurgery 2004, 55, 519–530; discussion 530–531. [CrossRef]

73. Veznedaroglu, E.; Andrews, D.W.; Benitez, R.P.; Downes, M.B.; Werner-Wasik, M.; Rosenstock, J.; Curran, W.J., Jr.; Rosenwasser,
R.H. Fractionated stereotactic radiotherapy for the treatment of large arteriovenous malformations with or without previous
partial embolization. Neurosurgery 2008, 62 (Suppl. S2), SHC-763–SHC-775. [CrossRef]

74. Karlsson, B.; Jokura, H.; Yamamoto, M.; Söderman, M.; Lax, I. Is repeated radiosurgery an alternative to staged radiosurgery for
very large brain arteriovenous malformations? J. Neurosurg. 2007, 107, 740–744. [CrossRef] [PubMed]

75. Unkelbach, J.; Bussière, M.R.; Chapman, P.H.; Loeffler, J.S.; Shih, H.A. Spatiotemporal Fractionation Schemes for Irradiating Large
Cerebral Arteriovenous Malformations. Int. J. Radiat. Oncol. Biol. Phys. 2016, 95, 1067–1074. [CrossRef] [PubMed]

76. Kim, H.Y.; Chang, W.S.; Kim, D.J.; Lee, J.W.; Chang, J.W.; Kim, D.I.; Huh, S.K.; Park, Y.G.; Chang, J.H. Gamma Knife surgery for
large cerebral arteriovenous malformations. J. Neurosurg. 2010, 113, 2–8. [CrossRef] [PubMed]

77. Chytka, T.; Liscak, R.; Kozubiková, P.; Vymazal, J. Radiosurgery for Large Arteriovenous Malformations as a Single-Session or
Staged Treatment. Stereotact. Funct. Neurosurg. 2015, 93, 342–347. [CrossRef] [PubMed]
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