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Feasibility of Gamma Knife Radiosurgery for Brain
Arteriovenous Malformations According to Nidus Type

Ja Ho Koo, Eui Hyun Hwang, Ji Hye Song, Yong Cheol Lim

Department of Neurosurgery, Ajou University School of Medicine, Suwon, Korea

Objective : Gamma Knife radiosurgery (GKRS) is an effective and noninvasive treatment for high-risk arteriovenous malformations
(AVMEs). Since differences in GKRS outcomes by nidus type are unknown, this study evaluated GKRS feasibility and safety in patients
with brain AVMs.

Methods : This single-center retrospective study included patients with AVM who underwent GKRS between 2008 and 2021.
Patients were divided into compact- and diffuse-type groups according to nidus characteristics. We excluded patients who
performed GKRS and did not follow-up evaluation with magnetic resonance imaging or digital subtraction angiography within 36
months from the study. We used univariate and multivariate analyses to characterize associations of nidus type with obliteration
rate and GKRS-related complications.

Results : We enrolled 154 patients (mean age, 32.14+17.17 years; mean post-GKRS follow-up, 52.10+33.67 months) of whom
131 (85.1%) had compact- and 23 (14.9%) diffuse-type nidus AVMs. Of all AVMs, 89 (57.8%) were unruptured, and 65 (42.2%)
had ruptured. The mean Spetzler-Martin AVM grades were 2.03+0.95 and 3.39+1.23 for the compact- and diffuse-type groups,
respectively (p<0.001). During the follow-up period, AVM-related hemorrhages occurred in four individuals (2.6%), three of whom
had compact nidi. Substantial radiation-induced changes and cyst formation were observed in 21 (13.6%) and one patient (0.6%),
respectively. The AVM complete obliteration rate was 46.1% across both groups. Post-GKRS complication and complete obliteration
rates were not significantly different between nidus types. For diffuse-type nidus AVMs, larger AVM size and volume (p<0.001),
lower radiation dose (p<0.001), eloquent area location (p=0.015), and higher Spetzler-Martin grade (p<0.001) were observed.

Conclusion : GKRS is a safe and feasible treatment for brain AVMs characterized by both diffuse- and compact-type nidi.
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INTRODUCTION report that AVMs occur in 15-18 cases per 100000 people™.
The high flow rate through the AVM vascular system intro-

Brain arteriovenous malformation (AVM) is a cerebrovas- duces a greater risk of intracranial hemorrhage than do other
cular defect characterized by an abnormal high-flow, low-re- cerebrovascular malformations such as cavernous malforma-
sistance shunt through a nidus without capillary involvement. tions, capillary telangiectasias, and developmental venous
Although the exact prevalence is difficult to estimate, studies anomalies. Furthermore, local neurological deficits, including
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headaches and seizures, may occur regardless of hemorrhage.
AVM treatment includes microsurgical resection, endovascu-
lar embolization, radiosurgery, or a combination of these
strategies. The goal of treatment is to obliterate the AVM ni-
dus to minimize the risk of hemorrhage without causing neu-
rological impairment.

AVMs can be classified into two groups according to nidus
features™”. A compact-type nidus is a distinct, well-defined
border. But some cases of AVM, its unclear boundaries inter-
spersed throughout normal brain tissue so cannot be clearly
recognizable. Previous study has proposed to name this kind
of AVM for cerebral proliferative angiopathy, formerly known
as the “diffuse-type nidi”. Diffuse-type nidi was defined as an
atypical entity. It has histopathologically diffuse network of
capillaries and venous ectasias in which normal brain lesion is
present. And angioarchitecturely it has no dominant feeder or
flow-related aneurysm. T1-weight magnetic resonance imag-
ing (MRI) shows diffuse irregular enhancement and on per-
fusion studies an increase of blood volume and longer mean
transit time due to diffuse capillaries in diffuse-type nidi.
Consequently, diffuse-type nidi may impede complete AVM
obliteration. Surgical resection risks injury to normal brain
tissue, and diffuse-type nidus embolization may prove diffi-
cult”™. Gamma Knife radiosurgery (GKRS) is an effective
and noninvasive treatment option for surgically high-risk or
complex AVMs”. However, complications of this approach in-
clude hemorrhage, radiation-induced changes (RIC), cyst for-
mation, and radiation necrosis. This study evaluated the feasi-
bility and safety of GKRS according to nidus type in patients
with brain AVMs.

MATERIALS AND METHODS

This study was approved by the Institutional Review Board
of Ajou University Hospital (IRB-DB-2022-510). The require-
ment for patient consent was waived because of the retrospec-

tive nature of the study.

Patient population

We performed a retrospective study of demographic, clini-
cal, neuroradiological imaging, and GKRS data from a pro-
spectively maintained database of patients at a single-center
hospital from October 2008 to December 2021. During the
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Fig. 1. Differences between two types of arteriovenous malformation
(AVM) nidus. A : Compact-type AVM with a well-demarcated nidus. B :
Diffuse-type AVM with an unclear nidus surrounding normal brain
tissue.

study period, a total of 193 patients underwent single-session
GKRS, and 39 of them were excluded from the study. This ex-
clusion was due to the fact that 30 patients were lost to outpa-
tient follow-up or did not undergo imaging examinations af-
ter GKRS, and nine patients were observed after GKRS but
had a follow-up duration of less than 36 months. Neuroradi-
ologists and neurosurgeons had diagnosed AVM and deter-
mined whether treatment was warranted. The factors ana-
lyzed in our study included AVM nidus type, AVM location,
size and volume, Gamma Knife radiation dose and target lo-
cation, and previous treatment history. Moreover, we evaluat-
ed the patient’s Karnofsky performance scale (KPS) score be-
fore GKRS was performed. We divided AVMs into compact
and diffuse types according to nidus characteristics. Using
digital subtraction angiography (DSA) and MRI, criteria for
determining the nidus type included the following : whether
normal brain tissue was significantly included around the ni-
dus, whether AVM boundaries could be easily distinguished,
and whether a clear nidus feeder was observed and spread
through adjacent tissue (Fig. 1). AVMs were further classified
according to the Spetzler-Martin grading scale. The primary
outcomes assessed were the complete obliteration rate and
post-GKRS complications such as hemorrhage, RIC, and cyst
formation.

Radiosurgery treatment strategy and protocol
Frame-based, thin-slice MRI was performed before and af-

ter treatment for all GKRS patients, and DSA and/or MRI

were used to confirm nidus obliteration and the presence of

any complications. The cerebrovascular surgeon and medical
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Table 1. Patient characteristics

Baseline characteristic Total (n=154) Compact type (n=131) Diffuse type (n=23) p-value
Age (years) 32.14£17.16 3211 32.30 0.963
Sex 0912
Male 72(46.8) 70(53.4) 12(52.2)
Female 82(53.2) 61(46.6) 11(47.8)
Main clinical presentation
Headache 38(24.7) 34(26.0) 4(174)
Paraparesis 14(9.) 13(9.9) 1(4.3)
Seizure 10(6.5) 7(5.3) 3(13.0)
Cranial nerve palsy 7(4.5) 6(4.6) 1(4.3)
Previously ruptured 65(42.2) 59(45.0) 6(26.1) 0.372
Previous treatment 0.688
Radiosurgery 28(18.2) 22(16.8) 6(26.1)
ICH removal 13(8.4) 12(9.2) 1(4.3)
Microsurgical removal 6(3.9) 6(4.6) 0(0)
Endovascular embolization 11(7.1) 9(6.9) 2(8.7)
KPS score 95.247.3 95.7+6.8 95.2+£9.5 0.098

Values are presented as meanzstandard deviation or number (%). ICH : intracranial hemorrhage, KPS : Karnofsky performance scale

physicist discussed and determined the GKRS dosage and tar-
get AVM lesion with the goal of including as much of the
AVM feeder as possible. A marginal dose of 15-16 Gy was re-
garded as the lowest dose required to obtain complete obliter-
ation in >50% of the patients. We prescribed a marginal dose
of 14-16 Gy for diffuse-type nidus and small AVMs. The mar-
ginal dose was decreased to 10—12 Gy for large AVMs and was
used as the lowest dose to obtain any obliteration response.
Gamma planning was performed under supervision, combin-
ing MR images (T1-weighted, T2-weighted, T1-enhanced) and
DSA images obtained on the day of the procedure through fu-
sion. In the case of diffuse nidus lesions, based on our experi-
ences, we excluded draining veins and large vessels, and in-
stead, we delineated the abnormal vasculature as extensively
as possible, with a focus on the feeding artery, for segmenta-
tion within the radiation field. We configured it with a lower
marginal dose, ensuring that the average dose (18.912.8 Gy)
appropriately reached the feeder to achieve adequate planning.
GKRS was conducted in a single session using the Leksell
Gamma Knife” Model C or Icon™ (Elekta Solutions AB,
Stockholm, Sweden) fixed by a Leksell Coordinate Frame. To
assess AVM nidus features, we used stereotactic T1-weighted
contrast-enhanced and T2-weighted MRI sequences, as well

as DSA images.

Follow-up imaging

Follow-up imaging was performed at 6 months post-GKRS
using MRI and magnetic resonance angiography, followed by
annual MRI and DSA at year 3. MRI sequences included T1-
and T2-weighted turbo spin echo, T2-weighted fluid-attenu-
ated inversion recovery, diffusion-weighted imaging, and
time-of-flight imaging. The disappearance of abnormal shad-
ing of the AVM nidus in DSA imaging was defined as com-
plete obliteration. For cases in which DSA was not performed,
complete obliteration was characterized by loss of flow void
around the nidus in MRI. Based on the findings of previous
studies, factors known to affect complete AVM obliteration

and GKRS complications were analyzed.

Statistical analyses

Pearson’s chi-square test was used for categorical variates
presented as mean and standard deviation, median and range,
or percentage. The Kaplan-Meier method and log-rank test
were used to determine the obliteration rate and associated
factors. Univariate and multivariate analyses were conducted
using Cox proportional hazard regression models. These data
are presented as hazard ratios (HRs) and confidence intervals
(CIs). A p-value <0.05 was deemed statistically significant. All
analyses were performed using SPSS Statistics 25 (IBM Corp.,
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Armonk, NY, USA).

RESULTS

Patient characteristics

Between October 2008 and December 2021, 193 patients
with cerebral AVMs received GKRS treatment at our hospital.
We excluded 39 patients who performed GKRS and did not
follow-up evaluation with MRI or DSA within 36 months
from the study. Thus, 154 patients were included in the study

Table 2. Characteristics of AVMs treated with SRS

(Table 1). Of these cases, 131 (85.1%) were classified as com-
pact- and 23 (14.9%) as diffuse-type nidus AVM. Of all the
patients, 72 were male (46.8%), and the mean age was 32.14+
17.16 years. No significant differences regarding the age and
sex of the two nidus groups were identified (p=0.963 and
p=0.912, respectively). The primary clinical presentation was
headache in both groups. Of the patients with compact-type
nidus AVM, 34 (26.0%) presented with headache, which was
comparable to four patients (17.4%) with diffuse-type nidus
AVM. The numbers of patients in the compact- and diffuse-
type groups treated with GKRS after AVM rupture were 59

Characteristic Total (n=154) Compact type (n=131) Diffuse type (n=23) p-value
AVM maximal diameter (mm) 26.31 23.03 4498 <0.001
AVM group (cm) <0.001
<3 97 (63.0) 95(72.5) 2(8.7)
3-6 49(31.8) 35(26.7) 14.(60.9)
>6 8(5.2) 1(0.8) 7(30.4)
AVM volume (mL) 7.59 4.59 24.64 <0.001
AVM |ocation 0.057
Frontal lobe 27(17.5) 22(16.8) 5(21.7)
Temporal lobe 35(22.7) 27(20.6) 8(34.8)
Parietal lobe 32(20.8) 27(20.6) 5(21.7)
Occipital lobe 23(14.9) 21(16.0) 2(8.7)
Corpus callosum 2(1.3) 2(1.5) 0(0.0)
Periventricular region 4(2.6) 3(2.3) 1(4.4)
Thalamus, internal capsule, basal ganglia 15(9.7) 14(10.7) 1(4.4)
Cerebellum 13(8.4) 13(99) 0(0.0)
Brainstem 0(0.0) 0(0.0) 0(0.0)
Eloquent location 65(42.2) 50(38.2) 15(65.2) 0.015
Deep venous drainage 59(38.3) 47(35.9) 12(52.2) 0.140
AVM grade (Spetzler-Martin) <0.001
I 49(31.8) 48(36.9) 1(4.4)
I 44(28.6) 39(29.8) 5(21.7)
I 44(28.6) 37(28.2) 7(30.4)
v 10(6.5) 6(4.6) 4(174)
v 7(4.5) 1(0.8) 6(26.1)
GKRS treatment parameters (Gy)
Median margin radiation dose 16.79 17.22 14.30 <0.001
Median max radiation dose 33.52 34.29 2916 <0.001
Median isodose level as % 50.44 50.60 49.57 0.080

Values are presented as meanzstandard deviation or number (%). AVM : arteriovenous malformation, SRS : stereotatic raiosurgery, GKRS : Gamma Knife

radiosurgery
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(45.0%) and six (26.1%), respectively. Among all the patients,
28 (18.2%) had undergone prior radiosurgery, 19 (12.3%) had
received craniotomy with intracerebral hemorrhage removal
surgery, and 11 patients (7.1%) had undergone embolization.
No significant differences between the two groups with regard
to previous treatment were identified (p=0.688). The mean
KPS score for all patients was 95.217.34, indicating that the
general condition of the patients did not significantly differ
between the two groups before GKRS treatment (p=0.098).

AVM and GKRS characteristics

As shown in Table 2, the average maximum AVM diameter
in patients who underwent GKRS was 26.31 mm. For diffuse
nidi, the mean maximum AVM diameter was 44.98 mm,
which was significantly different from that of compact nidi
(23.03 mm, p<0.001). Similarly, the AVM size and volume of
the diffuse-type group were larger than those of the compact-
type group (AVM volume 24.64 vs. 4.59 mL, p<0.001). AVM
locations from most to least common in the cohort were as
follows : temporal lobe (22.73%), parietal lobe (20.78%), fron-
tal lobe (17.53%), occipital lobe (14.94%), thalamus and basal
ganglia (9.74%), cerebellum (8.44%), periventricular region
(2.60%), and corpus callosum (1.30%; p=0.057). Compared
with the compact-type nidus AVM, it can be interpreted that
the diffuse-type nidus AVM location is mainly distributed in
the eloquent region, including frontal, temporal, and parietal
lobes. Diffuse-type nidi were distributed in eloquent locations
significantly more often than were compact nidi (62.22% vs.
38.17%, p=0.015). Regarding deep venous drain pattern, 12 of
23 patients (52.17%) in the diffuse-type group showed a high-
er distribution with deep vein pattern than did 47 of 131 pa-
tients in the compact-type group (35.88%); however, this find-
ing was not statistically significant (p=0.140). The median
GKRS margin dose was 16.79 Gy for all patients, 17.22 Gy for
the compact-type group, and 14.30 Gy for the diffuse-type

group, exhibiting statistically significant differences between
groups (p<0.001). This statistically differences can be inter-
preted as a result of setting the radiation dose to minimize
complication while treating a large target lesion of the diffuse-

type group focused on feeding arteries.

Post-GKRS obliteration rate

As shown in Table 3, the mean follow-up duration for the
entire cohort was 52.10£33.67 months (range, 12.0-149.7). The
follow-up durations for the diffuse- and compact-type groups
were 72.47 and 48.53 months, respectively (p=0.005). The
complete AVM obliteration rate was 46.1% in the entire pa-
tient group. Furthermore, this rate was 48.1% for compact and
39.1% for diffuse nidi (p=0.434, Fig. 2). Most patients showed
a favorable response to GKRS, with only seven of 154 (4.5%)

demonstrating minimal response to treatment.

Post-GKRS complications

Among all patients, RIC were the most common post-treat-
ment complications, occurring in 21 of 154 individuals
(13.6%). Hemorrhage occurred in four patients (2.6%), and

there was only one case (0.6%) of cyst formation (Table 4). No
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Fig. 2. Kaplan-Meier curve showing complete obliteration of arteriovenous
malformations (AVMs) after gamma-knife radiosurgery in compact-type
and diffuse-type nidi.

Table 3. Obliteration rate after Gamma Knife radiosurgery for arteriovenous malformation

Variable Total (n=154) Compact type (n=131) Diffuse type (n=23) p-value
Follow-up (months) 52.10+33.67 48.53 7247 0.005
AVM obliteration 0434

Total obliteration 71(46.1) 63(48.1) 9(39.1)

Partial response 76(494) 62(47.3) 13(56.5)

Minimal response 7(4.5) 6(4.6) 1(4.4)

Values are presented as meanzstandard deviation or number (%). AVM : arteriovenous malformation

J Korean Neurosurg Soc 67 (4) : 431-441 435
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statistically significant differences were identified between the
two groups (p=0.133). Fig. 3 shows the complication that oc-
curred after GKRS treatment. Among the four patients who
experienced hemorrhage as a post-GKRS complication, one
patient underwent additional partial glue embolization, and
one patient underwent surgical removal. The remaining two
patients had relatively minor bleeding and were managed con-
servatively. All of them had a favorable clinical outcome with
a KPS score of 90 after treatment. Within the entire patient
population, six patients (26.1%) in the diffuse-type group and
17 patients (13.0%) in the compact-type group underwent re-
peated GKRS for remnant AVM.

Univariate and multivariate analyses of factors
associated with total obliteration

Table 5 shows the results of the univariate and multivariate
analyses of factors associated with complete AVM oblitera-

tion. In the univariate analysis of all patients with AVM, older

Table 4. Post-Gamma Knife radiosurgery complications

age (HR, 1.046; 95% CI, 1.028-1.064; p<0.001) and lower KPS
score (HR, 1.065; 95% CI, 1.026—1.106; p=0.001) were both as-
sociated with a reduced likelihood of complete obliteration
across both groups. Conversely, target volume, marginal dose,
previous hemorrhage, nidus type, and history of previous
treatment (radiosurgery, resection, or embolization) were not
significantly associated with complete obliteration. Among
the significant factors identified in univariate analyses, both
older age (HR, 1.047; 95% CI, 1.031-1.064; p<0.001) and lower
KPS score (HR, 1.065; 95% CI, 1.027-1.104; p=0.001) were sig-
nificantly associated with a lower likelihood of complete oblit-
eration in the multivariate analysis of all patients with AVM.
Unlike the results of the univariate analysis, multivariate test-
ing showed that a high Spetzler-Martin grade (HR, 0.755; 95%
CI, 0.575-0.995; p=0.044) and large AVM target volume (HR,
0.958; 95% CI, 0.927-0.991; p=0.013) were significantly associ-

ated with decreased chances of complete obliteration.

Total (n=154) Compact type (n=131) Diffuse type (n=23) p-value
Complication 0.133
Hemorrhage 4(2.6) 3(2.3) 1(4.3)
Radiation-induced change 21(13.6) 15(11.5) 6(26.1)
Cyst formation 1(0.6) 1(0.8) 0(0.0)

Values are presented as number (%)
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Fig. 3. Post-Gamma Knife radiosurgery complications. A : Hemorrhage.
Non-enhanced computed tomography (CT) scan shows acute intracranial
hemorrhage in the left temporal lobe (red arrow). B : Radiation induced
change. In the T1 magnetic resonance imaging image, radiation-induced
edematous change is observed around the arteriovenous malformation
(AVM) nidus in the left precentral gyrus (red arrow). C : Cystic formation.
Hypodense cystic formation are visible around the AVM in the enhanced
CT scan (red arrow).
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Case presentation 1

Fourty-two years old man who has known history of hepa-
titis B was admitted after outpatient at Ajou University Hospi-
tal for headache. T2-weighted MRI shows a compact-type
AVM in right occipital lobe (Fig. 4A). The DSA confirmed 2.4
X1.8 cm sized unruptured AVM in right occipital lobe cortical
region, with feeding vessels from terminal branch of right an-
terior cerebral artery, middle cerebral artery, posterior cerebral
artery and draining via posterior one third of superior sagittal
sinus (Fig. 4B). This patient underwent GKRS (1.8 mL, 20 Gy
to 50% of isodense line) (Fig. 4C). The follow-up angiography
revealed (41 months after GKRS) complete obliteration of the
AVM without any complication (Fig. 4D).

Case presentation 2
Fourty-eight years old woman who has no other medication

history was admitted after outpatient at Ajou University Hos-
pital for persistent headache and memory loss. T1-weighted
enhanced MRI showed a diffusely enhanced AVM in the left
posterior parietal lobe (Fig. 5A). The DSA confirmed 4.2X3.8
cm sized unruptured AVM in left posterior parietal lobe cor-
tical region, with feeding vessels from left anterior cerebral ar-
tery, middle cerebral artery, posterior cerebral artery and tran-
dural collaterals from middle meningeal artery posterior
division draining via cortical vein to superior sagittal sinus
and vein of Labbe to sigmoid sinus (Fig. 5B). Spetzler-Martin
scale score was 4 (size 3—6 c¢m, deep drainage, parenchymal
eloquence). This patient underwent GKRS (14.1 mL, 14 Gy to
50% of isodense line) (Fig. 5C). The follow-up angiography
revealed (34 months after GKRS) complete obliteration of the
AVM without any complication (Fig. 5D).

Table 5. Univariate and multivariate analyses of factors associated with complete obliteration of arteriovenous malformation

0.777(0.577-1.045)
0.974(0.931-1.020)
1.044(0.928-1.175)

Spetzler-Martin grade
Target volume (mL)
Margin dose (Gy)

Previous hemorrhage 0.763(0.462-1.262)
Nidus type 0.725(0.263-2.003)
Previous treatment 0.970(0.788-1.192)
Sex 1.263(0.747-2.135)
Age 1.046(1.028-1.064)
KPS score 1.065 (1.026-1.106)

0.095 0.755(0.575-0.995)
0.263 0.958(0.927-0.991)
0473
0.293
0.535
0.769
0.383
<0.001*
0.001*

0.044*
0.013*

<0.001*
0.001*

1.047 (1.031-1.064)
1.065(1.027-1.104)

*Statistical significance. UVA : univariate analysis, MVA : multivariate analysis, HR : hazard ratio, Cl : confidence interval, KPS : Karnofsky performance scale

Fig. 4. A : T2-weighted magnetic resonance imaging shows an compact-type arteriovenous malformation (AVM). B : Digital subtraction angiography
confirmed 2.4x1.8 cm sized AVM in right occipital lobe cortical region, with feeding vessels from terminal branch of right anterior cerebral artery,
middle cerebral artery, posterior cerebral artery and draining via posterior one third of superior sagittal sinus. C : Gamma Knife radiosurgery (GKRS)
target location is shown (1.8 mL, 20 Gy to 50% of isodense line). D : The follow-up angiography revealed (41 months after GKRS) complete obliteration
of the AVM.

J Korean Neurosurg Soc 67 (4) : 431-441 437



J Korean Neurosurg Soc 67 | July 2024

Fig. 5. A : T1-weighted enhanced magnetic resonance imaging shows an diffuse-type enhanced arteriovenous malformation (AVM). B : Digital
subtraction angiography confirmed 4.2x3.8 cm sized AVM in left posterior parietal lobe cortical region, with feeding vessels from left anterior cerebral
artery, middle cerebral artery, posterior cerebral artery and transdural collaterals from middle meningeal artery posterior division draining via cortical
vein to superior sagittal sinus and vein of Labbe to sigmoid sinus. C : Gamma Knife Radiosurgery (GKRS) target location is shown (14.1 mL, 14 Gy to 50%
of isodense line). D : The follow-up angiography revealed (34 months after GKRS) complete obliteration of AVM.

DISCUSSION

GKRS is an established effective treatment strategy for brain
AVM"™™. GKRS is preferred to surgical resection, especially
when the AVM location is difficult to access or the risk of

16,21

hemorrhage is high'**". More recently, GKRS has also become
the preferred method of intervention for higher grade AVMs
(defined by a large AVM size, eloquent location, and deep por-
tion), and GKRS after incomplete microscopic resection is re-
portedly more beneficial than repeated resection”. In the case
of diffuse-type nidus AVM, the boundary with the surround-
ing normal tissue is unclear, resulting in a high complication
risk for surgical resection and difficulty completely removing
the lesion”. Moreover, obliterating the nidus using endovascu-
lar embolization is difficult because the extent of the nidus is
unclear, the effects are limited, and a residual AVM nidus of-
ten remains after endovascular embolization. The effective-
ness of GKRS has been demonstrated in several studies™”.
However, whether the usefulness and feasibility of GKRS is
comparable across nidus types is unknown.

To the best of our knowledge, the present study is the first
to conduct an intergroup comparison between nidus types to
determine whether GKRS treatment is equally useful and ef-
fective across groups. Diffuse-type nidus AVMs were more
frequently distributed in eloquent locations compared to
compact-type nidus AVMs (p=0.015), mirroring previous
findings”. Although the underlying cause is unclear, the per-
forating arteries in eloquent locations are distributed more ac-
cording to the white matter tract, and diffuse nidi include
comparatively more of these perforating arteries”. Further-

more, diffuse-type AVMs are larger in terms of size and extent
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of invasion of adjacent normal brain tissues, increasing the
odds of occurrence close to eloquent areas.

Our data showed no significant differences in complica-
tions between compact- and diffuse-type AVMs (p=0.133).
Post-GKRS RIC were the most common complications, oc-
curring in 13.6% of all cases, followed by bleeding in 2.6% and
cyst formation in 0.6% of patients. Substantiating this finding,
previous studies also revealed that RIC are the most common
post-GKRS complication™”. The cause of RIC is unclear, but it
is hypothesized that these changes are the result of blood-
brain barrier disruption'. Rarely, RIC cause permanent neu-
rologic deficits™”. According to a recently published meta-
analysis of GKRS in patients with AVM, RIC were reported in
an average of 29.0% of cases”. Our study identified a compar-
atively low RIC complication rate at 13.6%. In the meta-analy-
sis, the average marginal and maximum radiation doses were
20 Gy (range, 19-22) and 37.9 Gy (range, 36—40), respectively,
compared with 16.8 Gy and 33.5 Gy in our study. As such, we
speculate that the difference in RIC occurred because of the
lower radiation dose in our cohort. In our study, of the 21 pa-
tients that developed RIC after GKRS, 14 had unruptured
AVMs, and the remaining seven AVMs were ruptured. None
of the patients developed any permanent neurological deficits.
The major risk associated with GKRS is hemorrhage during
the latency interval between GKRS and obliteration. The re-
ported risk of bleeding varies from 2.01% to 18.18%, with a
median rate of 6.2%”. The risk of bleeding in our study
(3.6%, 0.90% annually) was slightly lower. In a previous study,
the natural hemorrhagic risk of AVMs was reported as ap-
proximately 2.2% to 3.0%, which can be considered a mean-

ingful result with GKRS as the primary outcome'*'”.
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The complete obliteration rate in all cases was 48.1%. Oblit-
eration was determined by assessing the disappearance of the
nidus on DSA and MRI after treatment, an approach com-
monly used in previous studies ™.

Pollock et al.”” identified a complete obliteration rate of 59.1%
at 4 years and 85.1% at 8 years. Furthermore, a rate of 56.7%
was observed in the meta-analysis published in 2022*"”. Our
comparatively lower result can be attributed to the inclusion of
patients with more ruptured AVMs, high AVM Spetzler-Mar-
tin grades, shorter follow-up periods, and our strict imaging in-
terpretation criteria. In compact-type nidus AVMs, the com-
plete obliteration rate tended to be higher than that seen with
diffuse-type nidus AVMs, but this difference was not statisti-
cally significant. Similar results have been reported in previous
studies because the Spetzler-Martin grade and AVM size tend
to be larger for diffuse-type AVMs, which take a long time to
completely obliterate during the follow-up period”.

Factors previously associated with complete AVM oblitera-
tion include patient age at radiosurgery, sex, maximum AVM
diameter, AVM volume, angiographically delineated shape of
the AVM nidus, number of veins, Spetzler-Martin grade, mar-
ginal dose, repeated treatment, and previous hemorrhage"*****"
In our study, a high Spetzler-Martin grade (p=0.044), large tar-
get volume (p=0.013), old age (p<0.001), and lower KPS score
(p=0.001) were factors significantly related to lower complete
obliteration rates in the multivariate analysis. In Table 2, the
diffuse nidus group showed a significantly larger volume and
higher Spetzler-Martin grade than the compact nidus group.
There is a possibility that such differences may have influenced
our interpretation of the results. Although not statistically sig-
nificant (p=0.434), the total obliteration rate for the diffuse
type was lower at 39.1% compared to the compact nidus group
(48.1%). Additionally, the proportion of patients receiving re-
treatment was higher at 26.1% for the diffuse group compared
to the compact group (13.0%). It is believed that these results
correspond to these differences. The impact of diffuse-type ni-
dus AVM on GKRS outcomes is controversial; one study re-
ported that diffuse-type nidus was an associated factor in com-
plete obliteration, whereas others, such as ours, have not found
statistically significant differences™**". However, in the case of
diffuse-type nidus AVM, GKRS is usually used with a low ra-
diation dose, and this often comes into effect slowly; hence, it
can be generally inferred that complete obliteration can be

measured to be low in practice. Considering that the primary

purpose of AVM treatment is to minimize complications and
reduce the risk of bleeding, GKRS is clearly effective and feasi-
ble for the treatment of diffuse-type AVM. It can be anticipated
that the smaller size of the nidal vessels in the diffuse-type
AVM compared to the compact group may allow for effective
nidus obliteration through radiation effects even with a low ra-
diation dose. Due to the characteristic of smaller nidal size, dif-
fuse-type AVMs often have limitations in endovascular embo-
lization, and there are limited alternative treatments besides
GKRS. Many cases also pose challenges in selecting the appro-
priate Gamma plan. Therefore, we believe this study is mean-
ingful in comprehensively confirming the results of GKRS for
diffuse-type AVMs, considering the frequent ambiguity in
treatment decisions.

Our study had several limitations. First, as this was a single-
center retrospective study, the comparative analysis was con-
ducted using a small group of patients. Most of the cases were
compact-type nidus AVMs (85.1%), resulting in an imbalance
in the number of cases compared with those of the diffuse-
type nidus group (14.9%). Second, the patient follow-up peri-
od may have been insufficient. There would have been a dif-
ference in the interpretation of the results if the follow-up was
performed for a longer period after GKRS, as future complete
obliteration was likely among patients identified as having
partial obliteration. Finally, despite classifying the nidus type
based on objective criteria using MRI and DSA, there are
some cases where the classification is somewhat ambiguous,
which could potentially impact the study results.

Nevertheless, this study confirmed the effectiveness of
GKRS across nidus types. To compensate for the selection bias
and shortcomings of this study, multi-institutional studies
that make use of propensity score matching are needed in the

future.

CONCLUSION

GKRS is a safe and feasible treatment for brain AVMs char-
acterized by both diffuse- and compact-type nidi. Further-
more, the optimal treatment plan and radiation dose identi-
fied by accurate angioarchitectural classification may
minimize GKRS complications in AVM.
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