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PURPOSE
 

To evaluate the association of the three-dimensional (3D)-modelled sphericity index of brain  ar-
teriovenous malformation (AVM) with nidus obliteration rate and time following Gamma Knife® 
Radiosurgery (GKRS), and to compare the predictive value of the AVM nidus sphericity index with 
previously established morphological predictors, such as AVM volume. 

METHODS
This institutional review board-approved retrospective study included 44 patients with cerebral 
AVMs who underwent single-session or hypofractionated GKRS between 2020 and 2023. Patients 
who received multimodal therapy, including prior endovascular embolization or microsurgical re-
section of the AVM nidus, were excluded. A minimum follow-up of 24 months was required for 
study inclusion. The primary endpoint was defined as complete angiographic obliteration follow-
ing the initial GKRS, without any latent intracranial hemorrhage requiring hospitalization or surgical 
intervention. Pretreatment threshold-based semi-automatic segmentation of the AVM nidus was 
performed to obtain its volume and surface area, from which the sphericity index (Φ) was calcu-
lated.

RESULTS
 

Nineteen (43.2%) AVMs achieved obliteration at a mean of 35.7 ± 11.4 months, whereas 25 (56.8%) 
had residual nidus at 43.7 ± 13.4 months. Sphericity values were more compact and stable, whereas 
volume showed wide variability across the groups. The median volume of obliterated AVMs was 
1.6 (3.9) cm3, and the median volume for AVMs with residual nidus was 4.9(13.7) cm3 (P = 0.002). 
Median AVM sphericity was 0.53 (0.26) for obliterated AVMs and 0.32 (0.19) for AVMs with residual 
nidus (P = 0.003). Sphericity demonstrated fair discriminative performance, comparable to AVM vol-
ume (Φ cut-off: 0.41; sensitivity 79%, specificity 68%, area under the curve: 0.77). However, optimal 
cut-off values of 0.30 and 0.66 yielded a sensitivity and specificity of 100% and 96%, respective-
ly. Kaplan–Meier analysis revealed a shorter median obliteration time for high-sphericity AVMs (> 
0.41) compared with low-sphericity AVMs (45 vs. 60 months, P = 0.001). Among patient-related and 
morphological parameters, sphericity was associated with earlier AVM obliteration (hazard ratio: 
36.29, 95% confidence interval: 2.89–454.37, P = 0.005), although it did not remain an independent 
predictor in multivariate analysis.

CONCLUSION
This preliminary study found that higher AVM nidus sphericity was associated with increased oblit-
eration rates and shorter time to obliteration following GKRS. Although not an independent pre-
dictor, sphericity exhibited a more stable distribution than volume, suggesting its potential as a 
complementary 3D biomarker for predicting radiosurgical outcomes of AVMs.

CLINICAL SIGNIFICANCE
 

AVM nidus sphericity may serve as a practical 3D geometric biomarker for predicting long-term 
outcomes following GKRS.
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Cerebral arteriovenous malformations 
(AVM) are rare complex vascular ab-
normalities with an annual incidence 

of 1.12 per 100,000 person-years.1 The annu-
al hemorrhage rate is 2.2% for unruptured 
AVMs and 3.0% for ruptured AVMs. The risk 
of hemorrhage is mostly associated with pri-
or hemorrhage, deep location, presence of 
deep venous drainage, and associated aneu-
rysms.2 Cerebral AVM management remains 
under debate, especially for unruptured 
AVMs. Current strategies include observa-
tion, microsurgical resection, endovascular 
embolization, and stereotactic radiosurgery, 
or various combinations of these methods. 
Of these, the radiosurgical approach, par-
ticularly Gamma Knife® Radiosurgery (GKRS), 
is a well-recognized and effective approach 
for smaller and compact AVMs.3,4 For larger 
AVMs [Spetzler–Martin (SM) grades 4 and 
5], cerebral AVM treatment often requires a 
multimodal approach, including GKRS and 
neoadjuvant endovascular embolization to 
achieve AVM obliteration.5 However, some 
reports have suggested that pre-GKRS ne-
oadjuvant endovascular embolization may 
hinder accurate AVM delineation in high-
grade AVMs during treatment planning and 
promote collateralization around the nidus, 
potentially reducing the likelihood of oblit-
eration.6 Although this remains controversial 
and neoadjuvant endovascular embolization 
is the more favored approach, GKRS alone 
may be considered for high-grade AVMs (SM 
grades 4 and 5) in some centers, typically re-
quiring staged hypofractionated sessions to 
reduce nidus volume while preventing latent 
hemorrhage, which otherwise carries an an-
nual bleeding risk of 2%–4% or more if un-
treated.7 Nevertheless, achieving complete 
obliteration with standalone GKRS remains 
the primary endpoint for SM grade 4 and 5 
AVMs, with reported rates ranging between 
33% and 53%.8

Morphological determinants of cerebral 
AVM response to GKRS were comprehensive-
ly assessed in the largest pooled meta-analy-
sis, which comprised 12 cohorts.9 In addition 

to marginal dose, this study mostly examined 
the effect of AVM nidus size, volume, venous 
drainage pattern, anatomical location, and 
SM grade to GKRS response. The most im-
pactful predictor of obliteration was a small-
er AVM volume (< 10 cm³), which consist-
ently emerged as the strongest independent 
parameter associated with AVM obliteration 
following GKRS. Similarly, a lower SM grade 
correlated with higher obliteration rates; 
however, this effect was largely confound-
ed by nidus size in multivariate modeling. 
Interestingly, the presence of deep venous 
drainage was associated with an increased 
probability of obliteration, although its con-
tribution was far less pronounced than AVM 
volume. In contrast, deeper location and a 
history of prior embolization were identified 
as independent negative predictors, reduc-
ing the long-term AVM obliteration rate fol-
lowing GKRS. 

Besides the classical morphological de-
terminants for GKRS response of AVMs, the 
current segmentation techniques can allow 
measurement of three-dimensional (3D) fea-
tures of AVMs and their potential impact on 
response status. In this context, a series study 
reported that a more compact AVM achieves 
better obliteration, and claimed that, in addi-
tion to nidus size, a well-defined AVM margin 
relative to brain parenchyma is another ben-
eficial feature for achieving better radiosur-
gery response.10 In addition to the compact-
ness index—which quantifies the vascular 
proportion of the AVM nidus relative to the 
surrounding brain parenchyma—the sphe-
ricity index provides a numerical measure 
of a 3D structure, describing how closely the 
nidus approximates a perfect sphere and 
thereby reflecting the degree of AVM nidus 
dispersion. In contrast to the compactness 
of AVM, the sphericity of AVM measurement 
is a ratio of surface area to volume, which is 
most sensitive to AVM nidus elongation, lob-
ulation, and surface irregularities that were 
mostly demonstrated in studies with solid tu-
mors.11,12 Regardless of the maximal diameter 
of AVMs, lower sphericity represents higher 
AVM surface area, thereby indicating more 
contact with surrounding brain parenchyma. 
This is an underexplored 3D parameter in the 
context of AVMs, with the first report demon-
strating that low-nidal sphericity below 0.44 
was strongly correlated with a high-risk of 
seizure incidence in AVMs.13

This preliminary study assesses the asso-
ciation between AVM nidus sphericity and 
the cerebral AVM obliteration in patients 
treated exclusively with single-session or 
hypofractionated GKRS, without adjunctive 

endovascular embolization or microsurgery. 
Furthermore, the study evaluates the predic-
tive performance of sphericity and compares 
it with established parameters, such as AVM 
volume, in achieving obliteration following 
GKRS.

Methods

Study participants and neuroimaging  
follow-up

This single-center retrospective study was 
approved by the Clinical Ethical Committee of 
the Koç University Ethical Committee on Hu-
man Research (protocol number: 2025.386.
IRB2.174, approval date: 11.09.2025). Given 
the retrospective design, informed consent 
was waived. 

The inclusion criterion for this study 
comprised patients with AVMs who under-
went GKRS at Koç University Hospital be-
tween January 2020 and December 2023. 
The following criteria determined exclusion: 
patients 1) aged < 3 years; 2) with active im-
aging surveillance of < 24 months following 
GKRS;14 and 3) who had undergone prior 
neoadjuvant endovascular embolization or 
open surgical resection with residual cere-
bral AVM nidus. During the study period, a 
total of 168 patients with AVMs were treat-
ed with GKRS. Of these, 27 had undergone 
prior embolization, and 11 had prior surgical 
resection with residual nidus. Seventy-six 
cases did not meet the minimum 24-month 
follow-up requirement. After applying these 
exclusion criteria, 44 AVMs were eligible for 
final analysis. The patient selection flowchart 
is presented in Figure 1. The AVMs were grad-
ed according to the SM classification system.

All patients underwent annual imaging 
surveillance with time-of-flight (ToF) mag-
netic resonance angiography (MRA) and 
contrast-enhanced 3D T1-VIBE magnetic res-
onance imaging (CE-MRI). After 24 months, 
if no residual nidus was detected on MRA 
with CE-MRI, digital subtraction angiogra-
phy (DSA) was performed to confirm AVM 
obliteration, defined as the absence of a vis-
ible nidus and early cerebral venous filling. 
If a residual nidus was detected beyond 24 
months on MRA with CE-MRI, repeat GKRS 
was performed, and follow-up imaging was 
continued with MRA every 6 months until no 
residual nidus was observed. Final confirma-
tion of AVM obliteration was then obtained 
via DSA. The primary endpoint was defined 
as complete AVM obliteration following 
GKRS without major delayed hemorrhage 
necessitating hospitalization or surgical in-

Main points

•	 Predicting long-term obliteration of brain 
arteriovenous malformations (AVMs) fol-
lowing Gamma Knife® Radiosurgery (GKRS) 
remains challenging.

•	 AVM nidus sphericity quantifies surface ir-
regularity or elongations as a novel three-di-
mensional geometric biomarker.

•	 Higher nidus sphericity is associated with 
earlier and more frequent AVM obliteration 
following GKRS.
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tervention. The need for a second single or 
hypofractionated GKRS during follow-up 
did not preclude meeting the primary end-
point, as, according to the series conducted 
by Chung et al.,15 angiographic obliteration is 
often expected in an average of 66 months 
even after repeated GKRS sessions.

 Gamma Knife Radiosurgery procedure and 
dose planning 

On the day of radiosurgery, stereotactic 
MRI and computed tomography (CT) were 
obtained without a frameless workflow. The 
stereotactic MRI protocol included isotropic 
3D T2-SPACE (slice thickness: 1.5 mm; TR/TE: 
2,500/321 ms; field of view: 230 × 230 mm; 
flip angle: 150°) and 3D post-contrast T1-VIBE 
(slice thickness: 1.5 mm; TR/TE: 11/4.7 ms; 
field of view: 230 × 230 mm; flip angle: 23°), 
both acquired on the same 1.5 T scanner. A 
3D ToF-MRA sequence was also obtained 
(slice thickness: 1.5 mm; TR/TE: 25/7 ms; 
field of view: 230 × 230 mm; flip angle: 25°). 
In addition, a thin-slice stereotactic CT (slice 
thickness: 1.0 mm) was acquired with the 
head oriented parallel to the scanner table. 
The 3D post-contrast T1-VIBE, 3D T2-SPACE, 
and ToF-MRA datasets were rigidly fused in 
the  GammaPlan planning system (Elekta AB, 
Stockholm, Sweden) for AVM nidus delinea-
tion. Stereotactic CT was used for distortion 
correction. When the AVM nidus was poorly 
visualized on both post-contrast T1-VIBE and 

ToF-MRA sequences, or when a dural/pial 
arteriovenous fistula or incomplete visuali-
zation of feeding arteries was suspected, ad-
ditional two-dimensional (2D) biplanar DSA 
(posteroanterior and lateral projections) was 
performed to improve nidus delineation. In 
the present series, 2D biplanar DSA runs were 
co-registered in 11 (25%) cerebral AVM cases 
as an additional fourth element to the fused 
MRI stacks within the GammaPlan vascular 
module to improve AVM nidus delineation.

All patients were treated using the Lek-
sell Gamma Knife® Icon™ (Elekta AB, Stock-
holm, Sweden) system. Mild sedation was 
administered, and a stereotactic frame was 
applied to achieve rigid head fixation. Treat-
ment planning was performed individually 
using the GammaPlan module planning 
system with semiautomatic segmentation 
of the AVM nidus. Here, GKRS plans were 
generated to achieve the highest possible 
conformity to the segmented nidus while 
excluding feeding arteries. Isodose shaping 
was accomplished using multiple small iso-
centers to minimize dose to the perinidal 
brain parenchyma. The coverage index, de-
fined as the percentage of nidus volume en-
compassed by the prescription (minimum) 
dose, was maintained at ≥ 95% for all target-
ed AVM volumes. The selectivity index was 
maintained above 0.75 for all AVM cases. The 
conformity index, representing the ratio be-
tween the prescription isodose volume and 

the AVM nidus volume, typically ranges be-
tween 1.0 and 1.5. A steep dose fall-off strat-
egy (high-gradient index) was systematical-
ly preferred to avoid irradiation of adjacent 
eloquent parenchyma. Hence, the gradient 
index was maintained under 3 in all AVMs, 
and the marginal prescription isodose was 
set to the 50% isodose line. All single-fraction 
GKRS procedures were performed using the 
Leksell G frame. 

Patients with an AVM < 3 cm and lo-
cated in non-eloquent brain regions were 
typically treated with single-session GKRS, 
with marginal doses ranging from 15–25 
Gy depending on nidus volume and prox-
imity to critical structures. For larger AVMs 
(> 3 cm), or for cases with high-risk features 
(e.g., intranidal aneurysm, tortuous high-
flow deep venous drainage, history of prior 
hemorrhage), or AVMs located in eloquent/
critical regions (brainstem, optic tracts, co-
rona radiata, perirolandic cortex, etc.), a hy-
pofractionated GKRS scheme was used. This 
consisted of five consecutive daily fractions, 
each delivering 3–6 Gy, to reduce the risk of 
radiation-induced toxicity in adjacent white 
matter tracts and to minimize the chance 
of post-treatment hemorrhage. In the 5-day 
hypofractionated GKRS protocol, the frame-
less thermoplastic mask system was used to 
ensure reproducible positioning throughout 
all treatment fractions. Before each session, 
cone-beam CT verification was performed to 
confirm accurate head positioning and align-
ment with the treatment plan. An infrared 
laser marker was used to monitor any abnor-
mal immobilization of the mask during the 
GKRS treatment.

Segmentation and image processing

All anonymized MRI data were analyzed 
by a neuroradiologist with 6 years of ex-
perience in the field of neuroimaging. The 
radiologist was blinded to all clinical infor-
mation of the patients during the analysis. 
Three-dimensional volumetric T1-weighted 
gradient-echo images (3D T1-VIBE; voxel 
size: 1.0 × 1.0 × 1.0 mm) were imported into 
3D Slicer (version 5.8.1; https://www.slicer.
org) for image processing and sphericity 
analysis. Although both CE-3D T1-VIBE and 
ToF-MRA were performed, only the CE-T1-
VIBE sequence was used as the reference 
dataset for AVM segmentation; ToF-MRA was 
not registered with the CE-T1-VIBE images, 
since flow-related signal attenuation and sat-
uration effects in the former frequently lead 
to underestimation of the nidus size, par-
ticularly in regions of slow or turbulent flow. 
 Flow-related signal attenuation in the AVM Figure 1. Summary flow chart of the study group selection process. AVM, arteriovenous malformation.
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nidus was more evident in the larger aneu-
rysm (nidus size > 3cm) in ToF-MRA, which 
potentially biased the segmentation and led 
to a more artificially contracted nidus relative 
to an isotropic CE-T1-VIBE series. 

The AVM nidus was initially delineated 
semiautomatically using a threshold-based 
segmentation approach on  CE 3D T1-VIBE 
images. This process captured the enhancing 
nidus together with adjacent vascular struc-
tures, including feeding arteries, draining 
veins, and portions of normal vasculature. To 
refine the segmentation, the scissors tool in 
3D Slicer was used to manually remove non-
nidal vessels. An approximate 3-mm margin 
was preserved at the interface with feeding 
arteries to avoid inadvertent over-cutting 
of the nidus. The resulting volume was then 
rendered as a 3D surface. The segmentation 
method is illustrated in Figure 2. In contrast 
to prior radiomics studies of solid brain tum-
ors, no Gaussian voxel-smoothing algorithm 
was applied since surface smoothing sub-
stantially inflates surface area measurements 
and artificially increases sphericity. Following 
completion of manual segmentation, the 
segment statistics module in 3D Slicer was 
used to compute the voxel-based volume 
and the surface mesh geometry of the AVM 
nidus. Given isotropic voxel dimensions of 
1.0 mm³, volume was calculated directly 
from voxel counts. Sphericity (Φ) was derived 
from volume (V) and surface area (A) using 
the following formula:

Statistical analysis

All statistical analyses were performed 
using IBM SPSS Statistics, version 28.0 (IBM 
Corp., Armonk, NY, USA). The analyses were 
primarily conducted by one of the authors 
(Y.E.S.), and all results were independent-
ly reviewed and verified by the co-authors, 
each of whom has substantial experience 
in medical statistics and data interpretation. 
Descriptive statistics were calculated for 
continuous variables, whereas categorical 
variables were summarized as frequencies 
and percentages. Normality of distribution 
for continuous variables was assessed using 
the Shapiro–Wilk test. The primary endpoint 
was defined as long-term GKRS outcome 
(> 24 months), dichotomized as complete 
obliteration vs. residual nidus. Group com-
parisons were performed according to the 
status of the primary endpoint. Normally 
distributed continuous variables were com-
pared using the independent-samples t-test, 

whereas non-normally distributed variables 
were analyzed using the Mann–Whitney U 
test. Categorical variables were compared 
using Pearson’s chi-square test.  To assess seg-
mentation reproducibility, one co-rater (A.P.) 
independently segmented the AVM nidus 
across the entire cohort. Inter-rater reliability 
for AVM volume and sphericity was evaluat-
ed using the intraclass correlation coefficient 
(ICC) derived from a two-way mixed-effects 
model. The diagnostic performance of AVM 
nidus sphericity and volume was evaluated 
using  receiver operating characteristic (ROC) 
analysis, and optimal cut-off values were de-
termined using the maximum Youden index 
in addition to maximum sensitivity and spec-
ificity strategies. Based on this threshold, 
AVMs were dichotomized into high-spheric-
ity vs. low-sphericity groups. Kaplan–Mei-
er survival analysis was then conducted to 
evaluate the association between sphericity 
status and time to obliteration following 
GKRS. Patients with residual AVM nidus who 
remained under imaging surveillance were 
censored at their last follow-up. Finally, uni-
variate and multivariate Cox proportional 
hazards regression models were constructed 
to assess the relationship between time to 

obliteration and AVM morphologic parame-
ters, age, and sex. A P value < 0.05 was con-
sidered statistically significant in all analyses.

Results

Patient demographics and Gamma Knife 
Radiosurgery outcomes 

A total of 44 patients (22 women/22 men) 
were deemed eligible for the study. The aver-
age follow-up time after the GKRS was 44.2 
± 15.7 months. Nineteen (43.2%) patients 
with AVM achieved the primary endpoint 
by displaying obliteration of the AVM ni-
dus with a mean obliteration time of 35.7 ± 
11.4 months. Out of 19 obliterated AVMs, 4 
(13.8%) required a second GKRS with a mean 
marginal dose of 15.8 ± 1.5 Gy. Twenty-five 
(56.8%) patients with AVM did not achieve 
the primary endpoint and showed residu-
al nidus despite marked volume reduction, 
with a mean last follow-up time after GKRS 
of 43.7 ± 13.4 months. Each of these cases 
required a second GKRS retreatment with a 
mean marginal dose of 20.2 ± 6.3 Gy. The pa-
tient demographics, GKRS parameters, and 
basic AVM features are listed in Table 1. 

Figure 2. Illustration of brain arteriovenous malformation (AVM) segmentation. (a, c, d) Segmentation was 
performed on isotropic T1-weighted gradient-echo images (voxel size: 1.0 mm) for sphericity analysis. The 
AVM nidus was initially delineated semi-automatically using a threshold-based segmentation approach 
to distinguish the nidus from the surrounding brain parenchyma. Subsequently, the scissor tool was used 
to manually remove non-nidal vessels, such as feeding arteries beyond a 3-mm safety margin from the 
central nidus and large draining veins exiting the nidus. (b) Volume rendered three-dimensional view of 
segmented left insular AVM nidus. The Gaussian smoothing algorithm was exclusively avoided to prevent 
misrepresentation of the surface area. The measured AVM nidus surface area (A) was 21.16 cm², the nidus 
volume (V) was 2.68 cm³, and the calculated sphericity index (Φ) was 0.44 for this patient. The arrow shows 
an intranidal aneurysm. 

a

c

b

d
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Among the 19 patients who achieved 
AVM obliteration, none experienced major 
intracranial hemorrhage requiring surgical 
intervention or hospitalization. One patient 
developed a minor localized hemorrhage 
at the site of the treated nidus following a 
single session of GKRS. In contrast, among 
the 25 patients with residual AVM nidus, 2 
presented with self-limited subarachnoid 
hemorrhage within 1 year after GKRS, both 
requiring hospitalization without surgical or 
endovascular intervention.

Sphericity and volume analysis of arterio-
venous malformation in response to Gam-
ma Knife Radiosurgery 

Table 2 summarizes the distribution of 
patients, treatment characteristics, and AVM 
morphology according to GKRS response. 
Hypofractionated GKRS was 8.8-times more 
frequent in AVMs with residual nidus com-
pared with those achieving obliteration (P = 
0.005). There was a trend toward significance 
in the marginal dose, with residual AVMs re-
ceiving a median of 25 (12) Gy vs. 20 (6) Gy 

in obliterated AVMs (P = 0.060). Retreatment 
was required in four (13.8%) obliterated 
AVMs and in each of the residual AVMs, cor-
responding to a 7.3-fold-higher likelihood of 
retreatment in the residual group (P = 0.001). 
The median AVM volume was 4.9 cm³ in the 
residual group and 1.6 cm³ in the obliterated 
group (P = 0.002). Likewise, the median AVM 
sphericity was 0.53 in obliterated AVMs and 
0.32 in those with residual nidus (P = 0.001). 
Among patients achieving the primary end-
point, AVM size of 3–6 cm was the most fre-
quent category (11 cases, 57.9%), whereas 
in the residual group, AVM size > 6 cm pre-
dominated (13 cases, 52%) (P = 0.046). In line 
with this, the distribution of SM grade dif-
fered between groups, with SM grade 3 most 
common in obliterated AVMs and SM grade 4 
most prevalent in residual AVMs (P = 0.021).

 Inter-rater reliability of segmented arterio-
venous malformation volume and sphericity 

 The ICC was 0.94 [95% confidence inter-
val (CI): 0.55–0.99] for AVM volume and 0.97 
(95% CI: 0.86–0.99) for sphericity, indicating 
excellent inter-rater reliability in both pa-
rameters. However, the lower bound of the 
95% CI for AVM volume was less than the ICC 
threshold of 0.70, commonly regarded as the 
cut-off for good agreement, suggesting that 
AVM volume measurements may be more 
susceptible to segmentation-related varia-
bility.

Receiver operating characteristic curve 
analysis of arteriovenous malformation 
volume and sphericity for predicting long-
term radiosurgical response

The ROC analysis results for AVM sphe-
ricity and volume are presented in Table 3. 
Here, AVM nidus sphericity demonstrated 
fairly good discriminative performance and a 
moderate positive correlation with long-term 
obliteration following GKRS (Spearman’s ρ: 
0.45, P = 0.002). This finding indicates that as 
nidus sphericity increases, the likelihood of 
AVM obliteration following GKRS rises. The 
optimal sphericity cut-off of 0.41, derived 
from the best Youden index (0.469), yielded 
a sensitivity of 79%, specificity of 68%, and 
an area under the curve (AUC) of 0.77. The 
highest sensitivity (100%) was achieved at 
a cut-off of 0.30, whereas the highest speci-
ficity (96%) was achieved at a cut-off of 0.66. 
In contrast, AVM volume showed a moderate 
negative correlation with GKRS response 
(Spearman’s ρ: –0.42, P = 0.004). The distri-
bution of AVM volume was highly variable, 
with extreme outliers particularly evident in 
large nidus sizes, ranging from 0.06 to 60.7 

Table 1. Patient demographics, AVM features, and GKRS outcomes 

Characteristic Total (n = 44)

Primary endpoint, n (%)

Obliteration 19 (43.2%)

Residual nidus 25 (56.8%)

Age, (mean ± SD) 25.3 ± 13.4

Sex, n (%)

Male 22 (50%)

Female 22 (50%)

Follow-up, mo (mean ± SD) 44.2 ± 15.7

Time to obliteration, mo (mean ± SD) 35.7 ± 11.4

Marginal dose, (50 % isodose line), Gy, (mean ± SD) 22.8 ± 7.1

Retreatment rate, n (%) 29 (65.9%)

Latent bleeding following GKRS, n (%) 3 (6.8%)

Location, n (%)

Lobar 32 (72.8%)

Cerebellum 4 (9.1%)

Thalamus 3 (6.8%)

Corpus callosum 2 (4.5%)

Basal ganglia 1 (2.3%)

Brain stem 2 (4.5%)

Nidus size, cm

< 3cm 20 (45.5%)

3–6 cm 17 (38.6%)

> 6 cm 7 (15.9%)

Intranidal aneurysm, n (%) 11 (25%)

Deep venous drainage, n (%) 27 (61.4%)

Spetzler–Martin grade, n (%)

2 8 (18.2%)

3 18 (40.9%)

4 14 (31.8%)

5 4 (9.1%)

Clinical presentation, n (%)

Asymptomatic 20 (45.5%)

Seizure 15 (34.1%)

Bleeding 4 (9.1%)

Sensorimotor symptoms 4 (9.1%)

Visual symptoms 1 (2.2%)

AVM, arteriovenous malformation; GKRS, Gamma Knife Radiosurgery; SD, standard deviation
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cm³. This wide variability negatively impact-
ed the robustness of volume-based cut-offs 
for predicting long-term GKRS outcomes. For 
the AVM nidus volume, the best cut-off value 
was 1.61 cm³, which achieved a sensitivity of 
53%, specificity of 92%, and AUC of 0.78, with 
the highest Youden index of 0.450. Maximum 
sensitivity (100%) was achieved at a 0.14-cm³ 
cut-off, whereas maximum specificity (100%) 
was observed at a 15.6-cm³ cut-off. Figure 3 
illustrates a more stable and compact distri-
bution of AVM nidus sphericity values com-
pared with AVM volume, which demonstrat-
ed pronounced variability across the group.

 Effect of arteriovenous malformation mor-
phologic features on obliteration time fol-
lowing Gamma Knife Radiosurgery 

When patients were stratified by AVM 
sphericity according to the optimal cut-off (≤ 
0.41: low sphericity, > 0.41: high sphericity), 
the median time to obliteration following 
GKRS was 45 months in the high-sphericity 
group and 60 months in the low-sphericity 
group (P = 0.001), indicating a faster oblit-
eration rate in AVMs with higher sphericity. 
Twenty-five patients with residual AVM ni-
dus who did not reach the primary endpoint 
were censored in the survival analysis, as il-
lustrated in Figure 4.

The impact of demographic and morpho-
logical factors on long-term AVM obliteration 
was first evaluated using a univariate Cox 
proportional hazards model. Variables that 
reached statistical significance were subse-
quently entered into a multivariate model 
to explore interdependence. The results are 
summarized in Table 4.  Among the dose- and 
treatment-related variables, both the hypof-
ractionation scheme and the use of multi-
ple-isocenter treatment plans demonstrated 
only a trend toward a reduced hazard of ear-
lier AVM obliteration without reaching statis-
tical significance (P = 0.060 for both). Among 
the morphological predictors, increased 
AVM sphericity had the highest positive 
hazard with faster obliteration [hazard ratio 
(HR): 36.29, 95% CI: 2.89–454.37, P = 0.005], 
in contrast, larger AVM volume (HR: 0.88, 95% 
CI: 0.78–0.98, P = 0.026) and higher SM grade 
(HR: 0.39, 95% CI: 0.21–0.71, P = 0.002) were 
inversely associated with the early AVM oblit-
eration, although their absolute hazard were 
notably smaller than that of sphericity. When 
these three morphological variables were 
analyzed together in the multivariate model, 
none retained independent predictive signif-
icance, suggesting that the predictive effect 
of sphericity is attenuated when adjusted for 
AVM volume and SM grade. Further variance 
inflation factor analysis yielded values of 2.82 
for sphericity, 1.72 for volume, and 2.37 for 
SM grade, all below the conventional thresh-
old for severe multicollinearity. Nevertheless, 
the limited sample size likely reduced the 
stability and independent predictive power 
of these parameters in the multivariate set-
ting.

Discussion
The present preliminary study high-

lights the prognostic value of the surface 
area-based sphericity index in predicting 
cerebral AVM obliteration following GKRS. 
In this preliminary cohort, higher sphericity 
was associated with both improved long-
term AVM nidus obliteration outcomes and 
earlier achievement of obliteration following 
GKRS treatment. Unlike solid brain tumors 

Table 2. Comparison of demographic data, AVM morphological features, and GKRS 
parameters based on treatment outcomes

Variable Obliterated AVM 
nidus (n = 19)

Residual AVM 
nidus (n = 25)

P value

Age, (mean ± SD) 27.4 ± 15.8 23.7 ± 11.4 0.371

Sex (F/M), 10/9 12/13 0.763

Fractionation scheme (single/hypofractionated), n 15/4 11/14 0.005

Marginal dose, median [IQR] 20 [6] 25 [12] 0.060

Multiple-isocenter GKRS plan, n (%) 16 (84.2%) 24 (96%) 0.410

Number of isocenters per nidus, median [IQR] 9 [12] 13 [8.0] 0.204

Retreatment rate, n (%) 4 (13.8%) 25 (100.0%) 0.001

Retreatment dose, median [IQR] 15 [9] 16 [10] 0.090

AVM volume cm3, median [IQR] 1.6 [3.9] 4.9 [13.7] 0.002

AVM surface area, cm2 median [IQR] 13.4 [26.3] 44.2 [84.9] 0.001

AVM sphericity, Φ, median [IQR] 0.53 [0.26] 0.32 [0.19] 0.003

Nidus size 0.046

< 3cm 1 (5.3%) 6 (24%)

3–6 cm 11 (57.9%) 6 (24%)

> 6cm 7 (36.8%) 13 (52%)

Intra-nidal aneurysm, n (%) 5 (26.3%) 6 (24%) 0.861

Deep venous drainage, n (%) 10 (52.6%) 7 (28.0%) 0.103

Spetzler–Martin grade, n (%) 0.021

2 6 (31.6%) 2 (8%)

3 10 (52.6%) 8 (32%)

4 2 (10.5%) 12 (48%)

5 1 (5.3%) 3 (12%)

AVM, arteriovenous malformation; GKRS, Gamma Knife Radiosurgery; IQR, interquartile range; SD, standard 
deviation; F, female; m, male

Table 3. Performance of AVM sphericity and volume in achieving the  obliteration of AVM after the GKRS

Variable Cut-off Youden index AUC Accuracy Sensitivity,% Specificity, %

Sphericity 0.30 0.440 0.77 0.64 100 44

Sphericity 0.41 0.469* 0.77 0.73 79 68

Sphericity 0.66 0.223 0.77 0.64 26 96

Volume, cm3 0.14 0.118 0.78 0.43 100 16

Volume, cm3 1.61 0.450* 0.78 0.75 53 92

Volume, cm3 15.6 0.280 0.78 0.57 28 100

*Highest Youden index value. AVM, arteriovenous malformation; GKRS, Gamma Knife Radiosurgery; AUC, area under the curve
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or metastases, AVMs are inherently irregu-
lar and non-spherical structures; therefore, 
the sphericity values in the current study 
were lower than those typically reported in 
studies with solid tumors.11,12 Nevertheless, 
obliterated AVMs demonstrated a median 
sphericity of 0.53 (0.26), compared with 0.32 
(0.19) in AVMs with residual nidus. Using an 
optimal cut-off of 0.41, high-sphericity AVMs 
achieved obliteration at a median of 45 
months, vs. 60 months in the low-sphericity 
group.  These findings suggest that an AVM 
nidus with high sphericity correlates with 

shorter AVM obliteration time, whereas AVM 
volume and SM grade exert relatively small-
er effects. However, sphericity did not retain 
independent predictive value in multivariate 
analysis for the AVM obliteration time, likely 
attributable to the limited sample size of the 
study. 

Previous reports have consistently em-
phasized the nidus volume as the most robust 
structural feature for AVM obliteration.9,16,17 
Although our findings support this, the vol-
ume-based distribution of cerebral AVMs is 

extremely heterogeneous in the previous 
studies, leading to difficulties in determining 
the useful volume thresholds for achieving 
AVM obliteration. Marked differences in cer-
ebral AVM volume make the pre-radiosurgi-
cal AVM volume clinically impractical to use 
as a prognostic parameter.  Another caveat 
concerning AVM volume lies in the lack of 
knowledge on the extent of the nidal vascu-
lar distribution, such as a more compact AVM 
or dispersed AVM nidus may have a closer 
absolute AVM volume, although marginal 
radiation dose and time of obliteration, as 
well as the latent time to hemorrhage may 
differ from one another.18 Therefore, the 3D 
features of AVM can be further elucidated to 
build a prognostic model for GKRS response. 
In the present cohort, the distribution of 
absolute nidal sphericity values effectively 
reflected the degree of surface irregularity 
within the nidus. The therapeutic principle of 
GKRS is based on endothelial injury and sub-
sequent progressive fibrointimal hyperplasia 
leading to occlusion of the AVM nidus.19 Ac-
cording to the radiomics-based tumor-shape 
study by Limkin et al.,20 as sphericity decreas-
es, intra-nidal irregularities and dispersion 
are expected to increase. Accounting for this 
consideration, a highly spherical AVM nidus 
can be expected to receive a more uniform 
radiation dose; however, when multiple iso-
centers and complex plugging techniques 
are applied, uniform dose distribution can be 
achievable across variable 3D nidus confor-
mations. In our cohort, 40 (89.9%) AVMs were 
treated using a multiple-isocenter, complex 
plugging strategy, whereas only 4 cases were 

Figure 3. Boxplots showing the distribution of arteriovenous malformation (AVM) sphericity (Φ) and volume (V) according to treatment outcome, which is defined 
as residual vs. obliterated AVM nidus following Gamma Knife Radiosurgery. Sphericity index (a) showed a more compact and stable distribution compared with AVM 
volume (b), which demonstrated wide variability and substantial overlap between groups. 

Figure 4. Kaplan–Meier analysis of arteriovenous malformation (AVM) obliteration time based on nidus 
sphericity. The AVMs were dichotomized according to the sphericity threshold of 0.41 (low sphericity: ≤ 0.41, 
high sphericity: > 0.41). Obliteration is defined as the primary endpoint. The median time to obliteration was 
45 months for AVMs with a high-sphericity nidus and 60 months for AVMs with a low-sphericity nidus (P = 
0.001). GKRS; Gamma Knife® Radiosurgery. 

ba
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treated with a single, unplugged isocenter. 
The median number of isocenters did not 
differ significantly between the obliterated 
and residual AVM groups, suggesting that 
the use of multiple-isocenter planning is a 
consistent requirement across diverse nidus 
geometries to ensure therapeutic coverage. 
Therefore, the more favorable long-term 
obliteration outcomes observed in highly 
spherical AVMs may not be attributed only to 
distributed dose heterogeneity in the nidus 
but also to intrinsic anatomical factors, such 
as increased nidal vessel volume relative to 
surface area, which may enhance the effec-
tive bioavailability of therapeutic radiation 
even in complex AVM conformations.21

Earlier AVM obliteration has traditionally 
been associated with low nidus volume (< 
10 cm³) and lower SM grades. More recently, 
Pacini et al.22 suggested that a high compact-
ness index of the AVM nidus can be noted as a 
single independent quantitative predictor of 
AVM obliteration, demonstrating strong pre-
dictive capacity (AUC: 0.82; sensitivity: 97%; 
specificity: 52%). Our preliminary findings 
in this smaller cohort suggested that higher 
nidal sphericity is also associated with earli-
er AVM obliteration. However, the predictive 
performance of the sphericity index was not 
as robust as that of the compactness index in 
that series. Nonetheless, the direct compari-
son is not feasible as our cohort uniquely in-
cluded AVMs treated exclusively with GKRS, 
whereas the Pacini et al. study comprised a 
larger group treated by multimodal strate-
gies including endovascular embolization 
and open microsurgery.22 Similar to the com-
pactness index, our study demonstrated that 
a sphericity value > 0.41 may have predictive 
utility in achieving earlier AVM obliteration. 
Conceptually, compactness is defined as the 

vascular density within the parenchyma en-
compassing the AVM nidus,23 whereas sphe-
ricity reflects surface irregularities and is pre-
sumed to be more sensitive to lobulations 
within an AVM nidus.24 Notably, two AVM ni-
duses with similar compactness values may 
differ substantially in terms of lobulation or 
sphericity.  Therefore, integrating both com-
pactness and sphericity indices as 3D param-
eters of AVM nidus, or developing automat-
ed software to calculate them, represents a 
promising research area that may offer new 
insights and facilitate early prediction of AVM 
obliteration following GKRS. 

This study has several limitations, with the 
first being the retrospective single-center 
design and relatively small cohort size. The 
small cohort size may have reduced the sta-
tistical power for multivariate analysis, where 
the sphericity alone did not retain independ-
ent predictive capacity for AVM obliteration 
time. Nevertheless, the cohort was homoge-
neous, comprising only brain AVMs treated 
exclusively with GKRS. Second, AVM nidus 
segmentation was manually performed 
with semi-automated refinement, which 
is susceptible to inter-observer variability. 
Although the contouring was performed 
carefully and surface smoothing was avoid-
ed to preserve true geometric complexity, 
a certain extent of segmentation bias re-
mains possible. Third, heterogeneity of treat-
ment parameters, including marginal dose 
selection and use of hypofractionated vs. 
single-session GKRS, could have confound-
ed AVM obliteration outcomes. Moreover, 
the compactness index was not specifically 
evaluated in this cohort, as the segmented 
3D AVM nidus in the 3D Slicer environment 
did not precisely correspond to the planned 
treatment volume delineated by the pre-

scription isodose boundaries within the ra-
diosurgical treatment planning system. This 
discrepancy between anatomical and dosim-
etric segmentation volumes precluded relia-
ble computation of the compactness index 
within the same workflow. Finally, although 
this study highlights the potential of sphe-
ricity as a novel geometric parameter, the 
absence of external validation of AVM nidus 
sphericity measurements represents another 
limitation, and the methodology should be 
further verified in larger independent co-
horts. In the future, we plan to continue the 
analysis with a larger cohort.

In conclusion, the sphericity of the AVM ni-
dus represents a measure of intra-nidal irreg-
ularity and elongation, and, therefore, the ex-
tent of nidal vascular surface area contacting 
the surrounding brain parenchyma. Although 
most AVM niduses do not approximate a true 
spherical shape, relatively higher sphericity 
values (Φ > 0.41) were moderately associ-
ated with improved radiosurgical response 
and higher obliteration rates.  Compared with 
the absolute AVM nidus volume, the sphe-
ricity exhibited far more stable distribution, 
highlighting its potential role in refining 
prognostic models following GKRS. However, 
sphericity alone did not retain independent 
predictive value for AVM obliteration time, 
likely due to the limited sample size, which 
highlights the need for external validation. 
Despite these limitations, the present find-
ings suggest that AVM nidus sphericity repre-
sents a practical and promising 3D geometric 
marker that warrants further validation in 
larger multicenter series to establish its pre-
dictive role for AVM obliteration.

Table 4. Cox proportional hazards model of AVM sphericity, morphological features, and demographics in relation to time to obliteration 
following GKRS

Univariate ( n = 44) Multivariate ( n = 44)

Predictor HR (95% CI) P HR (95% CI) P

Age (year) 1.02 (0.99–1.07) 0.191

Sex (female) 0.91 (0.38–2.21) 0.712

Total marginal dose 0.95 (0.88–1.03) 0.213

Fractionation scheme (hypofractionated) 0.24 (0.06–1.04) 0.060

Multiple-isocenter GKRS plan 0.29 (0.12–1.04) 0.060

Number of isocenters per nidus 1.03 (0.96–1.10) 0.394

Spetzler–Martin grade 0.39 (0.21–0.71) 0.002 0.45 (0.160–1.29) 0.142

Intra-nidal aneurysm 1.04 (0.36–2.99) 0.936

AVM volume (cm3) 0.88 (0.78–0.98) 0.026 0.94 (0.82–1.08) 0.383

AVM sphericity 36.29 (2.89–454.37) 0.005 0.430 (0.01–59.74) 0.734

AVM, arteriovenous malformation; HR, hazard ratio; GKRS, Gamma Knife Radiosurgery, CI, confidence interval
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