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OBJECTIVE Case selection for the surgical treatment of brain arteriovenous malformations (BAVMs) remains challeng-
ing. This study aimed to construct a predictive grading system combining lesion-to-eloquence distance (LED) for select-
ing patients with BAVMs for surgery.
METHODS Between September 2012 and September 2015, the authors retrospectively studied 201 consecutive pa-
tients with BAVMs. All patients had undergone preoperative functional MRI and diffusion tensor imaging (DTI), followed 
by resection. Both angioarchitectural factors and LED were analyzed with respect to the change between preoperative 
and final postoperative modified Rankin Scale (mRS) scores. LED refers to the distance between the lesion and the 
nearest eloquent area (eloquent cortex or eloquent fiber tracts) measured on preoperative fMRI and DTI. Based on 
logistic regression analysis, the authors constructed 3 new grading systems. The HDVL grading system includes the 
independent predictors of mRS change (hemorrhagic presentation, diffuseness, deep venous drainage, and LED). Full 
Score combines the variables in the Spetzler-Martin (S-M) grading system (nidus size, eloquence of adjacent brain, and 
venous drainage) and the HDVL. For the third grading system, the fS-M grading system, the authors added information 
regarding eloquent fiber tracts to the S-M grading system. The area under the receiver operating characteristic (ROC) 
curves was compared with those of the S-M grading system and the supplementary S-M grading system of Lawton et al. 
RESULTS LED was significantly correlated with a change in mRS score (p < 0.001). An LED of 4.95 mm was the cutoff 
point for the worsened mRS score. Hemorrhagic presentation, diffuseness, deep venous drainage, and LED were inde-
pendent predictors of a change in mRS score. Predictive accuracy was highest for the HDVL grading system (area under 
the ROC curve 0.82), followed by the Full Score grading system (0.80), the fS-M grading system (0.79), the supplemen-
tary S-M grading system (0.76), and least for the S-M grading system (0.71). Predictive accuracy of the HDVL grading 
system was significantly better than that of the Spetzler-Martin grade (p = 0.040).
CONCLUSIONS LED was a significant predictor for the preoperative risk evaluation for surgery. The HDVL system was 
a good predictor of neurological outcomes after BAVM surgery. Adding the consideration of the involvement of eloquent 
fiber tracts to preoperative evaluation can effectively improve its predictive accuracy.
https://thejns.org/doi/abs/10.3171/2016.10.JNS161415
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Careful case selection is necessary to minimize 
postoperative complications and neurological defi-
cits after the resection of brain arteriovenous mal-

formations (BAVMs). When surgery is considered, grad-
ing schemes are used to aid in predicting the associated 
risks. The prediction model most frequently used is the 
Spetzler-Martin (S-M) grading system22 in which ordinal 
scores are assigned to 3 variables: AVM size, eloquence of 
location, and pattern of venous drainage. The S-M grading 
system facilitates stratification of BAVM characteristics 
among patients and the comparison of clinical outcomes 
among institutions. To increase the predictive accuracy 
of the S-M grading system, previous studies have supple-
mented it with other variables.15 However, there are still 
shortcomings that restrict the predictive value of either the 
S-M grading system or the supplementary grading system. 
First, the definition of eloquence of location is inadequate. 
In the S-M grading system, the sensorimotor, language, 
and visual cortices are considered. However, the grad-
ing system does not include white matter eloquent fiber 
tracts, such as the subcortical cortical spinal tract (CST), 
optic radiation, and arcuate fasciculus (AF) with respect 
to these functions.22 Second, the definition of eloquence 
is not clear. There are no definite criteria establishing 
an acceptable distance between the nidus and eloquent 
brain. Moreover, there is a lack of quantitative variables 
to describe the relationship between nidus and eloquence. 
The somewhat arbitrary definition of eloquence has led 
to highly variable coding when data from different AVM 
centers have been compared, thereby suggesting a low in-
terrater reliability of this criterion.6,12 Higher predictive 
accuracy may be achieved if these defects are remedied.

In recent years, the noninvasive study techniques of 
functional MRI (fMRI) and diffusion tensor imaging 
(DTI) have become important functional neuroimag-
ing techniques in clinical practice.1,4,18 By detecting the 
change in signal of a complex physiological phenomenon 
called the blood oxygen level–dependent (BOLD) effect, 
fMRI helps us more precisely localize neurological func-
tion and allows us to determine a patient’s eloquent cor-
tex.5 With DTI tractography, the spatial relationship be-
tween passing fibers and the BAVM nidus can be easily 
visualized. With the help of these 2 techniques, distances 
between nidus and eloquence, both eloquent cortex and 
fiber tracts (lesion-to-eloquence distance [LED]), can be 
measured. These modalities have served as reliable tools 
for preoperative lesion localization and patient-specific 
trajectory planning for BAVM.8,16 In previous studies, we 
demonstrated that the LED measured using fMRI and 
DTI data was a significant predictor of surgical outcomes 
for BAVM located in eloquent motor area or the occipi-
tal lobe.17,23 However, as far as we know, there are still no 
prediction models for surgical outcomes of BAVM that 
include the LED. Whether adding LED information to a 
previous grading system can be used to build a supple-
mentary grading system that would better predict neuro-
logical outcome remains unclear.

To better understand the predictive role of LED and 
build a better prediction model that includes LED, we ret-
rospectively analyzed a consecutive surgical series of 201 
patients to determine the factors that significantly corre-

lated with surgical outcome and built different predictive 
models to compare their predictive accuracy.

Methods
Study Population

We retrospectively reviewed our BAVM database of a 
prospective randomized controlled clinical trial (Clinical-
Trials.gov registration no. NCT01758211)25 of patients who 
had undergone microsurgical resection of their BAVM be-
tween September 2012 and September 2015. All patients 
had undergone fMRI and DTI. A total of 201 patients were 
enrolled. This study adhered to good clinical practice and 
ethical principles described in the Declaration of Helsinki, 
and it was approved by the IRB of Beijing Tiantan Hos-
pital Affiliated with Capital Medical University. Written 
informed consent was obtained from all participants or 
their legally authorized representative.

Neuroimaging
Computed tomography, MRI, and digital subtraction 

angiography (DSA) studies were obtained in all patients. 
Functional MRI and DTI were performed using a 3.0-
T MR system (SIEMENS Trio) within 1 week before 
surgery. The sagittal T1-weighted anatomical image ac-
quired was a gradient-echo sequence (TR 2300 msec, TE 
2.98 msec, slice thickness 1 mm, slices 176, FOV 256 
mm, flip angle 9°, matrix 64 × 64, voxel size 1 × 1 × 1 
mm3, bandwidth 240). The BOLD fMRI sequences were 
performed using standard echo-planar imaging (EPI): 
TR 3000 msec, TE 30 msec, matrix 64 × 64, axial slic-
es 30 including all cerebral areas, isotropic resolution 3 
mm. Repetitive finger-to-thumb opposition movements or 
flexion-extension movements of the foot were used as the 
motor stimulation paradigms, with 64 repetitions and a 
24-second task and 24-second control state alternately. 
A silent reading task was performed as the language 
stimulation paradigm. Patients were asked to read Chi-
nese characters presented on the screen silently and to 
understand the meaning of each word or sentence. The 
stimulus was a paragraph composed of Chinese charac-
ters, which were shown through a light-emitting diode 
projector system. During the paradigm, two 30-second 
trials were performed and interleaved with three 20-sec-
ond conditions. The maps of neural activity within the 
visual cortex were generated with a task of “black-white 
checkerboard.” The DTI was performed using the diffu-
sion-weighted (DW)-EPI technique: TR 6100 msec, TE 
93 msec, slice thickness 3 mm, slices 45, FOV 230 × 230 
mm2, matrix 128 × 128 with a motion-probing gradient 
in 30 orientations. Axial time-of-flight (TOF) MR angi-
ography was performed using a 3D TOF gradient-echo 
acquisition sequence (TR 22 msec, TE 3.86 msec, slice 
thickness 1 mm, slices 36 × 4, FOV 220 × 220 mm2, flip 
angle 120°, matrix 512 × 512).17

Neuroimaging Data Analyses
Generated image sets were processed using the iPlan 

3.0 workstation (Brainlab). All image sets were auto-
matically coregistered with each other and fused to the 
anatomical images by an automatic rigid registration. 
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Eloquent cortices included all the cortices described in 
the S-M grading system (the sensorimotor, language, and 
visual cortices).22 A significance threshold of p < 0.001 
(T = 6.5) was considered for identification of activated 
clusters. Two experienced neurosurgeons (J.W. and F.L.), 
on consensus, documented the anatomical locations of 
the activation and peak activity point for each paradigm. 
They were blinded to the patient outcomes. White matter 
eloquent fiber tracts, including the subcortical CST, optic 
radiation and AF with respect to the function described in 
the S-M grading system, were considered to be eloquent.22 
We used the inferior portion of the pons and precentral 
gyrus as the regions of interest (ROIs) to track the CST.24 
The posterior parietal area of the superior longitudinal 
fascicle and the posterior temporal lobe were selected to 
track the AF.13 The lateral geniculate nucleus and calca-
rine cortex were used as the ROIs to track the optic radia-
tion.20 Tractography was performed with fiber propagation 
stopped at a fractional anisotropy threshold of less than 
0.20. A minimum fiber length of 70 mm was selected. The 
anatomical locations of the ROIs and detailed information 
about the tracked eloquent fiber tracts were documented 
by the 2 neurosurgeons (J.W. and F.L.) with consensus. All 
the processed data sets were incorporated into the neu-
ronavigation platform for intraoperative neuronavigation. 
In this study, the mean cost of fMRI and DTI scans was 
2000 RMB (renminbi) per patient.

Surgery
The treatment strategy for BAVM was selected based 

on patient condition, perceived surgical risks, and pa-
tient requirements. Conservative treatment was selected 
for patients without a history of prior hemorrhage, with 
symptoms well controlled by medications, or with an S-M 
grade of VI.22 Only patients with intractable seizures, 
severe headache, low S-M grade, progressive neurologi-
cal deficits, and previous hemorrhages were considered 
for surgery. Microsurgical resection of BAVM was per-
formed by an experienced senior physician (S.W.). The 
BAVM was surgically resected with special attention to 
preserve white matter tracts using a neuronavigation sys-
tem. Intraoperative ultrasonography and indocyanine fluo-
rescence angiography were used in all cases to discern the 
margin and feeding arteries of BAVM. CT scanning was 
performed immediately whenever there was neurological 
deterioration to rule out intracranial hemorrhage. DSA 
was also performed to validate radical obliteration 5 days 
after surgery.

Study Variables and Definition
Patient demographics, including age and sex, were 

collected. Angioarchitectural variables for each BAVM 
(size, diffuseness, deep draining veins, presence of deep 
perforating arterial feeders, hemorrhagic presentation, 
eloquence of adjacent brain, and S-M grade), were deter-
mined from findings on preoperative angiograms, tradi-
tional MRI scans, and TOF images. Diffuseness was de-
termined from preoperative angiograms, with TOF images 
used to identify intervening brain parenchyma within the 
nidus. Hemorrhagic presentation was defined as radio-

graphic evidence of hemorrhage on CT or MRI, regardless 
of signs or symptoms. The functional variable, LED, refers 
to distance between lesion and the nearest eloquent cortex 
or eloquent fiber tracts. The eloquent cortex was identified 
using fMRI (Figs. 1 and 2), and the eloquent fiber tracts 
were visualized using DTI tractography (Fig. 3). The quan-
tification of the LED was performed by an experienced 
neurosurgeon (H.L.) and an experienced neuroradiologist 
(Z.J.) with consensus. They were blinded to the patient out-

FIG. 1. This 23-year-old man presented with an unruptured AVM in the 
right parietal lobe. A and B: Angiograms (right internal carotid artery 
injection [A] and vertebral artery injection [B]) demonstrating superficial 
venous drainage and confirming a diffuse border inferiorly and posteri-
orly. C: Axial T1-weighted MR image showing that the AVM is just pos-
terior to the somatosensory strip. D: Preoperative fMRI study showing 
that the nidus was not close to the eloquent cortex (green area). E: Pre-
operative DTI tractography image showing that the nidus was close to 
the left CST and the LED was 3.8 mm. Therefore, based on the findings 
in panels D and E, this patient had an S-M Grade II AVM (S2V0E0, 
where S denotes size; V, venous drainage; and E, eloquent adjacent 
brain) and an HDVL Grade 5 (H1D1V0L3, where H denotes hemorrhage; 
D, diffuseness; V, deep venous drainage; and L, LED) (mismatched 
grades). F: Postoperative angiogram showing the radical resection. The 
patient had new muscle strength deficits postoperatively. The muscle 
strength of the left limbs was Grade 3 at 7 days after surgery and recov-
ered to Grade 4 at last follow-up. The supplementary grade was more 
predictive of his final outcome. Figure is available in color online only.
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comes. Sections for measurement were manually selected 
where the activated area or the tracked fiber appeared to 
be nearest to the margin of the nidus on the TOF images 
fused with fMRI and DTI tractography images.

We used the modified Rankin Scale (mRS) to assess 
outcomes, as previously described.15 Briefly, a nurse cli-
nician who was supervised by a neurologist evaluated 
mRS scores at presentation, preoperatively, 7 days postop-
eratively, and at the final follow-up. The mean duration of 
the last follow-up was 14.2 months (range 3–34 months). 
Patient outcomes were assessed based on the difference 
between the preoperative and final postoperative mRS 
scores (final mRS score - preoperative mRS score). Good 
outcome was defined as a final mRS score of 0–2, and 
poor outcome was considered as a final mRS score greater 

FIG. 2. This 45-year-old man presented with a temporal lobe hemor-
rhage as seen on axial TOF images. A and B: Angiograms (left internal 
carotid artery injection, lateral [A] and anteroposterior [B] views) demon-
strating a small, compact nidus with superficial venous drainage. C and 
D: Preoperative axial (C) and 3D reconstructed (D) fMR images showing 
that the nidus was close to Wernicke’s area. Therefore, this patient had 
an S-M Grade II AVM (S1V0E1) and an HDVL Grade 3 (H0D0V0L3) 
(matched grades). E: Postoperative fMR image showing the intact Wer-
nicke’s area. F: Postoperative angiogram showing the radical resection. 
The patient recovered fully. Figure is available in color online only.

FIG. 3. This 33-year-old man presented with an unruptured AVM in 
the left parietal lobe. A and B: Angiograms (left internal carotid artery 
injection [A] and vertebral artery injection [B]) demonstrating superficial 
venous drainage and confirming a diffuse border medially and posteri-
orly. C: Axial T-1 weighted image showing the AVM just posterior to the 
somatosensory strip. D and E: Preoperative DTI tractography images 
showing that the nidus involved the left optic radiation and the LED was 
0. Therefore, this patient had an S-M Grade II AVM (S2V0E0, where 
S denotes size; V, venous drainage; and E, eloquent adjacent brain) 
and an HDVL Grade 5 (H1D1V0L3, where H denotes hemorrhage; 
D, diffuseness; V, deep venous drainage; and L, LED) (mismatched 
grades). F: Postoperative DTI tractography image showing that the 
optic radiation was ruptured. G and H: The patient had new visual 
field deficits postoperatively in the right (G) and left (H) eyes. The 
supplementary grade was more predictive of his final outcome. CO = 
co-occurrence.
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than 2. A change in mRS score of less than or equal to 
0 indicated that the patient’s condition had improved or 
remained the same, whereas a change in mRS score of 
greater than 0 indicated that the patient’s condition had de-
teriorated. Two experienced neurosurgeons (Y.J. and F.L.) 
collected the clinical information from the prospectively 
collected database and electronic medical records system.

Statistical Analysis
Statistical analysis was performed using the statistical 

package SPSS (version 20.0.0, IBM). A chi-square test or 
Fisher’s exact test was used for dichotomized variables. 
Continuous variables were compared using the indepen-
dent samples t-test. Univariate and multivariate logistic 
regression analyses were used to test the association of 
each predictor. Patients with a change in mRS score of 
1–6 indicated deterioration, and a change ≤ 0 indicated 
that there was improvement or no change in the patient’s 
condition. Different multivariable logistic models were 
constructed to test the association of combined predictor 
variables with the change in mRS score. We developed 
our 3 scoring systems based on the predictors by using 
beta coefficients from the multivariable logistic regression 
models to weight the clinical and BAVM characteristic 
values for each patient. ROC analyses were performed for 
each grading system, and the area under the ROC curves 
(AUC) were compared for accuracy in predicting change 
in mRS score among these 4 models (i.e., S-M, HDVL, 
fS-M, and Full Score).

Model Construction
According to logistic regression, 5 different multivari-

able logistic models were constructed to test the associa-
tion of combined predictor variables with the change in 
mRS score (Table 1): the HDVL grade included the 4 
independent predictors according to the multivariable lo-
gistic regression analyses (hemorrhage presentation, nidus 
diffuseness, deep venous drainage, and LED). The S-M 
grading system is the classic S-M grading system com-
prising BAVM size, adjacent eloquent cortex, and nidus 
deep venous drainage. The supplementary S-M grading 
system, the grading scale proposed by Lawton et al.,15 adds 
patient age, nidus diffuseness, and hemorrhagic presenta-
tion to the S-M grading system. The fS-M grade refers to 
the S-M grading system plus information regarding the 
eloquent fiber tracts. The Full Score includes all variables 
of the S-M grading system and HDVL grading system. 
Refer to Table 1 for the scores. Multivariable logistic re-
gression analysis was performed. We used the beta coef-
ficients from the multivariable logistic regression models 
to weight the clinical and BAVM characteristic values for 
the 3 new grading systems.

Because we used all the data to build our prediction 
models, which could result in overly optimistic predic-
tions, we performed a 10-fold cross validation. The AUC 
was then estimated using data from the 10 validation sets.

Results
Patient and BAVM Characteristics

Demographic and BAVM characteristics of the patient 

cohort are presented in Tables 2 and 3. Of the 201 pa-
tients, 12 (6.0%) underwent embolization, radiosurgery, 
or both prior to microsurgical resection in select cases. 
Good outcomes after BAVM resection were observed in 
190 of the 201 patients (94.5%, mRS Scores 0–2). Based 
on changes in mRS score, the conditions remained the 
same or improved in 152 patients (75.6%) and wors-
ened in 49 patients (24.4%); no patient died. Compared 
with patients whose conditions improved or remained 
unchanged, those whose conditions had worsened had 
BAVMs that were larger (p < 0.001), diffuse (p < 0.001), 
with deep venous drainage (p = 0.001), eloquent adjacent 
cortex (p = 0.042), nonhemorrhagic presentation (p = 
0.003), shorter LED (p < 0.001), and higher S-M grade 
(p < 0.001). There was no significant difference between 
patient age (p = 0.684), sex (p = 0.313), nidus side (p = 
0.055), deep perforating artery supply (p = 0.078), and 
change in mRS score.

Logistic Regression Analysis
Univariable logistic regression analysis identified nidus 

size (p < 0.001), nonhemorrhagic presentation (p = 0.006), 
diffuse nidus (p < 0.001), eloquence (p = 0.044), and deep 
venous drainage (p = 0.002) as significant predictors of 
a worsened mRS score. However, there was no signifi-
cant relationship between patient age (p = 0.682), sex (p = 

TABLE 1. Grading systems of BAVMs derived from the cohort

Variable Full Score S-M HDVL fS-M

Size (cm)
 <3 1 1 1
 3–6 2 2 2
 >6 3 3 3
S-M eloquence*
 No 0 0
 Yes 1 1
Eloquence†
 No 0
 Yes 1
Deep venous drainage
 No 0 0 0 0
 Yes 1 1 1 1
Preop hemorrhage
 No 1 1
 Yes 0 0
Diffuseness
 No 0 0
 Yes 1 1
LED (mm)
 0–5 3 3
 5–10 2 2
 >10 1 1

* Eloquence as defined in the S-M grading system.
† S-M eloquence plus eloquent fiber tracts.
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0.314), nidus side (p = 0.056), deep perforating artery sup-
ply (p = 0.080) and worsened mRS score (Table 4). Mul-
tivariable logistic regression analyses showed that deep 
venous drainage (p = 0.029), nidus diffuseness (p = 0.005), 
nonhemorrhagic presentation (p = 0.014), and shorter LED 
(p < 0.001) were independent risk factors for a worsened 
mRS score.

Multivariable logistic regression analyses using the 

Full Score model identified preoperative nonhemorrhagic 
presentation (p = 0.024), deep drainage (p = 0.027), and 
shorter LED (p = 0.001) as independent and significant 
predictors of worsened mRS score. In the S-M grading 
system, BAVM size (p < 0.001) and deep venous drainage 
(p = 0.001) were significant predictors of worsened mRS 
score. In the HDVL model, nonhemorrhagic presentation 
(p = 0.013), diffuseness (p = 0.005), deep venous drainage 
(p = 0.033), and LED (p < 0.001) were all independent pre-
dictors of worsened outcome (Tables 5 and 6).

TABLE 2. Demographic, angioarchitectural, and functional 
characteristics

Variables Value

Total patients 201
Demographic variables
 Mean age in yrs 28.8 ± 12.9
 Sex
  Male 127 (63.2)
  Female 74 (36.8)
 Side
  Left 106 (52.7)
  Right 95 (47.3)
Angioarchitecture
 Mean size in mm 37.9 ± 14.5
 Hemorrhage
  Yes 48 (23.9)
  No 153 (76.1)
 Deep venous drainage
  Yes 23 (11.4)
  No 178 (88.6)
 Diffuse nidus 
  Yes 66 (32.8)
  No 135 (67.2)
 Arterial perforator supply
  Yes 58 (28.9)
  No 143 (71.1)
Functional variables
 S-M eloquence
  Yes 74 (36.8)
  No 127 (63.2)
 Mean LED in mm 8.3 ± 10.6
 Mean S-M grade 2.3 ± 0.9
Preop ND 34 (16.9)
Mean preop mRS score 1.1 ± 0.6
Mean FU in mos (range) 14.2 ± 8.6 (3–34)
Postop infection 12 (6.0)
Short-term (1 wk) ND 106 (52.7)
Mean short-term mRS score 1.6 ± 1.0
Long-term ND 72 (35.8)
Mean long-term mRS score 0.9 ± 1.0

FU = follow-up; ND = neurological deficits.
Values indicate the number of patients (%) unless otherwise indicated. Mean 
values are presented as the mean ± SD.

TABLE 3. Patient and BAVM characteristics by change in 
preoperative and postoperative mRS score

Variable
Outcome mRS Score

p Value0–2 ≥2

No. of patients 152 (75.6) 49 (24.4)
Demographic variables
 Mean age in yrs 28.6 ± 13.3 29.4 ± 11.4 0.684
 Sex 0.313
  Male 99 (78.0) 28 (22.0)
  Female 53 (71.6) 21 (28.4)
 Side 0.055
  Left 86 (81.1) 20 (18.9)
  Right 66 (69.5) 29 (30.5)
Angioarchitectural variables
 Size in mm 35.6 ± 13.3 45.0 ± 16.1 <0.001
 Hemorrhage 0.003
  Yes 44 (91.7) 4 (8.3)
  No 108 (70.6) 45 (29.4)
 Deep venous drainage 0.001
  Yes 11 (47.8) 12 (52.2)
  No 141 (79.2) 37 (20.8)
 Diffuse nidus <0.001
  Yes 38 (57.6) 28 (42.4)
  No 114 (84.4) 21 (15.6)
 Arterial perforator supply 0.078
  Yes 39 (67.2) 19 (32.8)
  No 113 (79) 30 (21.0)
Functional variables
 S-M eloquence 0.042
  Yes 50 (67.6) 24 (32.4)
  No 102 (80.3) 25 (19.7)
Mean LED in mm 10.2 ± 11.4 2.6 ± 4.2 <0.001
Mean S-M grade 2.1 ± 0.8 2.8 ± 0.9 <0.001
Mean preop mRS score 1.2 ± 0.6 0.9 ± 0.4 0.006
Postop infection 0.690
 Yes 8 (66.7) 4 (33.3)
 No 144 (76.2) 45 (23.8)
Mean FU in mos 14.6 ± 8.9 13.1 ± 7.7 0.283

Values indicate the number of patients (%) unless otherwise indicated. Mean 
values are presented as the mean ± SD. Boldface type indicates statistical 
significance.
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Measures of Discrimination
The discrimination of the model was determined using 

ROC curves to test the model’s ability to correctly identify 
patients whose conditions will worsen (mRS score change 
> 0). The predictive accuracy of the HDVL grade was the 
highest (AUC 0.82, 95% CI 0.76–0.88), which was signifi-
cantly better than that of the S-M grade (AUC 0.71, 95% 
CI 0.63–0.79; p = 0.040). The predictive accuracy of the 
HDVL grading system was also better than the Full Score 
(AUC 0.80, 95% CI 0.74–0.87) and the supplementary 
S-M grading system (AUC 0.76, 95% CI 0.69–0.84). The 
AUC of the fS-M was 0.79 (95% CI 0.72–0.86). The S-M 
grading system had the lowest predictive accuracy (Table 
5 and Fig. 4). Neurological outcomes by Full Score grade, 
S-M grade, fS-M grade, and HDVL grade are shown in 
Table 7. A greater percentage of patients had worsened 
neurological outcomes with increasing HDVL grade, with 
stratification into a low-risk group (0%–11.8%, Grades 

1–3) and high-risk groups (31.5%– 62.5%, Grades 4–6) 
(Tables 7 and 8).

To evaluate whether the predictive accuracy of our sup-
plementary grade was overly optimistic, we performed a 
10-fold cross-validation of the data. The 10-fold cross-val-
idation resulted in estimates similar to the HDVL grading 
system with an AUC of 0.80 compared with 0.82, suggest-
ing that the model was not overly optimistic.

Discussion
In this study, our data demonstrated that the LED de-

termined from fMRI and DTI tractography findings was 
a significant predictor for the preoperative risk evaluation 
for surgery. The HDVL grading system (nonhemorrhagic 
presentation, deep venous drainage, nidus diffuseness, 
and LED) had a high predictive value of neurological 
outcomes after BAVM surgery. In addition, adding in-
formation regarding the eloquent fiber tracts to the S-M 
grading system can effectively improve its predictive ac-
curacy.

In this study, our data showed that nonhemorrhagic 
presentation, deep venous drainage, nidus diffuseness, 
and LED were independent predictors for surgical out-
comes. Consistent with our data, several studies have 
reported that nidus diffuseness, nonhemorrhagic presen-
tation, and deep venous drainage were significantly cor-
related with surgical morbidity.10,15,21 As previously de-
scribed, compact BAVMs have distinct dissection planes 
with clear separation between the nidus and brain tissue, 
whereas diffuse BAVMs have obscure planes that can 
draw the dissection too close to the nidus, resulting in 
hemorrhagic complications, or can force the surgeon to 
resect interspersed brain, which might injure the func-
tional cortex or fiber tracts.7 In addition, previous hemor-
rhage may facilitate surgery. Hematomas help separate 
BAVM from adjacent brain; thus, evacuation of a hema-
toma creates a working space around the BAVM that can 
minimize transgression of normal brain or provide access 
to a deep nidus that might otherwise have been unreach-
able.15 Moreover, deep drainage veins are friable, resist 
bipolar coagulation, and have the dangerous propensity to 

TABLE 5. Multivariable logistic regression analysis for Full Score model, S-M grade, and supplementary S-M grade

Variables
Full Score S-M Supplementary S-M

OR 95% CI p Value OR 95% CI p Value OR 95% CI p Value

Size 1.02 1.00–1.05 0.220 1.05 1.02–1.08 <0.001 1.03 1.00–1.06 0.059
S-M eloquence 0.79 0.34–1.86 0.592 1.68 0.83–3.41 0.162 2.13 1.00–4.51 0.049
Deep venous drainage 3.34 1.15–9.81 0.027 5.26 1.89–13.78 0.001 4.59 1.63–12.92 0.004
Hemorrhage 0.26 0.08–0.84 0.024 0.26 0.08–0.85 0.025
Diffuseness 2.22 0.90–5.48 0.083 2.12 0.89–5.05 0.092
LED (mm) 0.87 0.80–0.95 0.001
Age 1.02 1.00–1.05 0.247
Log-transformed follow-up 0.79 0.23–2.78 0.716 0.68 0.22–2.06 0.491 0.69 0.21–2.25 0.538
AUC 0.80 0.74–0.87 0.71 0.63–0.79 0.76 0.69–0.84

Boldface type indicates statistical significance.

TABLE 4. Univariable logistic regression analysis comparing 
patients who experienced neurological improvement or remained 
unchanged with those who experienced deterioration

Variable OR 95% CI p Value

Age 1.00 0.98–1.03 0.682
Sex 1.40 0.73–2.70 0.314
Size 1.05 1.02–1.07 <0.001
Side 1.89 0.98–3.63 0.056
Deep venous drainage 4.16 1.70–10.17 0.002
Arterial perforator supply 1.84 0.93–3.62 0.080
S-M eloquence 1.96 1.02–3.77 0.044
Hemorrhage 0.22 0.07–0.64 0.006
Diffuseness 4.00 2.04–7.85 <0.001
S-M grade 2.58 1.70–3.91 <0.001
LED 0.88 0.82–0.94 <0.001
FU in mos 0.98 0.94–1.02 0.282

Boldface type indicates statistical significance.
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FIG. 4. ROC analyses for different predictive grading systems. The HDVL grading system had the highest predictive accuracy.  
A: ROC analysis for the HDVL grading system (blue curve), the S-M grading system (green curve), and the Full Score grading system 
(gray curve). The predictive accuracy of HDVL (AUC = 0.82) was higher than the Full Score (AUC = 0.80) and S-M (AUC = 0.71) 
grading systems. B: ROC analysis for the HDVL grading system (blue curve) and the supplementary S-M grading system (Supp 
S-M, green curve). The predictive accuracy of the HDVL grading system was higher than that of the supplementary S-M (AUC = 0.76) 
grading system. C: ROC analysis for the fS-M grading system (green curve) and the S-M grading system (blue curve). The predictive 
accuracy of the fS-M grading system (AUC = 0.79) was higher than the S-M grading system. Figure is available in color online only.

TABLE 6. Multivariable logistic regression analysis for fS-M grade and HDVL grade

Variables
fS-M HDVL

OR 95% CI p Value OR 95% CI p Value

Size 1.04 1.01–1.07 0.004
S-M eloquence
Eloquence* 6.84 2.50–18.71 <0.001
Deep venous drainage 4.28 1.50–12.23 0.007 3.07 1.10–8.59 0.033
Hemorrhage 0.23 0.07–0.74 0.013
Diffuseness 3.00 1.40–6.44 0.005
LED (mm) 0.87 0.81–0.94 <0.001
Log-transformed follow-up 0.69 0.21–2.23 0.535 0.74 0.24–2.79 0.737
AUC 0.79 0.72–0.86 0.82 0.76–0.88

Boldface type indicates statistical significance.
* S-M eloquence plus eloquent fiber tracts.
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retract and bleed into the parenchyma or ventricle when 
disrupted.22

Both the univariate and multivariate analyses indicated 
that LED was another factor that was significantly corre-
lated with surgical outcomes. Different from the resection 
of brain tumors, radical resection of the lesion in patients 
with BAVM is often necessary for intraoperative hemo-
stasis and to reduce the risk of postoperative rebleeding.11 
When the eloquent brain areas (eloquent cortex or fiber 
tracts) are adjacent to the nidus, particularly in patients 
with a diffuse BAVM nidus, rough nidus borders and 
intermixed adjacent brain tissue can lead to unavoidable 
damage by the neurosurgeon when resecting the nidus.7 

Therefore, the relationship between nidus and eloquent 
brain areas appears to be crucial in the preoperative evalu-
ation of BAVM. Generally, the adjacent eloquent brain 
was mostly identified by anatomy from the traditional 
MRI study.15,22 However, structural anatomy defined by the 
traditional MRI as eloquent does not always equate with 
functional anatomy, because a brain harboring a BAVM 
often relocates functional areas that lie too close to the 
nidus.2,3,14,19 Preoperative imaging with fMRI and DTI 
tractography have helped us more precisely localizes a pa-
tient’s eloquent cortex and white matter functional fiber 
tracts. Moreover, the relationship between the nidus and 
eloquent brain areas can be quantified by the LED with the 
aid of BOLD fMRI and DTI tractography. Thus, LED was 
of great significance in predicting the surgical outcomes 
in patients with BAVMs. The ROC analyses showed that 
an LED of 4.95 mm was the cutoff point for the worsened 
mRS score. Therefore, according to our data, an LED less 
than 5 mm (4.95–5 mm) could be regarded as eloquent 
adjacent brain.

Our data showed that the predictive value of the HDVL 
grading system was better than that of the S-M and the 
supplementary S-M grading systems. The S-M grading 
system is the most popular prediction model. In our study, 
a high S-M grade was significantly associated with a wors-
ened mRS score. This result was consistent with those of 
previous studies.9 However, a previous study showed that 
the elements of the S-M grading system were not indepen-
dent. With increasing AVM size, an eloquent brain loca-
tion and a deep venous drainage component became more 
frequent. The correlation within the elements of the S-M 
grading system weakened its predictive value.10 Similarly, 
in our study, multivariate analysis revealed that only the 
nidus size and deep venous drainage of the S-M grading 
system were independent predictors. In addition, when the 
variables were tested along with the other predictors (LED, 
diffuseness, and nonhemorrhagic presentation) using mul-
tivariate analysis, only deep venous drainage in the S-M 
grading system was an independent predictor for surgical 
morbidity. It is possible that the significance of the size and 
eloquence were accounted for indirectly by the other pre-
dictors, especially the LED. In this study, patient age was 
not correlated with surgical outcomes. This was a signifi-
cant reason for the low predictive value of the supplemen-
tary S-M grading system. In contrast, in the HDVL grad-
ing system, the included elements were all independent 

TABLE 7. Risk stratification of neurological outcomes in the 
derivation cohort

Grading System
No. of Patients (%)

Improved or Unchanged Worse

S-M grade*
 1 10 (100.0) 0 (0.0)
 2 41 (100.0) 0 (0.0)
 3 45 (88.2) 6 (11.8)
 4 37 (68.5) 17 (31.5)
 5 16 (43.2) 21 (56.8)
 6 3 (37.5) 5 (62.5)

fS-M grade
 1 26 (96.3) 1 (3.7)
 2 71 (93.4) 5 (6.6)
 3 47 (62.7) 28 (37.3)
 4 6 (31.6) 13 (68.4)
 5 2 (50) 2 (50)

Full Score
 1 0 (0.0) 0 (0.0)
 2 6 (100.0) 0 (0.0)
 3 22 (100.0) 0 (0.0)
 4 30 (96.8) 1 (3.2)
 5 32 (88.9) 4 (11.1)
 6 28 (68.3) 13 (31.7)
 7 21 (60.0) 14 (40.0)
 8 10 (55.6) 8 (44.4)
 9 1 (11.1) 8 (88.9)

 10 2 (66.7) 1 (33.3)
HDVL grade
 1 10 (100.0) 0 (0.0)
 2 41 (100.0) 0 (0.0)
 3 45 (88.2) 6 (11.8)
 4 37 (68.5) 17 (31.5)
 5 16 (43.2) 21 (56.8)
 6 3 (37.5) 5 (62.5)

Total 152 (75.6) 49 (24.4)

* Arabic numerals, rather than Roman numerals, are used for the S-M grade 
in this table for clarity, because we have used Arabic numerals in our grading 
systems.

TABLE 8. Sensitivity, 1 – specificity, Youden Index of the HDVL 
grade for neurological outcomes

HDVL 
Grade

Diagnosis Evaluation
Sensitivity 1 – Specificity Youden Index

≥1–6 1.000 1.000 0.000
≥2–6 1.000 0.934 0.066
≥3–6 1.000 0.664 0.336
≥4–6 0.878 0.368 0.509
≥5–6 0.531 0.125 0.406

6 0.102 0.020 0.082
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predictors for surgical morbidity. Moreover, different from 
the S-M grading system or the supplementary S-M grad-
ing system, the HDVL grading scale’s predictive accuracy 
is improved by adding information regarding the eloquent 
fiber tracts and quantification of the relationship between 
the nidus and eloquent cortex and fiber tracts effectively.

According to our data, the HDVL model had the high-
est predictive accuracy. The fS-M model also had a higher 
predictive accuracy than the S-M grading system. Both 
systems demonstrated the importance of the eloquent fi-
ber tracts in the preoperative evaluation of the surgical 
outcomes. We envisioned that the HDVL and fS-M grad-
ing systems would assist rather than replace the already 
well-established S-M grading system. If fMRI and DTI 
were available, an analysis of the HDVL and fS-M grad-
ing systems could impact a management decision with 
a higher predictive accuracy. An AVM with a low S-M 
grade (Grades I–III) and a low HDVL grade (Grades 1–3) 
may strengthen the recommendation for surgery (Fig. 2). 
Conversely, a BAVM with a high S-M grade (Grade IV or 
V) and a high HDVL grade (Grades 4–6) may strengthen 
the recommendation for nonoperative management. In 
cases of mismatched S-M and HDVL grades, the HDVL 
grading system may have a more important role and al-
ter clinical decisions that are made using the S-M grading 
system (Figs. 1 and 3). Evaluation without fMRI or DTI 
may reduce the predictive value.

Limitations
There are limitations to our study. Conclusions are lim-

ited due to our retrospective approach; it was difficult to 
avoid selection bias and confounding factors. In addition, 
patients with supratentorial BAVMs were enrolled in our 
database. Furthermore, external validation of the score is 
missing. Further validation with a prospective approach 
and more patients, including both supra- and infratentorial 
BAVMs, should be performed.

Conclusions
In this study, LED was a significant predictor for the 

preoperative risk evaluation for surgery. The HDVL sys-
tem is a good predictive grading scale of neurological out-
comes after BAVM surgery. Adding information regard-
ing eloquent fiber tracts to preoperative evaluation can 
effectively improve its predictive accuracy.
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