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Abstract

OBJECTIVE—The objective of this study was to evaluate the existing Spetzler-Martin (SM),
Spetzler-Ponce (SP), and Lawton-Young (LY) grading systems for cerebellar arteriovenous
malformations (AVMs) and to propose a new grading system to estimate the risks associated with
these lesions.

METHODS—Data for patients with cerebellar AVMs treated microsurgically in two tertiary
medical centers were retrospectively reviewed. Data from patients at institution 1 were collected
from September 1999 to February 2013, and at institution 2 from October 2008 to October 2015.
Patient outcomes were classified as favorable (modified Rankin Scale [mRS] score 0-2) or poor
(mRS score 3-6) at the time of discharge. Using chi-square and logistic regression analysis,
variables associated with poor outcomes were assigned risk points to design the proposed grading
system. The proposed system included neurological status prior to treatment (poor, +2 points),
emergency surgery (+1 point), age > 60 years (+1 point), and deep venous drainage (deep, +1
point). Risk point totals of 0—1 comprised grade 1, 2-3 grade 2, and 4-5 grade 3.
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RESULTS—A total of 125 cerebellar AVMs of 1328 brain AVMSs were reviewed in 125 patients,
120 of which were treated microsurgically and included in the study. With our proposed grading
system, we found poor outcomes differed significantly between each grade (p < 0.001), while with
the SM, SP, and LY grading systems they did not (p = 0.22, p = 0.25, and p = 1, respectively).
Logistic regression revealed grade 2 had 3.3 times the risk of experiencing a poor outcome (p =
0.008), while grade 3 had 9.9 times the risk (p < 0.001). The proposed grading system
demonstrated a superior level of predictive accuracy (area under the receiver operating
characteristic curve [AUROC] of 0.72) compared with the SM, SP, and LY grading systems
(AUROC of 0.61, 0.57, and 0.51, respectively).

CONCLUSIONS—The authors propose a novel grading system for cerebellar AVMs based on
emergency surgery, venous drainage, preoperative neurological status, and age that provides a
superior prognostication power than the formerly proposed SM, SP, and LY grading systems. This
grading system is clinically predictive of patient outcomes and can be used to better guide vascular
neurosurgeons in clinical decision-making.

Keywords

cerebellar; arteriovenous malformations; grading system; risk assessment; prognosis; outcomes;
vascular disorders

CEREBELLAR arteriovenous malformations (AVMs) comprise 10%-15% of all intracranial
AVMs and the majority (70%) of infratentorial AVMs.11:36 Despite being a minority of
AVM cases, cerebellar AVMs represent an important subgroup of patients due to their higher
risk for morbidity and mortality than supratentorial AVMs.4’ Cerebellar AVMs are unique in
their natural history, having a greater annual risk for rupture and being more technically
challenging to resect because of their close proximity to the brainstem and vital blood
supply.1:215:35:46.47 | terms of angioarchitecture, they possess a proclivity for deep venous
drainage, adding another complicating factor to their management.1-2

Given the risk for hemorrhagic stroke, resection remains the gold standard for treating brain
AVMs.448 Compared to the other modalities available, surgery averages 95.9% complete
obliteration versus 22.1% for endovascular treatment and 67.4% for radiosurgery.? Still,
unique benefits afforded from these alternatives include the ability to reach complex, poorly
accessible lesions and being a less invasive option for poor surgical candidates. These
alternatives are typically favored for Spetzler-Martin (SM) grade IV-V lesions, which have
higher rates of perioperative complications and lower rates of complete removal.22:23

However, in light of the unique natural history and angioarchitectural characteristics of
cerebellar AVMs, their management is also distinct from their supratentorial counterparts,
requiring a more aggressive treatment strategy.12 Despite a growing body of scientific
literature, a continued challenge has been predicting the outcomes of these lesions.3°
Accurate risk stratification is important when considering surgical therapy, in terms of both
patient decision-making and treatment strategy. A previous study by Rodriguez-Hernandez
et al.35 found the most widely used grading system (the SM grading system) did not reliably
convey the risk associated with treating these lesions.
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The objective of this study was to develop a powerful, yet simple and specific grading
system to better guide vascular neurosurgeons’ decision-making and patient counseling for
cerebellar AVMs, using the largest patient database reported in the US to date.3546

Patient Population

At two tertiary medical academic centers (Barrow Neurological Institute and the University
of California, San Francisco), data were retrospectively collected on patients with surgically
treated cerebellar AVMs. IRB approval was obtained from each institution to conduct a
retrospective study. Waivers of consent to access patient data were obtained from each
institution separately. Sixty patients were treated between September 1999 and February
2013 at institution 1 and 65 patients between October 2008 and October 2015 at institution
2. Four patients were excluded who presented to either institution but did not undergo
microsurgery; 2 underwent Gamma Khnife surgery (GKS) only, 1 embolization only, and 1
GKS and embolization. Another patient did not have neurological outcome assessment
available in the medical chart, leaving a total of 120 subjects included in the study (Fig. 1).

Data Collection

For each patient, demographic features, presence of hemorrhage at presentation, whether
patients were treated emergently, radiographic and angiographic features of the lesion,
treatments performed, preoperative neurological status (PrNS), postoperative neurological
status (PoNS), and most recent follow-up neurological status were recorded. Postoperative
AVM obliteration status (using postoperative angiography) was also collected. Patient
neurological status was defined by modified Rankin Scale (mRS) scores that were
categorized into two groups: mRS scores < 3 were considered a favorable neurological
status, and scores of 3—6 were considered a poor neurological status. The PrNS was derived
from the mRS score that was either calculated from objective information of the patient’s
neurological status or recorded directly from the medical chart closest to the time of the
operation. PONS was calculated using the same method but at the time of discharge
following surgical treatment. The mRS scores were retrieved from the medical record by
independent research faculty members from each respective institution.

Elogquence was defined as any cerebellar AVM located in deep nuclei or cerebellar
peduncles. Venous drainage was considered deep, except for cerebellar hemispheric veins
draining directly into the straight sinus or transverse sinus. Both of these definitions
followed the convention of the originally proposed definition of Spetzler and Martin.3°

“Hemorrhage at presentation” was recorded for any patients who initially presented with a
hemorrhage, leading to the discovery of their cerebellar AVM. However, “emergent surgery
was recorded in patients who had a life-threatening hematoma in the posterior fossa and
underwent emergency surgery. The “hemorrhage at presentation” group did not necessarily
include all patients treated with emergency surgery as some patients may have initially
presented without hemorrhage, but then later experienced hemorrhage and were taken to the
operating room emergently.

J Neurosurg. Author manuscript; available in PMC 2020 September 08.
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Statistical Analysis

Statistical analysis was performed using STATA software (version 14, StataCorp LP). The
independent t-test was used to compare the means of continuous, parametric variables. If the
continuous data were nonparametric, medians were compared using a Wilcoxon rank-sum
test. The chi-square test was used to compare categorical variables, and if the expected
frequency was less than 6, then the Fisher exact test was used. The grading systems (SM,
Spetzler-Ponce [SP], Lawton-Young [LY], and proposed) were also assessed using univariate
and multivariate logistic regression along with the area under the receiver operating
characteristic curve (AUROC). A p value < 0.05 was considered significant in all statistical
analyses.

Literature Review

Results

A review of the MEDLINE database (National Library of Medicine) was performed in
October 2018 for articles published in English between October 1952 and October 2018.
Search terms included “cerebellar arteriovenous malformation,” “cerebellum arteriovenous
malformation,” and “infratentorial arteriovenous malformation.” We reviewed search results
to assess the relevance of existing grading systems for cerebellar AVMs. Articles related to
brainstem AVMs and case reports were excluded. References from eligible articles were
reviewed to locate other articles of interest.

A total of 120 patients with 120 cerebellar AVMs were included in the study. The mean age
of the patients treated was 44.7 years (range 4.3—-83 years); 40% of the patients were male. A
total of 36 patients had a cerebellar AVM size = 3 cm (range 0.3-9.4 cm, mean 2.3 cm;
Table 1). Complete resection was achieved in 89.9% (107/119) of patients. One patient did
not undergo follow-up angiography after surgery, so obliteration could not be confirmed.

The majority of patients (66/120, 55.0%) were in a poor neurological state following
microsurgical resection at the time of discharge. Thirty-nine (61.9%) of the 63 patients in
favorable PrNS remained in a favorable PoNS following treatment; 42 (73.7%) of 57
patients with a poor PrNS remained in a poor PONS; 24 (20%) worsened from their PrNS to
their PONS. Fifteen (12.5%) of those with a poor PrNS improved to a favorable PoNS. There
were 3 perioperative deaths (2.5%) and 9 deaths (7.5%) at the time of the most recent
follow-up. Patient mRS scores prior to surgery and at the time of most recent follow-up are
available in Supplemental Table 1.

SM, SP, and LY Grading Systems

When comparing the rate of poor outcomes, no significant difference was found for the SM
(p =0.22), SP (p = 0.25), and LY (p = 1) grades using the Fisher exact test and simple
logistic regression (SM: odds ratio [OR] 1.32, p = 0.17, AUROC =0.61; SP: OR 1.23,p =
0.46, AUROC = 0.57; LY: OR 0.97, p = 0.89, AUROC = 0.51).

J Neurosurg. Author manuscript; available in PMC 2020 September 08.
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Risk Factors for Poor Outcome and Model Development

To thoroughly assess the risk for poor outcomes associated with each variable recorded in
the study, univariate logistic regression was performed. We found a significantly greater risk
associated with patients over the age of 60 years (OR 2.5, p = 0.04), emergency surgery (OR
2.2, p =0.048), PrNS (Or 4.6, p < 0.001), and deep venous drainage (OR 2.3, p = 0.03). All
of these variables were then included in the risk-prediction model (Table 2).

Cerebellar AVM size did not correlate with patient outcomes (OR 1.21, p = 0.64) and was
not included in the model (Table 2). We found no difference for the mean cerebellar AVM
size between those who initially presented with hemorrhage versus those who did not (p =
0.34) or between those with emergency surgery versus those without (p = 0.59). Emergency
surgery for small AVMs (36.6%, 30/82) was nearly identical to that of large AVMs (36.1%,
13/36; p = 0.96). Similarly, this was true for those who initially presented with hemorrhage
with small (70.7%, 58/82) versus large (69.4%, 25/36) cerebellar AVMs (p = 0.89).
Multivariate regression analysis revealed only PrNS was significantly associated with poor
outcomes (p = 0.001). Given this finding, the predictive accuracy of PrNS alone was
calculated, which revealed an AUROC value of 0.679. However, after including the other
variables (emergency surgery, deep venous drainage, and patients > 60 years old), a greater
predictive accuracy was achieved with an AUROC value of 0.737.

In light of this finding, an ad hoc analysis was performed between each of the variables
included in the model, which revealed a number of them were also related to each other.
Patients = 60 years old were more likely to be in a poor PrNS (71% vs 39%, p = 0.002),
patients with deep venous drainage were more likely to hemorrhage and undergo emergency
surgery (44% vs 24%, p = 0.029), patients treated emergently were more likely to present in
a poor neurological state (62% vs 39%, p = 0.012), and patients > 60 years old were more
likely to hemorrhage and require emergency surgery (65% vs 28%, p < 0.001).
Consideration was made of combining the risk points of poor PrNS and emergency surgery
and having only 1 variable represented. However, we decided against this after finding that
the distribution of risk across grades and the model’s predictive accuracy were weakened by
doing so. In addition, we found that, even after excluding all emergently treated patients,
poor PrNS was still associated with poor outcomes (74%, 29/39; p = 0.016).

Prediction Model

Based on the variables significantly associated with poor outcomes and those that provided
the greatest prognostic accuracy, risk points were given to patients depending on the
presence of each variable included in the model. The scores were assigned based on the OR
value relative to one another obtained during logistic regression analysis (Table 2). This
included the following: PrNS = +2 points, emergency surgery = +1 point, deep venous
drainage = +1 point, and age = 60 years = +1 point (Fig. 2). Scores ranged from 0 (lowest
risk) to 5 (highest risk). Scores of 0-1 were classified as grade 1, with 33% (16/49) of
patients experiencing a poor outcome and 0% (0/49) overall mortality; scores of 2-3 as
grade 2, with 62% (24/39) experiencing a poor outcome and 8% (3/40) overall mortality;
and scores of 4-5 as grade 3, with 83% (24/29) experiencing a poor outcome and 17%
mortality (5/29; Table 3). Three patients did not have the venous drainage type (superficial
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or deep) available in the medical chart and were not assigned grades; one of these patients
died at the time of most recent follow-up so this death could not be included in the grade
stratification analysis listed for “overall mortality.”

Chi-square analysis indicated that the rate of poor outcomes and overall mortality rates both
significantly differed between grades (p < 0.001 and p = 0.007, respectively). No difference
was present for perioperative mortality (p = 0.11). A visual depiction of patient outcomes by
each grading system is provided in Fig. 3. In the logistic regression model, for each
successive rise in grade, patients had 3.2 times greater odds of experiencing a poor outcome
(p <£0.001, 95% confidence interval [CI] 1.8-5.5). Compared to grade 1, grade 2 had 3.3
times greater odds and grade 3 had 9.9 times greater odds for experiencing poor outcomes (p
=0.008 and p < 0.001, respectively). The predictive prognostic accuracy of the model was
found to be “acceptable” by convention, at 72% (AUROC = 0.72; Fig. 4). A Hosmer-
Lemeshow test was performed to test the goodness-of-fit for the model (observation
frequencies separated into groups of 10), showing a good fit with a p value of 1.

Literature Review

The initial search of the literature review produced 869 articles. Twenty-five articles were
eligible for full review after abstract screening. The SM 5-point grading scale, the gold
standard for cerebral AVM surgical decision-making, was proposed in 1986.39 Lawton et al.
introduced a supplementary scale in 2010, and in 2011 Spetzler and Ponce proposed a 3-tier
system.23:40 |n 2012, the University of California, San Francisco, Brain AVM Study Group
compared the original SM system with the supplementary scale for cerebellar AVMs.35 Four
articles described anatomical classifications for cerebellar AVMs, designed to aid treatment
decision-making; none outlined prognostic parameters,11:16:35.49 There are no cerebellar-
specific, prognostic, clinically applicable, AVM grading systems present in the literature
(Table 4).

Discussion

Outcomes

The proposed prognostic cerebellar AVM grading system proves to be an effective tool for
predicting the risks associated with microsurgical resection. The rate of poor outcomes
differs significantly between the risk grades, and the classification system shows an
increased risk for poor outcomes (OR 3.01, p < 0.001) and overall mortality (p = 0.007) per
grade. Although the predictive accuracy of the model is not excellent, it is acceptable by the
standards of convention. In relation to the most widely used prognostic model for AVMs (the
SM system), it is not only more accurate (AUROC = 0.72 vs 0.61 in our study), but also
similar to or more accurate than the SM, SP, and LY grading systems for brain AVMs
(reported from other studies: AUROC = 0.69-0.726, 0.713, and 0.73, respectively).20:33:40

Patients with surgically treated cerebellar AVMs experienced poor outcomes at rates much
higher than those reported in their supratentorial counterparts.1:23 This contrast is illustrative
of the unique features of cerebellar AVMs, and again underscores the embedded inaccuracy
of the SM and LY grading systems. With poor outcome rates of even the lowest-risk grade

J Neurosurg. Author manuscript; available in PMC 2020 September 08.
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(33%) worse than those reported in SM grades I11 or greater in a high-risk group such as
elderly patients (19%), many would reconsider pursuing surgery.523 However, cerebellar
AVMs must also be viewed in the context of their natural history. Infratentorial AVMs are
far less quiescent, presenting often with more than 2 times the rate of hemorrhage.17:19:42
Compared to an average annual rupture rate of 2.4% in brain AVMs, Hernesniemi et al.
found infratentorial AVMs neared a rupture rate of 12%.1° Given the high morbidity and
mortality rate associated with hemorrhage, a more aggressive treatment has been cited as an
appropriate strategy.1227 Further corroborating this practice, we found patients were
afforded the greatest probability of experiencing a favorable outcome when treated early,
prior to intracranial hemorrhage and/or preoperative decline in neurological status. These
risk-benefits are not restricted to only surgery and would likely apply to nonoperative
methods as well, such as radiosurgery, embolization, or both.

Literature Review

Lawton et al. (2010) proposed an important supplementary grading scale accounting for age,
history of AVM rupture, and nidus compactness.23 Subsequently, Rodriguez-Hernandez et
al. (2012) evaluated the predictive accuracy of the SM system and the Lawton
supplementary scale for assessing surgical outcomes associated with cerebellar AVM
resection; the SM system showed a statistically significant decline in accuracy to predict
cerebellar AVM resection outcomes versus other AVMs.3° The authors suggest the
supplementary scale has greater predictive accuracy because it is not distorted by the
cerebellar anatomy, whereas venous drainage and eloguence have skewed importance with
cerebellar AVMs using the SM system.3° In 2011, Spetzler and Ponce introduced a 3-tiered
system based on the original grading system, in which Class A combines grades | and 11,
Class B represents grade 111, and Class C combines grades IV and V.40 Although the natural
history, presentation, and prognosis of cerebellar AVMs are unique, neither the SM system
nor the LY supplementary grading scale was specifically designed for infratentorial AVMs.

Proposed Grading System

A major difference between this classification and the SM grading system is the decreased
relevance of angio-architectural characteristics. Only deep venous drainage was associated
with poor outcomes, comprising 1 of the 5 total risk score points available, while patient
age, PrNS, and emergency surgery made up the remaining risk points available. The lack of
impact a lesion’s size and eloquence had on outcomes in part explains why poor predictive
accuracy of the SM grading system has been reported, as was observed in our series.3®
Clearly, lesion characteristics can be useful for assessing patient risk, but for cerebellar
AVMs, clinical factors appear to be most relevant to outcome prediction, as these are not
mutually exclusive. This has been a previously cited critique of the SM grading system.37
Additionally, during the analysis we found multiple risk factors correlated with one another.
These findings reflect upon the complex interplay of angioarchitectural features and patient
characteristics and help explain why there was loss of significance for variables in the
multivariate regression analysis, along with the limited sample size (a more in-depth analysis
and discussion of patient outcomes and lesion characteristics is provided by Nisson et al. on
this same patient series30). Using this risk grading system preoperatively can provide both
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patients and physicians with a risk estimation for patient outcomes electing into surgery and
help better guide treatment strategy.

Deep Venous Drainage

Our classification shares only one feature with the SM grading system for brain AVMs,
which is deep venous drainage. This is fairly intuitive, as Spetzler and Martin described, “no
matter how small, [deep venous drainage] further complicates AVM excision.”39 These
veins are prone to bleeding, are more delicate than arteries but also more resistant to cautery,
and can retract and bleed into surrounding parenchyma. This has been a known corollary for
surgical complications.14:31:37 Reports exist of deep venous drainage not being an accurate
characterization of cerebellar AVMs. Assessing depth of the veins in cerebellar AVMs can
be misjudged given a large proportion drain into the Galenic complex, which is traditionally
considered deep for cerebral AVMs but superficial for cerebellar AVMSs.3® Despite this,
following the original SM definition, our data indicated a significantly greater risk for poor
outcomes in patients with deep venous drainage (OR 2.3, p = 0.03).

Emergency Surgery

Emergently treated patients showed a strong association with poor outcomes, and thus were
given the risk points equal to deep venous drainage. This has been a well-described risk
factor in cerebellar AVMs and part of what makes this lesion so dangerous, given its higher
than normal rate of rupture in a narrow space near vital structures.3.7:10:44.47 This finding
highlights the importance of early diagnosis and an aggressive treatment strategy, as
operating before AVMs rupture and require emergency treatment offers patients a
significantly greater chance of having a favorable outcome with this disease.

Preoperative Neurological Status

PrNS exhibited the strongest association with patient outcomes. It is well understood that as
the extent of CNS injury accumulates, the likelihood of developing a permanent neurological
deficit also increases. However, in the acute setting of a hemorrhagic bleed, the extent of
CNS injury can be difficult to assess as neurological impairment can be sourced to a number
of factors, including hydrocephalus, perihematoma edema, seizures, perihematoma
ischemia, and tissue infarction.2® For this reason, PrNS may not be completely correlated
with the amount of CNS injury a patient has suffered. Yet, our data indicated the presence of
an “all or nothing” phenomenon occurring. For instance, the majority (42/57, 73.7%) of
patients who presented in poor neurological status remained in poor neurological status.
Similarly, but to a lesser extent, those who presented in a favorable neurological state also
remained in a favorable neurological state (39/63, 61.9%).

This finding suggests the PrNS may, in part, be influencing the ability of neural tissue
response to treatment and recovery, i.e., a critical mass-like effect. We provide two
hypotheses as to how this could be occurring. First, in the setting of acute CNS injury, both
compensatory and deleterious cascades occur. As the extent of injury accumulates, the
balance of deleterious cascades begins to outweigh the compensatory mechanisms in an
exponential fashion. This can occur through previously described mechanisms, including
dysregulated ion gradients, deficiency of energy and metabolites, calcium-mediated cell
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apoptosis, and myelin-associated inhibitors of axonal regeneration.® Second, the brain has
the known ability to reorganize neural synapses, sprout new connections, and migrate new
neural cells into the periinfarct cortex.6:28 This neural plasticity may become exponentially
compromised as neural tissue loss reaches a certain level. Both of these explanations would
provide a theoretical framework as to why a stepwise improvement was less frequently
observed in the recovery of neurological function and why PrNS was so highly predictive of
patient outcomes.

Patient risk for poor outcomes was not equal among all age groups. Using logistic
regression, it was apparent that the risk of a poor outcome increases for patients aged 60
years or older. Tong et al. reported a greater mean age in patients with poor outcomes
compared to those with favorable outcomes for cerebellar AVMs (p = 0.018).4 Taylor et al.
also found age was a risk factor for death from brain AVMSs (OR 1.03, p = 0.006).4> An
important contributing factor may be comorbidities in older patients, such as hypertension
and diabetes, which complicate the disease course and recovery from resection. It may also
be related to differences in hemorrhage types with younger patients more often suffering
AVM-related intracerebral hemorrhage as opposed to older patients who have spontaneous
intracerebral hemorrhage.26:45

A unique feature of the model worth mentioning is that it does not include AVM size. Our
data indicated AVM size, whether assessed as a continuous variable or categorically (> 3
cm), carried no associated risk. Tong et al. also found no association with patient outcomes
and lesion size (p = 0.08).#’ We suspect lesion size plays less of a role in affecting the risk
for poor outcomes because the volume in the posterior fossa is relatively limited in
comparison to the cerebral hemispheres, where AVM sizes can theoretically be much larger.
Another pertinent finding was that no difference existed for the rate of emergency surgery
between small and large AVM sizes (p = 0.96). Because emergency surgery is a known risk
factor for poor outcomes, patients with small lesions who underwent emergency surgery
would also weaken any potential correlation with AVM size and outcomes.

Eloguence was not associated with patient outcomes (OR 1.7, p = 0.40). In previous studies,
it has been a risk factor for poor outcomes in both cerebral and cerebellar AVMs.3947 Yet,
eloquence has also been considered unreliable for predicting cerebellar AVM risk, as deep
nuclei may be the only true eloguent structures in the cerebellum.3° Given that deep nuclei
primarily have motor regulatory functions, it is likely that in the event damage does occur
during AVM resection, the effects are less deleterious to the overall neurological status
compared to, for instance, the brainstem nuclei or thalamus of brain AVMs.

Limitations of the Study

A limitation of this analysis was its retrospective study design. Ideally, a prospectively
collected database would be less subject to any potential bias. Given the sample size of 120
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patients, assessment of the accuracy of the SM grading system through statistical analysis
may not have been fully captured. Lastly, patients were treated at high-volume, specialized
surgical centers that may have caused selection bias to occur. At these locations, typically
more technically challenging and complex cases are referred for treatment.

Conclusions

The traditional SM, SP, and LY grading systems are not optimal for the unique AVM lesions
of the cerebellum. Our AVM grading system specific for cerebellar lesions is predictive of
patient outcomes and can be used to better guide vascular neurosurgeons in clinical decision-
making. Further retrospective and prospective studies with large patient samples are needed
to validate the predictive capacity of this grading system compared to existing grading scales
inclusive of cerebellar AVMs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

ABBREVIATIONS
AUROC area under the receiver operating characteristic curve
AVM arteriovenous malformation
Cl confidence interval
GKS Gamma Knife surgery
LY Lawton-Young
mRS modified Rankin Scale
OR odds ratio
PoNS postoperative neurological status
PrNS preoperative neurological status
SM Spetzler-Martin
SP Spetzler-Ponce
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September 1999-February October 2008-October 2015

2013 AVMs Treated AVMs Treated
(n=1008) (n=320)

Patients with Cerebellar AVMs

Treated Treated
(n=65) (n=60)

Combined Cerebellar AVMs from Both
Institutions
(n=125)

Patients with AVMs Treated Microsurgically
(n=121)

Patients with AVMs Treated Microsurgically
and Outcomes Listed in Medical Chart
(n=120)

FIG. 1.
Flowchart of patient selection for study inclusion.
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FIG. 2.
Preoperative vertebral angiograms (posterior-anterior [A], lateral oblique [B], and lateral [C]

views) illustrate a 3.99-cm, SM grade 111 cerebellar AVM located in the left cerebellar
hemisphere. This 64-year-old patient (+1 point) presented in good neurological status with
an mRS score of 2 (+0 points). After performing preoperative imaging, which showed a
deep venous draining cerebellar AVM (+1 point) with active hemorrhaging, the patient was
taken for immediate surgical intervention (+1 point). Using our proposed grading system,
this patient scores a 3, making it a grade 2 lesion with moderate risk. Complete obliteration
was achieved, and this patient experienced a favorable outcome, with his/her most recent 2-
year follow-up mRS score = 1.
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Patient Outcomes by Grading System
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FIG. 3.

Patient outcomes by each risk grading classification system for cerebellar AVMs, including
the SM, SP, LY, and proposed grading systems.
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Predictive Accuracy by Grading System
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AUROC listed for each grading system according to predictive accuracy, including the SM,

SP, LY, and proposed grading systems.
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Patient initial presentation summary

Variable Value (%)

No. of patients 120
Mean age, yrs 45
Age range, yrs 4.3-83
Males 48 (40)
Pediatric patients 16 (13)
Ethnicity

White 67 (56)

Hispanic 29 (24)

Black 14 (12)

Other 10 (8)
Hemorrhage at presentation 85 (71)
Emergency surgery 45 (38)
Eloquence 22 (18)
Associated aneurysm 40 (33)
Venous drainage

Superficial 45 (39)

Deep 72 (62)
Location

Cerebellar hemisphere only 73(62)

Vermis 22 (19)

Deep cerebellar nuclei 19 (16)

Cerebellar peduncle 3(3)

Cerebellar tonsil 1(2)
Mean AVM size, cm 2.3
AVM =23 cm 36 (30)
SM grade

1 29 (25)

1l 47 (40)

1l 31 (26)

% 10 (9)

% 1(1)
Mean follow-up, yrs 18
Follow-up range, yrs 0.01-8.61
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TABLE 3.

Risk-prediction scores per variable and risk grades of model

Mortality Risk

% at Risk
Risk . Risk for Poor
Grade Points Assessment Outcome (no.) Periop Overall
1 0-1 Low 33% (16/49) 0% (0/49) 0% (0/49)
2 2-3 Moderate 62% (24/39) 3% (1/39) 8% (3/39)
3 4-5 High 83% (24/29) 7% (2/29)  17% (5/29)

*
Points assigned according to the following risk factors: neurological status prior to treatment (yes = 2 points, no = 0), emergency surgery (yes = 1
point, no = 0), deep venous drainage (yes = 1 point, no = 0), and age = 60 years (yes = 1 point, no = 0).

fPerioperative mortality risk included any deaths that occurred within 30 days after the surgery; overall mortality risk included any deaths that
occurred at the time of recent follow-up.
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