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Abstract

OBJECTIVE—Preoperative embolization of brain arteriovenous malformations (AVMS) is
performed to facilitate resection, although its impact on surgical performance has not been clearly
defined. The authors tested for associations between embolization and surgical performance
metrics.

METHODS—The authors analyzed AVM cases resected by one neurosurgeon from 2006 to 2017.
They tested whether cases with and without embolization differed from one another with respect
to patient and AVM characteristics using t-tests for continuous variables and Fisher’s exact tests
for categorical variables. They used simple and multivariable regression models to test whether
surgical outcomes (blood loss, resection time, surgical clip usage, and modified Rankin Scale
[MRS] score) were associated with embolization. Additional regression analyses integrated the
peak arterial afferent contrast normalized for the size of the region of interest (Cyax/ROI) into
models as an additional predictor.

RESULTS—The authors included 319 patients, of whom 151 (47%) had preoperative
embolization. Embolized AVMs tended to be larger (38% with diameter > 3 cm vs 19%, p =
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0.001), less likely to have hemorrhaged (48% vs 63%, p = 0.013), or be diffuse (19% vs 29%, p =
0.045). Embolized AVMs were more likely to have both superficial and deep venous drainage and
less likely to have exclusively deep drainage (32% vs 17% and 12% vs 23%, respectively; p =
0.002). In multivariable analysis, embolization was not a significant predictor of blood loss or
mRS score changes, but did predict longer operating times (+29 minutes, 95% CI 2-56 minutes; p
= 0.034) and increased clip usage (OR 2.61, 95% CI 1.45-4.71; p = 0.001). Cihax/ROI was not a
significant predictor, although cases with large Cihax/ROI tended to have longer procedure times
(+25 minutes per doubling of Cax/ROI, 95% CI 0-50 minutes; p = 0.051).

CONCLUSIONS—In this series, preoperative embolization was associated with longer median
resection times and had no association with intraoperative blood loss or mRS score changes.

Keywords

intracranial arteriovenous malformations; digital subtraction angiography; embolization;
cerebrovascular procedures; vascular disorders

THE treatment of brain arteriovenous malformations (AVMs) remains a challenge. Among
the modalities of AVM treatment, microsurgery has the highest rates of complete
obliteration and lowest long-term risk of hemorrhage, but also the highest case fatality rate.
21 preoperative embolization of AVMs is often performed as an adjuvant to surgery, with the
goal of making resection safer. Preoperative embolization may be used to reduce the AVM
size, high-risk features, or nidal blood flow.13-16 Embolization has proved an effective way
to modify the hemodynamics of an AVM nidus,22:24 although there is less evidence
quantifying its effect on surgical performance. Surgical performance is often graded on the
totality of AVM resection, operative time, and blood loss. However, in a review of
microsurgical outcomes of patients with unruptured AVMs, blood loss was the only
significant predictor of posttreatment neurological deficits.3! Evidence as to the clinical

outcomes in cases with preoperative embolization, while generally encouraging, has shown
mixed results.5'9' 10, 14, 15, 20, 25,28

One challenge in assessing the efficacy of embolization is the lack of a simple and
quantitative method of measuring AVM flow characteristics. Previous studies have used
subjective measurements of percent AVM nidus reduction from pre- and postembolization
angiograms,13:16.28 MR angiography,1-26 and transcranial ultrasound with Doppler8:1° to
quantify flow. However, these techniques are heterogeneous and difficult to standardize into
practice. A potential alternative is the use of parametrically color-coded angiography!2
(iFlow, Siemens Medical Inc.), a novel method to quantify time-density curves from 2D
angiography, thus enabling derivation of time-to-peak and pseudo-flow rate measurements.3
There are a handful of AVM studies employing iFlow to detect differences between ruptured
and unruptured AVMs, although its influence on operative performance is unknown.2:3:17

Another challenge is the heterogeneity of embolization materials and techniques. There may
be a comparative advantage in using certain embolization materials over others.813. 1630 A
review of studies looking at either A-butyl 2-cyanoacrylate (NBCA) or ethylene vinyl
alcohol copolymer (EVOH) found that EVOH had higher angiographic cure rates but worse
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neurological outcomes, although none of these studies examined the relative impact of
embolization itself on operative performance variables.8

We performed a retrospective review of our microsurgical AVM cases with and without pre-
microsurgical embolization. Our primary aim was to characterize the role of pre-
microsurgical embolization on traditional surgical performance variables. Our outcomes
were intraoperative blood loss, resection time, microclip usage, and change in modified
Rankin Scale (mRS) score. Our hypothesis was that preoperative embolization positively
affects microsurgical performance outcomes.

Our secondary aim was to assess the utility of parametric color-coded angiography in
quantifying blood flow through the AVM nidus. The peak contrast density of the primary
feeding artery normalized against the size of the region of interest (i.e., the diameter of that
artery) (Cmax/ROI) is a measurement of pixel density, or blood density. We hypothesized that
using the Cnax/ROI to identify “high-flow” and “low-flow” AVMs, we could predict patients
with worse surgical outcomes.

A total of 319 consecutive patients who underwent microsurgical resection of a brain AVM
by a single neurosurgeon from January 2006 to January 2017 were reviewed. All AVM
patients had postoperative angiography that demonstrated no residual AVM. Patients who
had stereotactic radiosurgery or prior resection were excluded. The neurosurgeon selected
cases for preoperative embolization. Of the 319 patients, 151 (47%) underwent preoperative
embolization. Ethics approval was received from the institutional review board, and
informed consent was waived. Records were retrospectively reviewed for all patients, and
clinical and angioarchitectural data were recorded. Variables included patient age at
presentation, AVM size, eloquence of adjacent brain regions, diffuseness of the nidus,
complexity of venous drainage, and rupture prior to surgery.11:23 All angioarchitectural
measurements were recorded by a neurointerventional radiologist for the express purpose of
the AVM research. Determination of eloquence (yes/no), diffuseness (sharp/diffuse),
complexity of venous drainage (superficial/deep/both), and rupture prior to surgery (yes/no)
were the subjective assessments of the neurointerventional radiologist.

Embolizations were performed by 6 neurointerventional radiologists, and details of the
procedure were the purview of the neurointerventional radiologist. The number of
embolization sessions, materials used, number of feeding arteries targeted, and high-risk
features targeted were recorded from the embolization procedure records.

Outcomes included intraoperative blood loss, resection time, microclip usage, and changes
in mRS score.28 In addition to the traditional measures of operative performance (blood loss
and resection time), microclip usage was included as a surgical outcome because our
surgeon noted that in his practice, clips are representative of larger vessel bleeding and more
complex cases. Intraoperative blood loss was retrospectively recorded and defined as the
estimated blood loss from the anesthesia case record. Resection time was defined as the total
procedure time documented in the anesthesia record, as microscope time was
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heterogeneously recorded in the records. Microclip usage was retrospectively recorded from
the surgical records. Pretreatment mRS scores were assigned by members of the research
team based on patient records and were reviewed by the clinical team. Posttreatment
(follow-up) mRS scores were based on phone interviews, mailings, record review, or in-
person visits conducted by the research team at regular postoperative time intervals. The
posttreatment mRS score was based on the last patient follow-up time. The mean follow-up
was 1.46 years for the embolization group and 1.42 years for the nonembolization group; no
significant difference was detected between the 2 groups (p = 0.85). Team members were
aware of the patient’s care, including embolization.

From the 319 patients, we identified 172 cases with iFlow-compatible imaging (those with
imaging after 2010) and measured the Cax/ROI. The Crhax/ROI was defined as the peak
contrast of the primary feeding artery to the AVM normalized for the diameter of that
feeding artery. This value is essentially a measurement of pixel density (blood), and, when
plotted as function of time, a proxy for flow. We derived the Cy,a« Of the primary feeding
artery to the AVMs from the pretreatment angiograms. For AVMs with multiple feeding
arteries, the dominant arterial afferent was selected for study. Dominance was defined as the
composite of vessel diameter (objective) and contribution of nidal flow (subjective). In
instances in which multiple vessels demonstrated equivalent contributions to AVM flow, the
vessel most clearly identified was selected for iFlow measure. The primary feeding artery
and draining vein were marked with a vessel-specific region of interest (ROI) as
anatomically close to the nidus as possible in order to minimize artifact from en-passage
flow (arterial) and nonopacified flow (venous). The diameter of the ROl was adjusted to the
size of the smallest artery or vein in each patient. The Cax, Or peak contrast density, was
then obtained from iFlow software as a measure of pixel density and standardized against
the size of the ROI (Fig. 1). All iFlow measurements were obtained by a single
neurointerventional radiologist.

Statistical Analysis

We tested whether cases with and without embolization differed from each other with
respect to patient and AVM characteristics using Fisher’s exact tests for categorical variables
and t-tests for continuous variables. Characteristics analyzed included nidus size, eloquence,
venous drainage, age, diffuse nidus, and hemorrhage prior to treatment, as these variables
have a known association with surgical outcomes and are incorporated in the Spetzler-
Martin and supplemental Lawton-Young AVM grading systems.11:23

We tested for associations with surgical outcomes using regression analyses. The outcomes
analyzed were 1) intraoperative blood loss in milliliters, 2) resection time in minutes, 3)
surgical clip usage (yes/no), and 4) worsening of mRS score after resection compared with
pretreatment status (yes/no). To examine if the embolization material was associated with
surgical outcomes, we ran an analysis restricted to embolization cases. In this analysis, we
tested whether outcomes were associated with embolization material, represented as
indicator variables, using linear and logistic regression models. To test for associations
between preoperative embolization (yes/no) and surgical outcomes, we used simple and
multivariable linear and logistic regression models. Multivariable models included
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embolization, AVM size, eloquence, venous drainage, age, rupture status prior to treatment,
and diffuseness as predictors.11:23

To assess the utility of quantifying AVM flow with iFlow in predicting surgical outcomes,
multivariable regression models were rerun on the sample subset with iFlow data and
included C,5/ROI as an additional predictor. Since the standardized Cax/ROI was right-
skewed and subject to outliers, we log-transformed (base 2) values prior to analysis. To test
the utility of iFlow as a screening measure to identify patients who would benefit from
embolization, we ran another set of multivariable models including the interaction term of
embolization and Cp,ax/ROL.

Intraoperative blood loss was log-transformed to accommodate for outliers; consequently,
coefficients from linear regression analyses with intraoperative blood loss as the outcome
were exponentiated in order to interpret results as proportional increases (PIs); for example,
a Pl of 2 indicates a doubling, and a PI of less than 1 indicates a decrease. Logistic
regression results from the surgical clip and mRS analyses are presented as odds ratios.
Follow-up time for mRS scores varied by patient, so models with mRS score as an outcome
further adjusted for log-transformed (base 2) time postsurgery, up to a maximum of 1 year.
All regression results are presented with 95% confidence intervals. Varying degrees of
missing outcome and covariate information led to the exclusion of some observations during
particular analyses. The level of significance was set at p < 0.05. Data analysis was
performed using Stata (version 15.1, StataCorp).

Clinical and Angioarchitectural Characteristics

Of 319 patients who underwent microsurgical resection of a brain AVM, 151 (47%)
underwent preoperative embolization. Seven patients (2%) had previously undergone
embolization at an outside facility. Table 1 describes the patient and AVM characteristics.
The average patient age was 36 years (range 5-90 years), and there was no difference found
between the embolization and nonembolization groups with respect to Lawton-Young
supplemental scale age categories (p = 0.74).

Embolized AVMs tended to fall into larger AVM categories than did nonembolized AVMs
(38% with diameter > 3 cm vs 19%, p = 0.001). Venous drainage was associated with
embolization (p = 0.002), as embolized AVMs were less likely to have exclusively deep
venous drainage (12% vs 23%) and more likely to have both superficial and deep drainage
(32% vs 17%). Embolized AVMs were less likely to have diffuse nidi (19% vs 29%, p =
0.045) and were less likely to be ruptured prior to treatment (48% vs 63%, p = 0.013).

Embolization

For 134 embolization cases where the embolization material was known, NBCA was the
most common material used (n = 71, 53%), followed by a combination of materials (n = 23,
17%) and PVA (polyvinyl alcohol, n = 15, 11%). Other materials included EVOH, coils, and
embospheres. Of 128 patients for whom the details of embolization were recorded, 66 (52%)
underwent 2 or more embolizations. The most common high-risk feature targeted for
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embolization was a feeding artery aneurysm (12%). Other features targeted included
intranidal aneurysms and fistulas.

In regression analysis, embolization material was associated with resection time (p = 0.003);
patients who underwent embolization with coils had the longest average resection times,
while those with ethanol and embospheres had the shortest. However, sample sizes for these
materials were small (Table 2). Embolization material was not associated with blood loss (p
= 0.688), clip usage (p = 0.256), or mRS score changes (p = 0.269).

Surgical and Clinical Outcomes

Blood loss information was collected for 270 patients. The median blood loss was 300 mL
(range 25-8700 mL). Embolization was not associated with a statistically significant
increase in blood loss in simple or multivariable linear regression (P1 1.21, 95% CI 0.99-
1.49 [p =0.061] and PI 1.05, 95% CI 0.85-1.30 [p = 0.631], respectively) (Table 3). Both
age and AVM size were associated with blood loss (likelihood ratio test, p < 0.001 for both
variables), as pediatric patients and smaller AVMs had less bleeding.

Resection time was available for 290 patients; the average time was 329 minutes (range
106-910 minutes). In simple and multivariable linear regression, embolization cases took
longer (+49 minutes, 95% CI 22—77 minutes [p = 0.001]; and +29 minutes, 95% CI 2-56
minutes [p = 0.034], respectively) (Table 4). In multivariable analysis, larger AVMs were
also associated with longer resection time relative to small AVMs (+225 minutes, 95% Cl
139-311 minutes [p < 0.001] for AVMs > 6 cm; +107 minutes, 95% CI 74-140 minutes [p <
0.001] for 3- to 6-cm AVMs). Other variables associated with longer resection time included
eloquent brain location (+35 minutes, 95% CI 8 to 62 minutes; p = 0.011), deep venous
drainage (+40 minutes, 95% CI 3-76 minutes; p = 0.032), and both deep and superficial
venous drainage (+52 minutes, 95% CI 20-83 minutes; p = 0.002) when compared with the
superficial drainage reference group.

Surgical clip information was collected for 287 patients. One hundred eighteen (37%)
patients required use of surgical clips during resection. Preoperative embolization was
associated with increased odds of surgical clip use in simple and multivariable logistic
regression analyses (OR 2.70, 95% CI 1.69-4.32 [p < 0.001] and OR 2.61, 95% CI 1.45-
4.71 [p = 0.001]; respectively) (Table 5). Other factors that increased odds of clip usage
included large nidus size (likelihood ratio test, p < 0.001) and eloquent brain location (OR
2.73, 95% CI 1.50-4.99; p = 0.001). AVMs that hemorrhaged prior to treatment had
decreased odds of requiring surgical clips (OR 0.24, 95% CI 0.13-0.45; p < 0.001).

Of 264 cases with clinical outcome data, 58 (19%) had a worse mRS score during a
postsurgical follow-up assessment (median time of 1.1 years) when compared with
pretreatment status. Embolized cases were not significantly more likely to have the same or
improved mRS score in multivariable analysis (OR 0.74, 95% CI 0.36-1.52; p = 0.409)
(Table 6). Factors strongly predictive of mRS score changes were eloguent brain location
(OR 2.75, 95% CI 1.35-5.39; p = 0.005) and hemorrhage prior to resection (OR 0.10, 95%
Cl1 0.04-0.24; p < 0.001).

J Neurosurg. Author manuscript; available in PMC 2020 November 17.
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iFlow Characteristics

Data from iFlow were available for 172 patients. The average log-transformed Cp,5x/ROI, a
proxy for flow, was 15.6 £+ 0.8 (range 11.0-17.6). The interquartile range of the log-
transformed standardized Cp,5x/ROI was approximately 1 unit (i.e., a doubling). We found
that each doubling of Ca/ROI was associated with increased blood loss in simple
regression analysis (Fig. 2), but not in multivariable analysis (P1 1.30, 95% CI 1.07-1.59 [p
=0.009] and PI 1.16, 95% CI 0.94-1.43 [p = 0.157], respectively). This iFlow parameter
was associated with longer procedure times in a simple linear regression, but not in
multivariable analysis (+37 minutes, 95% CI 11-63 minutes [p = 0.005] and +25 minutes,
95% CI 0-50 minutes [p = 0.051], respectively). We were unable to detect an association
between Crhax/ROI and clip usage in simple and multivariable regression analyses (OR 1.54,
95% C1 0.99-2.38 [p = 0.053] and OR 1.47, 95% CI 0.82-2.64 [p = 0.196], respectively).
We were unable to detect an association between Cy,5/ROI and the mRS change outcome
when either adjusting just for follow-up time or in the full multivariable analysis (OR 1.35,
95% CI1 0.79-2.32 [p = 0.272] and OR 1.19, 95% CI 0.61-2.31 [p = 0.606]). In analyses that
included an interactions term, in no instance was an outcome associated with the interaction
of embolization with Cya/ROI (p > 0.2 for all), indicating a lack of evidence that
embolization differentially benefits or disadvantages AVMs with high iFlow values
undergoing resection.

Discussion

In the largest study to date of preoperative embolization compared with surgery alone, we
show that embolization is associated with longer median resection times and surgical clip
usage and not with decreased blood loss. Embolization is often an adjuvant therapy for
AVMs, although there are limited data to support its superiority to resection alone. The
literature mainly represents case series®:22:24.29 and retrospective studies.>10.14.15.20
Notably, Jafar et al. conducted a retrospective study of operative time and blood loss metrics
for 41 patients with preoperative embolization compared with surgery alone.19 Pasqualin,20
Morgan,141% and DeMeritt® and their colleagues also each conducted small, retrospective
studies of posttreatment morbidity and mortality for preoperative embolization compared
with surgery alone. The literature demonstrates that embolization may improve outcomes for
some AVMs, although without clear consensus. Our study is the largest describing
quantitative operative metrics for preoperative embolization with surgery-only controls and
reveals an uncertain role for embolization as a positive surgical modifier.

Preoperative embolization is proposed to be most helpful in the treatment of higher-grade
AVMs, 182427 and as such, embolized AVMs are characteristically different from those that
are not. In our analysis, AVMs selected for embolization were not only larger on average
than those that were not embolized, but also more likely to have both superficial and deep
venous drainage. Similarly, Jafar et al. found that cases selected for embolization were of
higher overall Spetzler-Martin grade.10 Pasqualin et al. likewise found that AVMs selected
for embolization tended to be larger and located in eloquent brain regions.29 The benefit of
embolization may in part be that patients with higher-grade lesions were able to undergo
curative microsurgery, as opposed to other treatment modalities with hypothetical risks of
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future bleeding from incompletely treated AVMs. For example, Ding et al. and Patibandla et
al. noted 10-year radiosurgical obliteration rates of Spetzler-Martin grade 11l and IV/V
lesions of 78% and 37%, respectively, both carrying a 4% risk of permanent neurological
injury.”21 Compared with such radiosurgical efficacy, the higher and more immediate rates
of cure of embolization-enabled microsurgical resection may represent a longer-term benefit.

The heterogeneity of embolization also confounds interpretation of the procedure’s impact
on surgical performance. The aim of embolization is not unilateral; some operators focus on
AVM flow reduction rather than penetrating the nidus. Embolization material also affects
success of embolization as determined by angiography. Loh and Duckwiler noted that
EVOH vyielded a higher percent of nidal embolization than NBCA.13 Many surgeons
primarily employ EVOH when attempting such nidal reduction. Our series reflects a practice
largely focused on flow reduction, as evidenced by a higher percentage of cases using
NBCA. This is not to say that NBCA cannot penetrate and reduce nidal volume, but that our
series tilts away from this as embolization’s major function. EVOH may have a greater
impact on operative performance with its ability for more complete nidal obliteration,
though with greater risk of periprocedural complications. Of patients in the embolization
group, 2 (1%) had a complication associated with the procedure. Both were perforations
related to microwave manipulation, and neither patient suffered permanent injury related to
the complication. In other studies, some of which used EVOH more commonly,
complication rates associated with embolization ranged from 2% to 5%.18.23.29

Previous studies have found that multimodal treatment with embolization is associated with
decreased intraoperative blood loss.13:20.22 pasqualin et al. reported decreased rates of
intraoperative complications in patients with embolization compared with size-matched
patients who had surgery alone,1® while Jafar et al. found that there was no significant
difference in intraoperative blood loss or resection time for AVMs with preoperative
embolization.10 In their multivariable analysis, Jafar et al. found that AVM size and Spetzler-
Martin grade were not predictive of blood loss for embolization cases, arguing that
embolization could potentially offset such higher-risk features. Our study corroborates that
there is no statistical difference in intraoperative blood loss between the embolized and
nonembolized groups. At best, the effect of embolization adjusted for covariates was only a
15% reduction in blood loss (from P1 1.05, 95% CI 0.85-1.30; p = 0.631). For operating
time, Jafar et al. found that after embolization larger AVMs still took longer to resect, but
embolization decreased the resection time compared with AVMs of similar Spetzler-Martin
grade without embolization. Our results differed in that we found that embolization was still
predictive of increased operating time even in a multivariable model.

Previous studies have found that patients who undergo embolization followed by
microsurgical resection have better neurological outcomes than patients treated with surgery
alone, despite having larger and higher-grade AVMSs.5:2529 Embolization does not, however,
appear to improve neurological outcomes for all patients. Those with an unruptured
presentation are more likely to experience posttreatment neurological deficits.® Patients with
Spetzler-Martin grade | and 11 AVMs may also be less likely to benefit from embolization, as
the procedure exposes them to additional risk.4914.18.27 Morgan et al. found that
embolization with EVOH did not improve postsurgical clinical outcomes or decrease the risk
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of hemorrhage compared with historical controls.2* In a separate study, Morgan et al. also
found increased rates of major morbidity and mortality for embolization compared with
surgery alone.1>

Despite such evidence, others have found that while preoperative embolization was
associated with increased transient deficits or no difference in the immediate postoperative
period, it was associated with better long-term clinical outcomes compared with surgery.520
DeMeritt et al. hypothesized that as embolized AVMs were larger, patients could show more
improvement in clinical status following the resolution of transient deficits related to
postoperative edema or brain retraction.® Pasqualin et al. found that patients with AVMs
located in eloquent brain regions who underwent embolization were significantly less likely
to have long-term deficits.20 In our multivariable model, we found no significant relationship
between embolization and mRS score.

AVM Flow and Patient Selection

Limitations

One of the critical issues related to AVM embolization is our lack of a standardized manner
to assess AVM flow. There is evidence noting the use of MRI to quantify AVM flow,1:26
with Alaraj et al. noting that nidal flow measured by quantitative MR angiography was
decreased in AVMs that had undergone embolization of multiple arterial pedicles or a direct
arteriovenous shunt.! MRI is instructive but has limited practical application as decisions in
endovascular practice are most often made using catheter angiography. Parametric color-
coding, a quantitative, pseudo-flow technique, is powerful in that it can consistently and
immediately be generated using DSA, permitting real-time decision-making during
procedures. Our result that Cya/ROI was a predictor of blood loss and operative time in
simple regression analysis suggests its potential in quantitative flow dynamics and in clinical
decision-making. Although the incorporation of this variable into our models does not yet
suggest which patients might benefit from embolization, its accessibility permits more
widespread adoption by the neurointerventional community.

Previous studies have correlated iFlow variables with clinical characteristics of AVM
patients, specifically ruptured presentation.23:17 Variables significantly associated with
hemorrhage in other studies include time-to-peak contrast in the feeding artery,’ the ratio of
time-to-peak contrast in the draining vein to feeding artery,3 and mean transit time.2326 In a
retrospective comparison of ruptured and unruptured AVMs, Burkhardt et al. found
significantly longer venous drainage times in the ruptured AVMs,2 while Chen et al. found
that mean contrast transit time was associated with silent microhemorrhage in unruptured
AVMs.3 It is possible that further analysis will reveal additional variables predictive of
surgical outcomes or otherwise identify AVM patients at risk for worse outcomes.
Furthermore, other iFlow variables may show utility as screening measures to determine
which patients could benefit from embolization.

The study was retrospective and therefore is subject to bias. Embolization cases were
performed by 6 neurointerventional radiologists, which may be an additional confounding
factor in assessing the efficacy of embolization. One neurosurgeon performed the resection
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in all cases, which lends internal validity to our study but could affect the generalizability of
the results.

In this retrospective analysis, we did not control for craniotomy approach or level of trainee
involvement. However, given that multivariable models controlled for AVM size and
eloquent location, as well as other Spetzler-Martin variables, surgical variability associated
with craniotomy approach may be captured. In future prospective studies related to the topic,
it will be important to control for level of trainee involvement.

All iFlow measurements were performed by a single neurointerventional radiologist.
Performance characteristics of this technique, including intra- and interobserver reliability,
were not assessed as part of this study, as this use of iFlow was exploratory. Subsequent
work in iFlow needs to be done to assess performance characteristics.

Conclusions

Embolized AVMs have higher Spetzler-Martin grades and are associated with a number of
specific variables independently predictive of worse outcomes, including larger AVM size
and more complex venous drainage. We found that preoperative embolization did not have a
clearly beneficial effect on operative performance measures. In multivariable analysis,
preoperative embolization was not associated with intraoperative bleeding and was
associated with longer resection time and increased use of surgical clips. We found that the
iFlow variable, arterial C5/ROI, was associated with increased blood loss and operating
time in simple regression analysis, regardless of embolization status, suggesting its possible
utility in identifying patients at greater treatment risk. Parametric color-coded angiography is
a simple, quantitative measurement that may identify patients at risk for adverse surgical
outcomes, or have utility as a screening measure for patients who would benefit from
embolization.

ABBREVIATIONS
AVM arteriovenous malformation
Cmax peak contrast density of the primary feeding artery
Cmax/ROI Cmax normalized for the size of the ROI (i.e., the diameter of the
artery)
EVOH ethylene vinyl alcohol copolymer
mRS modified Rankin Scale
NBCA N-butyl 2-cyanoacrylate
PI proportional increase
PVA polyvinyl alcohol
ROI region of interest
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FIG. 1.
Image created in iFlow from the pretreatment 2D angiogram of a surgical AVM patient. The

primary feeding artery and draining vein were marked with a vessel-specific ROI, and the
diameter of the ROI was adjusted in each patient. The time density curve was created by
iFlow.
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FIG. 2.
We found that each doubling of C,4x/ROI was associated with increased blood loss in

simple regression analysis, but not in multivariable analysis.
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TABLE 1.
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Patient and AVM characteristics

Characteristic Embolization No Embolization p Value

No. of patients 151 168
Age, yrs 0.739

<20 35 (23) 42 (25)

20-40 52 (34) 51 (30)

>40 64 (42) 75 (45)
Female sex 83 (55) 81 (48) 0.262
Nidus size, cm 0.001

<3 91/146 (62) 124/154 (81)

3-6 52/146 (36) 26/154 (17)

>6 3/146 (2) 4/154 (3)
Eloquent area 65/145 (45) 80/154 (52) 0.247
Venous drainage 0.002

Deep & superficial 46/146 (32) 25/151 (17)

Deep only 18/146 (12) 35/151 (23)

Superficial only 82/146 (56) 91/151 (60)
Spetzler-Martin grade 0.026

| 25/145 (17) 43/152 (28)

1 64/145 (44) 51/152 (34)

1 41/145 (28) 46/152 (30)

% 15/145 (10) 9/152 (6)

v 0/145 (0) 3/152 (2)
Ruptured prior to treatment 73 (48) 105 (63) 0.013
Diffuse nidus 28/145 (19) 45/153 (29) 0.045
Pre-resection mRS score 0.190

0 25 (17) 26/167 (16)

1 53 (35) 43/167 (26)

2 30 (30) 35/167 (21)

3 21 (14) 20/167 (12)

4 10 (7) 19/167 (11)

5 12 (8) 24/167 (14)
mRS score at last follow-up 0.707

0 38/140 (27) 35/160 (22)

1 62/140 (44) 67/160 (42)

2 25/140 (18) 35/160 (22)

3 7/140 (4) 7/160 (4)

4 6/140 (4) 9/160 (6)

5 1/140 (1) 3/160 (2)
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Characteristic Embolization No Embolization p Value

6 1/140 (1) 4/160 (3)

Values are number (%) or number/total not missing (%).
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TABLE 2.

Characteristics of embolization (n = 134)

No. of Patients (%)

Material used

NBCA 71 (53)
PVA 15 (11)
EVOH 12 (9)
Coils 8 (6)
Ethanol 3(2)
Embospheres 2(1)
Combination 23 (17)
Staged embolization 66 (52)
Multiple pedicles 59 (45)
High-risk features targeted
Intranidal aneurysm 11 (9)
Feeding artery aneurysm 18 (14)
Intranidal fistula 11 (9)
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TABLE 3.

Multipredictor model of intraoperative blood loss (n = 270)

Predictor Pl 95% CI p Value
Embolization 1.05 0.85-1.30 0.631
Age, yrs

<20 Ref

20-40 1.80 1.36-2.39 <0.001

>40 159 1.21-2.10 0.001
Nidus size, cm

<3 Ref

3-6 1.77 1.37-2.30 <0.001

>6 2.04 1.05-3.95 0.035
Eloquent area 0.98 0.79-1.21 0.864
Venous drainage

Superficial only Ref

Deep only 1.20 0.90-1.60 0.217

Deep & superficial 1.03  0.80-1.32 0.833
Diffuse nidus 0.94 0.73-1.21 0.634
Ruptured 096 0.77-1.19 0.698
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Multipredictor model of procedure time in minutes (n = 290)

Predictor Coefficient 95% CI p Value
Embolization 29 210 56 0.034
Age, yrs

<20 Ref

20-40 2 -331t0 37 0.907

>40 -4 -391t0 30 0.807
Nidus size, cm

<3 Ref

3-6 107 74 to 140 <0.001

>6 225 139t0 311  <0.001
Eloquent area 35 810 62 0.011
Venous drainage

Superficial only Ref

Deep only 40 3to 76 0.032

Deep & superficial 52 20to 83 0.002
Diffuse nidus -9 -41to 22 0.556
Ruptured -19 -46t0 8 0.162
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TABLE 5.

Multipredictor model of clip usage (n = 287)

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny
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Predictor OR 95% CI p Value
Embolization 261 145471 0.001
Age, yrs

<20 Ref

20-40 1.30 0.60-2.78 0.507

>40 119 0.55-2.56 0.658
Nidus size, cm

<3 Ref

3-6 3.62 1.86-7.04 <0.001

>6 500 0.79-31.72 0.088
Eloquent area 2.73  1.50-4.99 0.001
Venous drainage

Superficial only Ref

Deep only 141 0.63-3.18 0.407

Deep & superficial 1.95  1.00-3.80 0.049
Diffuse nidus 1.69 0.84-3.40 0.141
Ruptured 024 0.13-045 <0.001
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TABLE 6.

Multipredictor model of worsening mRS score (n = 264)

Predictor OR 95% ClI p Value
Embolization 0.74  0.36-1.52 0.409
Age, yrs

<20 Ref

20-40 1.30 0.45-3.73 0.629

>40 252  0.92-6.93 0.073
Nidus size, cm

<3 Ref

3-6 1.14 0.47-2.76 0.770

>6 210 0.19-23.52 0.548
Eloquent area 2.75 1.35-5.59 0.005
Venous drainage

Superficial only Ref

Deep only 231 0.83-6.42 0.110

Deep & superficial 1.77 0.76-4.11 0.186
Diffuse nidus 1.30 0.53-3.15 0.566
Ruptured 0.10 0.04-0.24  <0.001
Log, recovery time, yrs*  0.73  0.61-0.89  0.001

*

Recovery time is from surgery to last follow-up assessment (set to a 1-year maximum).
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