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ABSTRACT

BACKGROUND AND PURPOSE: Although intracranial dural arteriovenous fistulas are principally supplied by dural branches of the
external carotid, internal carotid, and vertebral arteries, they can also be fed by pial arteries that supply the brain. We sought to determine
the frequency of neurologic deficits following treatment of intracranial dural arteriovenous fistulas with and without pial artery supply.

MATERIALS AND METHODS: One hundred twenty-two consecutive patients who underwent treatment for intracranial dural arterio-
venous fistulas at our hospital from 2008 to 2015 were retrospectively reviewed. Patient data were examined for posttreatment neurologic
deficits; patients with such deficits were evaluated for imaging evidence of cerebral infarction. Data were analyzed with multivariable
logistic regression.

RESULTS: Of 122 treated patients, 29 (23.8%) had dural arteriovenous fistulas with pial artery supply and 93 (76.2%) had dural arteriovenous
fistulas without pial arterial supply. Of patients with pial artery supply, 4 (13.8%) had posttreatment neurologic deficits, compared with 2
patients (2.2%) without pial artery supply (P � .04). Imaging confirmed that 3 patients with pial artery supply (10.3%) had cerebral infarcts,
compared with only 1 patient without pial artery supply (1.1%, P � .03). Increasing patient age was also positively associated with pial supply
and treatment-related complications.

CONCLUSIONS: Patients with dural arteriovenous fistulas supplied by the pial arteries were more likely to experience posttreatment
complications, including ischemic strokes, than patients with no pial artery supply. The approach to dural arteriovenous fistula treatment
should be made on a case-by-case basis so that the risk of complications can be minimized.

ABBREVIATION: DAVF � dural arteriovenous fistula

Intracranial dural arteriovenous fistulas (DAVFs) are vascular

malformations that connect meningeal arteries to dural venous

sinuses or cortical veins. DAVFs account for 10%–15% of all in-

tracranial arteriovenous shunting lesions.1-14 DAVFs are often

thought to be acquired, sometimes in the setting of hypercoagu-

lability.15 DAVF venous drainage determines the natural history

risk of spontaneous intracranial hemorrhage. Thus, venous drain-

age is incorporated into the most commonly used grading systems of

DAVF natural history risk: the Borden-Shucart and Cognard grading

scales.2,3 Drainage to cortical veins is the highest risk category be-

cause pressurization of these thin-walled venous structures fre-

quently leads to rupture. Although venous angioarchitecture is a key

determinant of natural history risk, the risk of endovascular and/or

surgical treatment of DAVFs in the modern era related to underlying

lesion angioarchitecture is not well-known.

Although DAVFs are most commonly fed by dural branches of

the internal carotid, external carotid, and vertebral arteries, they can

also have pial artery supply. Pial arteries lie on the surface of the brain.

They then branch into penetrating arteries and parenchymal arteri-

oles that lie within and supply the brain parenchyma. The mecha-

nism of pial feeder formation is not well-understood but is believed

to be like that of dural feeders, with increased vascular endothelial

growth factor secretion from the venous sinus and abnormal angio-

genesis.16-24 Embolization of pial AVFs has been suggested to lead to

the development of subsequent DAVFs in up to 25% of cases.25,26

The inflammatory reaction within the DAVF vessel wall after embo-

lization may also lead to angiogenesis.27
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Transarterial embolization of DAVFs with pial artery supply

with agents that can migrate retrograde (ie, from the dural arteries

to the pial arteries) could thus block blood supply to the associ-

ated brain parenchyma and cause ischemia. Surgical or endovas-

cular point occlusion of DAVFs with pial artery supply at the

fistula site might also result in retrograde thrombosis of feeding

pial arteries due to decreased flow. We hypothesized that patients

with DAVFs with pial artery supply have a higher risk of postop-

erative stroke than those who do not have pial supply.

MATERIALS AND METHODS
Patient Population
All patients undergoing neurointerventional procedures at the

University of California, San Francisco hospitals are prospectively

enrolled in an institutional review board–approved research data

base. Patients in this study were treated at the University of Cali-

fornia, San Francisco Medical Center or San Francisco General

Hospital between 2008 and 2015. We compiled a cohort of 122

consecutive patients with intracranial DAVFs.

Data Collection
Retrospective analysis was conducted on 122 patients with DAVFs

examined with digital subtraction angiography and treated with

embolization and/or an operation at the University of California,

San Francisco. Clinical information was extracted from electronic

medical records and radiologic imaging reports. Pretreatment

presentations, neurointerventional treatments, surgical treat-

ments, and posttreatment outcomes were abstracted from the

electronic medical records. Of note, all patients in our series were

anticoagulated with intravenous heparin during our emboliza-

tion procedures. All patients’ initial and posttreatment DSA ex-

aminations were interpreted by an experienced interventional

neuroradiologist and scored according to a structured angio-

graphic case report form originally developed for brain AVMs by

Atkinson et al7 and subsequently modified for intracranial

DAVFs, including the Borden-Shucart and Cognard venous

drainage scales.1-3,6 We have used this form in our prior studies of

intracranial dural and pial arteriovenous fistulas8,26 and have

chosen to use it again for consistency and comparability among

studies. Radiologic studies (including MR imaging and CT) at

each phase in the patients’ treatments were assessed for imaging

complications and correlation with clinical complications. Neu-

rologic outcomes were individually tabulated and scored with the

modified Rankin Scale of disability.

Patient data were examined for postembolization and postsur-

gical neurologic complications that resulted in strokelike symp-

toms, including cranial nerve palsies, altered mental status, focal

weakness, decreased sensation, and speech or hearing difficulties.

From this subset of patients with strokelike symptoms, imaging

data were further examined for evidence of cerebral infarction.

For analysis, strokes were considered a subset of neurologic

deficits, which were, in turn, considered a subset of major

complications.

Statistical Analysis
Patient characteristics, DAVF classifications, treatment modali-

ties, and treatment-related outcomes were summarized for all pa-

tients, patients with DAVF with pial supply, and patients with

DAVF without pial supply. We tested whether patient character-

istics were associated with pial supply using a 2-sample t test for

continuous variables. The Fisher exact test was used for nominal

categoric variables; and logistic regression, for ordinal categoric

variables. We treated the Borden-Shucart (grades I, II, and III)

and Cognard (grades I, IIa, IIb, IIa�b, III, IV, V) venous drainage

natural history scales as ordinal variables, because they increase

numerically as the angioarchitectural complexity of the fistula

increases; Cognard grades IIa, IIb, and IIa�b were grouped to-

gether during analysis. The modified Rankin Scale was also ana-

lyzed as an ordinal variable. We performed multivariable logistic

regression analysis with any major complication as the outcome

and with pial supply, age, and an operation as predictors. Given

the small number of stroke and neurologic deficit events, they

were not analyzed as separate outcomes in multivariable analysis.

We considered P values � .05 statistically significant. Data anal-

ysis was conducted with STATA 13.1 (StataCorp, College Station,

Texas).

RESULTS
Patient Population
Summary statistics are presented in On-line Table 1. Of 122 pa-

tients, 29 (24%) had DAVFs with pial supply. The average age at

treatment of the study population was 59 years, and about half

were women. Patients with pial-supply DAVFs were slightly older

(63 versus 58 years of age, P � .049). There was an association of

Borden-Shucart and Cognard grades with the presence of pial

artery supply: the higher the Borden-Shucart score, the more

likely it was that the DAVF had a pial supply (OR � 1.72, P �

.035). For the Cognard grading system, higher grade DAVFs were

more likely to have pial supply, but this finding was not significant

(OR � 1.31, P � .135). Patients with DAVFs with pial supply also

tended to have poorer pretreatment mRS assessment outcomes,

but not significantly so (OR � 1.22, P � .131).

Modes and Outcomes of Treatment
Most patients (70%) were treated with embolization exclusively.

Pial supply was not associated with the type of treatment (embo-

lization versus an operation versus a combination of embolization

and an operation) received (P � .267). When we compared an

operation versus no operation (irrespective of embolization), pa-

tients with DAVFs with pial supply were more likely to have un-

dergone an operation (41%, 12/29 patients) than those without

pial supply (26%, 24/93 patients), but this difference was not sta-

tistically significant (P � .160). However, DAVFs with pial supply

were significantly more likely to receive transarterial emboliza-

tion than those without a pial supply (92% [24/26 patients] versus

59% [51/86 patients], P � .002). DAVFs with pial supply were less

likely to be fully cured on the basis of posttreatment angiography

(55% [16/29 patients] versus 76% [71/93 patients], P � .035).

Major Complications, Neurologic Deficits, and Strokes
As outlined above, strokes were considered a subset of neurologic

deficits, which were, in turn, considered a subset of major com-

plications. Four treatment-related strokes, 6 neurologic deficits,

and 15 major complications were observed. Specific characteris-
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tics of patients who had symptomatic ischemic strokes are de-

tailed in On-line Tables 2 and 3, and details regarding all patients

with major complications are included in On-line Table 4. DAVFs

with pial supply were associated with more strokes (10% versus

1%, P � .041), neurologic deficits (14% versus 2%, P � .028), and

major complications (28% versus 8%, P � .008). Pial supply re-

mained associated with major complications in multivariable

analysis (OR � 3.66, P � .030), when adjusting for age (OR �

1.45 per decade increase, P � .166) and an operation (OR � 3.36,

P � .044).

DISCUSSION
Intracranial DAVFs are rare, and a small subset are supplied by

not only dural arteries but also pial arteries. Because pial arteries

also supply the brain parenchyma, blockage of blood flow

through pial arteries can potentially cause an ischemic stroke.

Indeed, we found that DAVFs supplied by pial arteries are associ-

ated with a higher risk of developing neurologic deficits, stroke,

and major complications after treatment. Furthermore, patients

with pial supply tended to be slightly older than patients without

pial supply, and increasing age was significantly associated with

posttreatment complications. Pial supply to the DAVFs appears

to be a marker for greater complexity and the potential for com-

plications, possibly due to several mechanisms, including retro-

grade reflux of liquid embolics to pial vessels (Fig 1), periproce-

dural hypercoagulability (Fig 2), retrograde thrombosis of pial

arteries (Fig 3), and venous infarction with hemorrhage (Fig 4).

To date, DAVF grading scales (eg, Borden-Shucart and Cognard)

have focused on natural history risk for venous rupture, not on

the risk of treatment. Identifying consistent risk factors for ad-

verse outcomes following treatment is the first step in establishing

a grading scale for treatment risk of DAVFs in the modern endo-

vascular and surgical era, akin to what has been done with great

success for brain AVMs with the Spetzler-Martin and Lawton-

Young supplementary grading scales for surgical treatment

risk.9,16

The criterion standard for identifying and treating DAVFs is

conventional angiography, followed by embolization of the fistula

when possible and an operation when embolization is not possi-

ble or is incomplete, particularly with lesions with a high natural

history risk for rupture. In the past, DAVFs were treated with a

combination of multiple embolic agents, including detachable

coils, ethanol, n-BCA glue, silk sutures, and polyvinyl alcohol par-

ticles.7,10,11,14 The recent emergence of ethylene-vinyl alcohol co-

polymer (Onyx; Covidien, Irvine, California) has allowed the use

FIG 1. Postembolization infarction due to Onyx migration into a pial artery. A middle-aged woman with severe pulsatile tinnitus underwent
endovascular therapy for a right transverse-sigmoid sinus junction Borden-Shucart grade I DAVF supplied principally by the middle meningeal
and occipital arteries (A) and secondarily by the ipsilateral middle temporal artery (B) and tentorial branches from the contralateral middle
meningeal artery (C). The fistula site is designated by a white asterisk. The fusiform gyrus branch of the middle temporal artery is indicated by
a white arrow. Superselective injection of the right middle meningeal artery demonstrates the fistula site before embolization (D). Midembo-
lization x-ray (E) demonstrates Onyx in the middle meningeal artery, fistula site, and refluxed into the pial fusiform gyrus branch of the middle
temporal artery. The extent of reflux had not been evident on real-time intraprocedural blank roadmap imaging. DWI later the same day (F)
demonstrates a fusiform gyrus infarction.
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of a single transarterial embolic agent in many cases.13 A large

series of DAVF treatments from the Barrow Neurological Insti-

tute5 recently demonstrated a higher initial occlusion rate via em-

bolization from a single arterial pedicle in the Onyx era compared

with the pre-Onyx era, with a similar permanent neurologic com-

plication rate (2% pre-Onyx versus 3% post-Onyx). If initial em-

bolization is unsuccessful or incomplete, subsequent emboliza-

tions or craniotomy with surgical clipping or resection can be

performed. Although rare, some DAVFs have a very aggressive

clinical course and can progress or recur.6

Onyx is a liquid embolic agent that has been used more frequently

for embolization of DAVFs and AVMs in recent years. Its emergence

has allowed the use of a single agent and has caused the use of ethanol,

detachable coils, and n-BCA glue to decline. Because Onyx is a liquid

agent, its path throughout the vasculature

cannot always be perfectly controlled, par-

ticularly if the Onyx is poorly seen against

the bones of the skull base on real-time

road-mapping (Fig 1). We believe that the

mechanism by which at least some of the

strokes reported above occur involves ret-

rograde reflux of Onyx from pial artery

feeders to the DAVF into segments of pial

arteries that do not supply the DAVF but

instead supply the brain parenchyma. This

subsequently blocks blood flow to por-

tions of the brain parenchyma and causes

infarction. A potential technique to pre-

vent dural-to-pial reflux of Onyx is pro-

phylactically sealing the distal pial arteries

supplying a DAVF, for example, by navi-

gating a flow catheter as distal as possible

and using n-BCA glue to seal off the pial

connections into the DAVF. This tech-

nique has been advocated to lower hemor-

rhage risk in a DAVF operation.17 Such an

approach, however, poses a risk for retro-

grade thrombosis of the pial feeding ar-

tery. Thus, if the pial feeding artery sup-

plies an eloquent region of the brain, this

technique may pose a risk of stroke in and

of itself. Given the long track record of

safe transvenous coil embolization of

intracranial DAVFs, our practice is to

use this technique when possible, par-

ticularly if the pial artery supply to a

fistula is identified.

Reflux of Onyx does not explain in-

farctions that occurred after the opera-

tion. Instead, precise surgical ligation of

FIG 2. Arterial emboli following endovascular and surgical treatments of DAVFs in 2 patients.
Two middle-aged male patients undergoing posttreatment angiography were identified as having
middle cerebral artery emboli (A and C, white arrows). Both patients were heparinized, and the
second patient underwent superselective intra-arterial tPA treatment with minimal clot lysis.
Postangiographic DWIs (B and D) demonstrate small cortical infarctions in territories associated
with the MCA emboli. Although the first patient’s MCA thrombus (A and B) is adjacent to the
original DAVF, the second patient’s is not (C and D).

FIG 3. Postsurgical seizure and small cortical infarction after surgical ligation of a residual DAVF. A middle-aged woman status 1 year post
temporal lobe hemorrhage underwent endovascular therapy for a Borden-Shucart grade III DAVF supplied principally by the left middle
meningeal artery (B) and secondarily by pial branches of the left MCA (A), with drainage directly to a cortical vein. Onyx embolization eliminated
the middle meningeal artery dural supply (C), but late-phase angiographic images demonstrated persistent MCA pial supply (D). Three days
following a craniotomy for successful ligation of the residual DAVF, the patient had a seizure. MR imaging at that time demonstrates a small
cortical infarction (E).
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a fistula site with significant pial supply will interrupt flow in the

distal pial artery just proximal to the fistula site. This flow arrest in

the pial feeder to the DAVF may result in retrograde thrombosis

of the pial artery feeder to the next most proximal arterial branch-

point. In our experience, this has led to a few small cortical infarc-

tions. Underlying patient hypercoagulability (a risk factor for

DAVF formation in the first place) might also play a role in post-

operative retrograde feeding artery thrombosis (Fig 3) as well as

parent artery emboli (Fig 2); thus, pial supply may also be an

indirect marker for a higher risk of thromboembolic complica-

tions separate from those seen intraprocedurally.

Recently, DAVFs with pial artery supply were shown to result

in intraoperative hemorrhage in 33% of patients17—significantly

more than in patients with DAVFs without pial artery supply.

Although symptomatic intraoperative hemorrhage was not seen

in any of our cases (though an asymptomatic hemorrhage is

shown in Fig 4), it helps support our assertion that DAVFs with

pial artery supply carry a higher operative risk, and treatment

should be approached with appropriate caution.

There were several limitations to this study. It was a retrospec-

tive review conducted at a single institution during an 8-year time

span. Although the patient population consisted of 122 subjects,

the low rate of clinical complications may affect the reliability of

inferring statistical significance. Certain comparisons that are not

statistically significant, given the small sample size, may, in fact,

prove to be clinically significant. If a patient had a radiographic

abnormality (eg, focal reduced diffusion on an MR imaging after

DAVF) but not a neurologic deficit on clinical examination, the

patient would not have been captured in our initial screen for

complications, potentially reducing the number of complications

identified. However, given that clinical complications are the fo-

cus of our analysis, we deemed this approach to be appropriate.

Because our institution receives many outside referrals, our pa-

tient population may consist of higher risk cases, more complex

lesions, and lesions that require staged multimodal treatments

tailored to the natural history risk of each unique fistula. In some

cases, we choose to stop short of lesion cure to avoid potential

complications. Finally, follow-up was highly variable, and subse-

quent delayed complications may not have been available to us.

CONCLUSIONS
A small subset of intracranial DAVFs is supplied not only by dural

arteries but also by pial arteries, raising the potential for increased

risk of stroke or major complications during embolization or an

operation. Special attention must be paid to the treatment of

DAVFs with pial artery supply to minimize the potential for com-

plications. Preprocedural counseling of patients and their families

about the elevated treatment risk of DAVFs found to have a pial

supply (often evident only on DSA) is prudent and may influence

treatment decisions.
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