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Intracranial dural arteriovenous 
fistulas with pial arterial supply: 
A narrative review
Xin Su, Yongjie Ma, Zihao Song, Peng Zhang, Hongqi Zhang

Abstract:
Intracranial dural arteriovenous fistula  (DAVF) is a relatively complex intracranial condition, and 
its clinical presentation and treatment strategies often vary significantly due to various factors. 
Although the cure rate of intracranial DAVF is currently high, there is still a lack of understanding 
of its etiology and pathogenesis. There is ongoing controversy regarding the treatment strategies 
for DAVF associated with the pial arteries, and there is a lack of understanding of its pathogenesis. 
The author conducted a brief literature review on DAVF with pial arterial supply and presented some 
treatment experiences from their own medical center. Large‑scale retrospective cohort studies and 
prospective research in future are expected to address these issues.
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Introduction

Dural arteriovenous fistula  (DAVF) 
refers to abnormal connections between 

the meningeal arteries and the dural 
venous sinuses and/or the subarachnoid 
veins. DAVFs account for 10% to 15% of 
intracranial arteriovenous malformations.[1,2] 
The main distinction between DAVFs and 
parenchyma‑related lesions  (such as 
arteriovenous malformations) is that DAVFs 
do not involve the parenchyma. It has 
been recognized that in rare cases, DAVFs 
can be supplied by branches of the pial 
arteries.[3‑11] They accounts for about 
10%–20% of all DAVFs.[8‑10] DAVFs with 
pial arterial supply are more likely to 
have treatment-related complications 
compared to those without pial arterial 
supply.[6,7,9,11] However, some studies have 
shown that there is no significant difference 
in the incidence of treatment-related 
complications  (postoperative hemorrhage 

and ischemia) between DAVFs with and 
without pial arterial supply.[8,10] Further 
understanding the incidence, clinical 
f ea tures ,  ang ioarch i tec tures ,  and 
pathogenesis of DAVFs with pial arterial 
supply is crucial for guiding treatment 
and preventing surgical complications. 
The author provides a narrative review of 
current research progress on this topic.

Epidemiology

DAVF is a rare vascular disorder of the 
nervous system. The estimated incidence 
of DAVF is 0.15–0.29/100,000 adults per 
year.[12‑14] Some DAVFs may be asymptomatic 
or resolve on their own, leading to the 
possibility that the true incidence of DAVF 
may be underestimated.[15] Moreover, the 
incidence of DAVF may vary depending 
on the study population, diagnostic 
methods, and classification criteria used.[16] 
A multicenter surveillance study conducted 
in Japan found that the incidence of DAVF 
increased from approximately 0.5/100,000 
person‑years in 2009 to around 1.4/100,000 
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person‑years in 2019, surpassing arteriovenous 
malformations  (0.805/100,000 person‑years).[14] The 
increase in the incidence of DAVF may be attributed 
to several reasons. First, advancements in imaging 
diagnostic technologies have enhanced the detection 
and diagnosis of DAVF, enabling radiologists and 
clinicians to identify cases that may have previously 
gone undiagnosed. Second, the aging population may 
have played a role, as DAVF is more common among 
the elderly.[14,16]

Most DAVFs occur in middle‑aged and older adults, 
although a small percentage can be seen in children. 
These lesions are often more extensive in children, with 
poorer treatment outcomes and prognosis.[17‑19] DAVFs 
are slightly more common in males,[2,20] but in certain 
specific locations such as the cavernous sinus region, 
they are more common in females.[2,21,22]

DAVFs with pial arterial supply account for 
approximately 10% to 20% of all DAVFs.[8‑10] Patients 
with DAVFs supplied by the pial artery tend to have a 
younger age, but they are still mainly in middle and older 
age groups. The male‑to‑female ratio is approximately 
equal, with slightly more male patients.[8,10]

Anatomy

The dura mater of the cerebral convexity is mainly 
supplied by branches of the middle meningeal artery, 
occipital artery, ophthalmic artery, vertebral artery, 
etc.[23] The dura mater, which covers the skull base, 
is supplied in a more complex way than the cerebral 
convexity. Several branches of the internal carotid, 
external carotid, and vertebrobasilar artery systems 
supply the skull base dura mater in a complex and 
overlapping way. The internal carotid artery system 
supplies the midline dura mater of the anterior and 
middle cranial fossa, as well as the anterior boundary 
dura mater of the posterior cranial fossa. The external 
carotid artery system supplies the lateral segments of 
the anterior, middle, and posterior cranial fossa. The 
vertebrobasilar artery system supplies the midline 
portions of the posterior cranial fossa and the area of 
the foramen magnum dura mater. The main areas where 
the blood supply overlaps are the parasellar region, the 
tentorium cerebelli, and the falx cerebri dura mater. In 
addition, the tentorium cerebelli and the falx cerebri also 
receive blood supply from the cerebral arteries, making 
these structures a communication pathway between the 
dural and cerebral arterial systems.[5,6]

Common blood supply from cerebral arteries to dura 
mater includes:[3,23]

1.	 Anterior cerebral artery‑olfactory branches,[24,25] 
pericallosal artery, and the anterior falcine artery[3]

2.	 Posterior cerebral artery – the artery of Davidoff and 
Schechter[26,27]

3.	 Superior cerebellar artery – the medial dural tentorial 
branch[5]

4.	 Anterior inferior cerebellar artery –  the subarcuate 
artery[3]

5.	 Posterior inferior cerebellar artery  –  posterior 
meningeal artery and the artery of the falx cerebelli.[3]

The pial arteries, located on the surface of the brain, 
give rise to branches that supply blood to the brain 
parenchyma. In DAVFs, the anastomoses mentioned 
above allow for the possibility of supplying the fistula 
through the pio-dural arterial connections.[8] The 
bridging veins are located at the transition between the 
subarachnoid space and the subdural space, and they 
are covered by the dura mater and thickened arachnoid 
mater.[28] For bridging vein type DAVF, the fistula is 
thought to be at the point where the bridging vein is 
covered by the dura mater,[28,29] making it more prone 
to pial arterial supply.[8,10,28] This explains why most 
DAVFs with pial arterial supply are found near the 
tentorium [Table 1], as the majority of tentorial region 
DAVFs are the bridging vein type.

DAVFs with pial arterial supply are classified into two 
types:[8,10] one type arises from anastomoses between 
the aforementioned pial and dural arteries, located 
within the dura mater, displaying a linear morphology 
on angiography resembling common dural artery 
supply  [Figure  1a and b]; the other type is fed by 
pial arteries without any connection to dural arteries, 
exhibiting a tortuous, ramified, and glomus‑like structure 
on angiography [Figure 1c‑e].[8,30] Due to the lack of dural 
covering, the latter is more fragile compared to the 
former. A DAVF supplied by pure pial artery may extend 
into the subdural space along the drainage pathway.[7] 
The treatment strategy for this type of DAVF may differ 
from traditional dural artery‑supplied DAVFs.[6,11,30] In 
this type of DAVF, the risk of intraoperative hemorrhage 
may be higher. The high risk of hemorrhage may be 
due to the lack of dural covering around the bridging 
vein fistula extending into the subdural space. The 
fragile glomus‑like structures may rupture due to 
increased pressure after arterial embolization restricts 
venous drainage, similar to the principle observed in 
arteriovenous malformation embolization, in which 
feeding arteries rupture if the draining vein is completely 
occluded first.[31,32]

Classification

Rizzoli first described DAVF in 1881, whereas Sachs 
provided the first description using cerebral angiography 
in 1931.[33,34] In 1977, Djindjian and Merland first 
described the relationship between the angioarchitecture 
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of DAVF and the risk of hemorrhage.[34,35] This later led 
to the development of two commonly used classification 
systems, the Borden classification[36] and the Cognard 
classification.[2] These classifications can help guide 
treatment decisions because DAVF with cortical venous 
drainage may necessitate treatment to avoid potential 
complications such as intracranial hemorrhage. There 
are also other famous classifications such as those for 
craniospinal epidural venous anatomy,[37] the Barrow 
classification for carotid‑cavernous fistula and cavernous 
sinus DAVFs,[38] the Lasjaunias classification for pediatric 
DAVFs,[39] and classification based on the leptomeningeal 
venous drainage.[29] These various classifications help us 
gain a comprehensive understanding of the different 
subtypes of DAVFs from perspectives such as embryonic 
development, pathogenesis, and anatomy.

As mentioned earlier, DAVFs with pial arterial supply 
are mainly classified into two types: One where the 
blood supply is from a physiological anastomosis 
between pial arteries and dural arteries, and the other 
type where the blood supply originates from pial arteries 
themselves.[3,8,10,23] Due to the different physiological 
structures of the arteries involved, the treatment 

strategies for DAVFs supplied by these two types of 
arteries will also vary.[6,7,11,33]

Pathophysiology

While multiple theories have been proposed to describe 
the pathophysiology of intracranial DAVF, the true 
underlying reasons behind their occurrence and 
development remain a topic of debate. The primary 
reasons that may lead to the formation of a DAVF are 
venous sinus thrombosis and venous hypertension.[40‑42] 
In conditions of venous hypertension and hypoxia, the 
high expression of vascular endothelial growth factor, 
hypoxia‑inducible factor‑1, and other molecules is closely 
associated with the occurrence and development of 
DAVF.[30] Moreover, the elevation of D‑dimer in DAVF 
patients can account for the thrombotic abnormalities.[43] 
In patients with cerebral venous thrombosis, thrombosis 
leading to venous hypertension may result in subsequent 
dilation of preexisting physiological arteriovenous 
anastomoses or the development of de novo arteriovenous 
shunts.[16,42,44,45] Similarly, secondary angiogenesis caused 
by trauma, malignancies, intracranial inflammatory 
reactions, or a history of craniotomy can result in 

Table 1: Summary of study characteristics
Study Total population 

(DAVF with pial 
arterial supplies)

Location Pial arterial 
supply

Treatment Complication/
suspected 
causes

Recommended 
treatment 
strategy

Wu et al., 
2016[6]

6 Tentorium (6) PCA (6), ACA (1) TAE (6) Intraoperative 
hemorrhage (2)/
pial arterial supply 
(2)

Embolize the 
pial artery 
supply first

Hetts et al., 
2017[9]

29 Not specified Not specified Embolization (17), surgery 
(3), embolization+surgery 
(9)

Ischemia stroke/
pial artery supply

Transvenous 
embolization

Li et al., 
2018[11]

26 Tentorium (26) SCA (16), PICA 
(9), AICA (3)

TAE (21), TAE+surgery (5) Rebleeding (2)/pial 
artery supply (2), 
cranial nerve palsy 
(1)/dangerous 
vessels

Embolize the 
pial artery 
supply first

Osada and 
Krings, 2019[8]

23 Tentorium (12), 
TTS (8), torcular 
(1), SSS (1), 
FM (1)

ACA (2), SCA 
(10), AICA (4), 
PCA (9), PICA 
(4), MCA (1)

Observation (2), TAE (8), 
TVE (2), γ knife (3), TAE + γ 
knife (1), TVE + γ knife (1), 
surgery (1), TAE + surgery 
(1), TAE + surgery + γ knife 
(1), TAE + TVE (3)

No complications Not necessary 
to embolize 
the pial arterial 
supply first

Brinjikji et al., 
2021[10]

27 TSS (1), 
tentorium (21), 
SSS (2), multiple 
(2), other (1)

PCA (20), PICA 
(3), SCA (8), ACA 
(3), MCA (1), 
AICA (1)

Confusing description Minor 
complications 
(2)/embolus and 
perforation of the 
dural artery

Not necessary 
to embolize 
the pial arterial 
supply first

Okamoto 
et al., 2020[70]

8 Tentorium (5), 
TSS (1), ethmoid 
(1), convexity (1)

PCA (3), SCA (2), 
MCA (2), ACA (1)

Surgery Worsening of 
occipital edema/
venous edema

Surgery

Miyamoto and 
Naito, 2022[33]

10 Tentorium (10) PCA (8), SCA (3), 
PICA (2)

TAE (10) Intraoperative 
hemorrhage (2)/
pial artery supply

Embolize the 
pial artery 
supply first

ACA: Anterior cerebral artery, AICA: Anterior inferior cerebellar artery, DAVF: Dural arteriovenous fistula, FM: Foramen magnum, MCA: Middle cerebral artery, 
PCA: Posterior cerebral artery, PICA: Posterior inferior cerebellar artery, SCA: Superior cerebellar artery, SSS: Superior sagittal sinus, TAE: Trans‑arterial 
embolization, TSS: Transverse sigmoid sinus, TVE: Transvenous embolization
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the formation of DAVF.[16] In addition, venous sinus 
thrombosis may also result from DAVF, possibly due to 
alterations in the hemodynamics of the venous system, 
leading to the activation of blood coagulation factor and 
subsequent thrombus formation.[46]

The presence of pure pial arterial supply cannot be 
explained by physiological anastomoses. The speculated 
mechanism of occurrence may be associated with 
abnormal vascular proliferation in the mentioned above. 
There are reports of multiple cases of DAVFs with 
associated pial arterial supply following venous sinus 
thrombosis[47,48] and acquired pial arteriovenous fistulas 
following cerebral venous thrombosis.[49,50] In the vein 
of Galen malformation, pial arterial supply may be 
induced due to hypoxia.[51] To validate the hypothesis of 
“venous hypertension‑hypoxia‑inducible factors – vascular 
endothelial growth factor – neovascularization,” studies 
have shown that the dilation of veins within DAVF, 
which signifies venous hypertension, is an independent 
predictive factor for associated pial arterial supply.[8,10] 
In addition, younger age is also a predictive factor for 
associated pial arterial supply in DAVF[8,10] and patients 
with DAVF accompanied by pure pial arterial supply tend 
to be younger compared to those with dural branches 
from the pial arteries.[8] This may be related to the high 
sensitivity of younger individuals to hypoxic conditions.[52] 
Venous hypertension caused by various reasons may be 
the main cause of the pial and dural arterial supply in 
DAVF.[53] The current hypothesis regarding the pathogenesis 
of intracranial DAVF is shown in Figure 2.

Clinical Presentations

The clinical presentation of DAVF depends on the 

anatomical location of the DAVF, the pattern of venous 
drainage, blood flow, the extent of the lesion, and other 
factors.[2,29,36,39] Even in high‑grade DAVFs (Cognard IIb/
III/IV and Borden II/III), many patients may remain 
asymptomatic until hemorrhage occurs.[54] Therefore, for 
patients with atypical or progressive neurological deficits, 
a history of trauma, a history of venous sinus thrombosis, 
and cranial surgeries, a high suspicion for DAVF should be 
maintained. Research shows that the most common clinical 
manifestations include orbital symptoms  (conjunctival 
congestion, proptosis, and visual impairment), pulsatile 
tinnitus, hemorrhage  (brain parenchymal hemorrhage, 
subarachnoid hemorrhage, and subdural hematoma), 
and nonhemorrhagic neurological deficit (cortical venous 
reflux leading to cortical venous and deep cerebral venous 
system hypertension).[20,55]

Research has shown that DAVFs with pial arterial supply 
have a higher proportion of hemorrhage compared to those 
without pial arterial supply.[10] In one study, the proportion 
of hemorrhage at presentation was approximately three 
times higher in DAVFs with pial artery supply than in those 
without.[10] In another study, the proportion of hemorrhage 
at presentation was slightly higher in DAVFs with pial 
artery supply than in those without.[8] This could be closely 
related to the higher proportion of high‑grade DAVF and 
more dilated drainage veins in the group of DAVF with 
pure arterial supply.[8,10] Because of study biases, it is difficult 
to accurately determine the specific risk of hemorrhage in 
this population.

Radiological Diagnosis

Non-enhanced computed tomography (CT) is commonly 
used for imaging examination before or after treatment 

Figure 1: (a and b) A vertebral angiogram showing a transverse sinus dural arteriovenous fistula. A selective angiogram of the right posterior cerebral artery showing the dural 
branch (b). Note the transition from tortuous pial artery to linear dural artery (arrow). (c‑e) A case of transverse sinus dural arteriovenous fistula supplied by multiple dural and 

pure pial branches. Note the tortuous pure pial arteries from the middle cerebral artery with glomus‑like structure and the fistulous point in the pial part of the blood supply 
may be located around the pial mater rather than within the dura mater (e). A: Artery; V: Vein

dc

ba

e
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of DAVF to diagnose cerebral parenchymal hemorrhage, 
subarachnoid hemorrhage, hydrocephalus, and vascular 
source edema caused by venous hypertension.[56] In 
addition, CT can also reveal bone defects caused by 
dilated emissary veins.[31] Compared to CT, magnetic 
resonance imaging (MRI) can detect more in DAVF, such 
as white matter edema, venous sinus thrombosis, venous 
sinus stenosis, arterial supply, and dilated draining 
cortical veins.[56,57] In arteriovenous fistula, the “flow void 
sign” is commonly seen on T2 MRI, which is caused by 
the abnormal dilation of the draining veins. However, 
both CT and MRI can still lead to missed diagnosis 
of DAVF, and digital subtraction angiography  (DSA) 
remains the gold standard for diagnosing DAVF.[31,16] 
DSA can identify the specific feeding arteries, fistula 
location, dilation draining veins, venous stasis, and 
more, providing guidance for the treatment of DAVF. 
In addition, DSA is one of the main methods used for 
follow‑up after DAVF treatment. However, due to its 
invasive nature, some DAVF patients often opt for 
MRI as a primary method for follow‑up after curative 
embolization.

DSA is necessary for the diagnosis of DAVF with 
accompanying supply from the pial artery. The specific 
blood supply and morphological structure of such 
DAVFs have been described previously.

Management

DAVF can be treated in various ways, including 
conservative management, endovascular therapy, 
surgical resection, and stereotactic radiosurgery. The 
choice of treatment for a DAVF is often based on the 
patient’s clinical symptoms and the angioarchitecture 
of the DAVF. Currently, the most commonly used 
treatment method is endovascular embolization with the 
goal of occluding the fistula between the feeding artery 
and draining vein, as well as the proximal draining vein 
if possible.[55,58‑62] However, in specific locations such as 
anterior cranial fossa DAVF, foramen magnum DAVF, 
and petrosal region DAVF, surgical ligation of the 
draining veins remains a primary treatment option.[4,63-65]

DAVFs with pial arterial supply are often high‑grade 
aggressive lesions, therefore requiring endovascular 
therapy or surgical treatment.[6‑10,33]

Complications

Endovascular complications are mainly associated 
with the inf i l trat ion of  embolic  agents  into 
intracranial‑extracranial anastomoses, leading to brain 
infarction and cranial nerve palsy, thromboembolic 
complications, vessel perforation, venous congestion, 
and procedure‑related complications.[20,66‑68] In a recent 
meta‑analysis on endovascular treatment for cavernous 
sinus DAVFs, the treatment‑related complication rate 
was 7.75%, with the majority being transient cranial 
nerve palsies.[69]

In the treatment of DAVF with pial arterial supply, 
common complications are related to intracranial 
hemorrhage or ischemic stroke.[6‑10,33] One study found 
that if the pial artery supply was not embolized first, 
the complication rate was roughly 15 times higher than 
in DAVFs without pial artery supply.[6] However, two 
other larger studies yielded different results.[8,10] The 
causes of ischemic stroke may be related to the reflux 
of embolic agents into the pial arteries or postoperative 
retrograde thrombosis of pial arteries, leading to cerebral 
ischemia.[9] These complications may be more likely to 
occur in DAVFs with pure pial arterial supply.[33]

Does the Presence of the Pial Artery Have 
an Impact on the Treatment Strategy for 

Dural Arteriovenous Fistula?

In a literature report based on 53 patients treated over a 
5‑year period at a single center, there were six cases of 
tentorial DAVFs with pial arterial supply. Among these 
six patients undergoing treatment, two experienced 
intraoperative hemorrhage, and one of them died as a 
result. Compared to DAVFs without pial arterial supply, 

Figure 2: The current hypothesis regarding the pathogenesis of intracranial dural 
arteriovenous fistula. An obstruction to venous outflow, such as a sinus thrombus or 
tumor compression, would produce venous outflow obstruction. AVF, Arteriovenous 
fistula; HIF‑1, hypoxia‑inducible factor‑1; VEGF, vascular endothelial growth factor
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there may be a higher probability of intraoperative 
hemorrhage in cases with pial arterial supply.[6] Therefore, 
the authors recommend performing embolization of the 
pial arteries first to prevent intraoperative hemorrhage. 
Subsequent case reports and small‑sample studies also 
support the authors’ suggestion.[7,11,33]

A study involving 122 patients with and without pial 
arterial supply in DAVF showed that DAVF with pial 
arterial supply is more prone to develop postoperative 
ischemic stroke compared to those without pial arterial 
supply. To avoid embolic agents refluxing into the 
pial arteries during arterial embolization, transvenous 
embolization is commended.[9]

Two studies of 201 and 204 DAVF patients, where no 
pre-embolization of pial arteries treatment strategy 
was used, found no statistically significant difference in 
the rates of hemorrhage and ischemia between the two 
groups.[8,10] As a result, the researchers do not recommend 
pre-embolization of the pial arteries to treat this type 
of DAVF. In addition, embolization of tortuous and 
fragile pial arteries increases the risk of rupture. The 
current relevant large‑sample literature is summarized 
in Table 1.

In the medical center where the author is based, there 
were several cases of intraoperative hemorrhage during 
routine treatment of this type of DAVF in earlier years. 
The primary reason was believed to be the rupture 
of pial arteries. Therefore, we are more inclined to 
recommend starting with the embolization of pial 
arteries when treating this type of DAVF. Furthermore, 
only those pure pial arteries with extensive supply may 
result in hemorrhage if not embolized beforehand.[33] 
For those with a very limited supply of the lesions, 
pre-embolization is considered unnecessary. The 
reasons why the problems were not elucidated by the 
first two studies may primarily include the following 
aspects:[8,10]  (1) the sample size was too small, with 
only about 20  cases of DAVFs supplied by the pial 
arteries;  (2) there was no subgroup analysis between 
DAVFs supplied by pial arteries and those with dural 
branches from the pial arteries; and (3) even in DAVFs 
supplied by pure pial arteries, not all pial arteries would 
necessarily rupture without pre-embolization, which 
might be closely related to the range and morphological 
structure of them. In conclusion, large‑scale retrospective 
studies and prospective research are needed to address 
these issues.

Conclusion

Intracranial DAVF is a relatively complex intracranial 
condition, and its clinical presentation and treatment 
strategies often vary significantly due to various 

factors. Although the cure rate of intracranial DAVF 
is currently high, there is still a lack of understanding 
of its etiology and pathogenesis. There is ongoing 
controversy regarding the treatment strategies for DAVF 
associated with the pure pial arteries, and there is a 
lack of understanding of its pathogenesis. Large‑scale 
retrospective cohort studies and prospective research in 
future are expected to address these issues.

Author contributions
XS: Design, Literature search, data analysis, manuscript 
preparation and manuscript editing; YJM: Concepts, 
manuscript review and guarantor; ZHS: Definition 
of intellectual content and manuscript editing; PZ: 
Definition of intellectual content, clinical studies and 
manuscript editing; HQZ: Concepts, manuscript review 
and guarantor.

Ethical statements
Not applicable.

Declaration of Helsinki
Not applicable.

Data availability statement
Data sharing not applicable to this article as no datasets 
were generated and/or analyzed during the current 
study

Financial support and sponsorship
This study was funded by the National Natural Science 
Foundation of China (No. 82101460).

Conflicts of interest
There are no conflicts of interest.

References

1.	 Newton  TH, Cronqvist  S. Involvement of dural arteries in 
intracranial arteriovenous malformations. Radiology 1969;93:1071-8.

2.	 Cognard C, Gobin YP, Pierot L, Bailly AL, Houdart E, Casasco A, 
et  al. Cerebral dural arteriovenous fistulas: Clinical and 
angiographic correlation with a revised classification of venous 
drainage. Radiology 1995;194:671-80.

3.	 Bhogal  P, Makalanda  HL, Brouwer  PA, Gontu  V, Rodesch  G, 
Mercier  P, et  al. Normal pio-dural arterial connections. Interv 
Neuroradiol 2015;21:750-8.

4.	 Lawton MT, Sanchez Mejia RO, Pham D, Tan  J, Halbach VV. 
Tentorial dural arteriovenous fistulae: Operative strategies and 
microsurgical results for six types. Neurosurgery 2008;62:110-24.

5.	 Byrne  JV, Garcia M. Tentorial dural fistulas: Endovascular 
management and description of the medial dural-tentorial 
branch of the superior cerebellar artery. AJNR Am J Neuroradiol 
2013;34:1798-804.

6.	 Wu Q, Zhang XS, Wang HD, Zhang QR, Wen LL, Hang CH, et al. 
Onyx embolization for tentorial dural arteriovenous fistula with 
pial arterial supply: Case series and analysis of complications. 
World Neurosurg 2016;92:58-64.

7.	 Sato K, Matsumoto Y, Endo H, Tominaga T. A hemorrhagic 



Su, et al.: DAVFs with pial arterial supply

Brain Circulation - Volume 10, Issue 3, July-September 2024	 211

complication after Onyx embolization of a tentorial dural 
arteriovenous fistula: A caution about subdural extension with 
pial arterial supply. Interv Neuroradiol 2017;23:307-12.

8.	 Osada T, Krings T. Intracranial dural arteriovenous fistulas with 
pial arterial supply. Neurosurgery 2019;84:104-15.

9.	 Hetts SW, Yen A, Cooke DL, Nelson J, Jolivalt P, Banaga J, et al. 
Pial artery supply as an anatomic risk factor for ischemic stroke 
in the treatment of intracranial dural arteriovenous fistulas. AJNR 
Am J Neuroradiol 2017;38:2315-20.

10.	 Brinjikji W, Cloft HJ, Lanzino G. Clinical, angiographic, and 
treatment characteristics of cranial dural arteriovenous fistulas 
with pial arterial supply. J Neurointerv Surg 2021;13:331-5.

11.	 Li J, Du S, Ling F, Zhang H, Li G. Dural arteriovenous fistulas at 
the petrous apex with pial arterial supplies. World Neurosurg 
2018;118:e543-9.

12.	 Brown RD Jr., Wiebers DO, Torner JC, O’Fallon WM. Incidence 
and prevalence of intracranial vascular malformations in Olmsted 
County, Minnesota, 1965 to 1992. Neurology 1996;46:949-52.

13.	 Satomi  J, Satoh  K. Epidemiology and etiology of dural 
arteriovenous fistula. Brain Nerve 2008;60:883-6.

14.	 Murai S, Hiramatsu M, Suzuki E, Ishibashi R, Takai H, Miyazaki Y, 
et al. Trends in incidence of intracranial and spinal arteriovenous 
shunts: Hospital-based surveillance in Okayama, Japan. Stroke 
2021;52:1455-9.

15.	 Luciani A, Houdart E, Mounayer C, Saint Maurice JP, Merland JJ. 
Spontaneous closure of dural arteriovenous fistulas: Report of 
three cases and review of the literature. AJNR Am J Neuroradiol 
2001;22:992-6.

16.	 Abdalkader M, Nguyen TN, Diana F, Yaghi S, Shu L, Klein P, 
et  al. Intracranial dural arteriovenous fistulas. Semin Neurol 
2023;43:388-96.

17.	 Maleknia  PD, Hale  AT, Savage  C, Blount  JP, Rocque  BG, 
Rozzelle CJ, et al. Characteristics and outcomes of pediatric dural 
arteriovenous fistulas: A  systematic review. Childs Nerv Syst 
2024;40:197-204.

18.	 Hetts  SW, Moftakhar  P, Maluste  N, Fullerton  HJ, Cooke  DL, 
Amans MR, et al. Pediatric intracranial dural arteriovenous fistulas: 
Age-related differences in clinical features, angioarchitecture, and 
treatment outcomes. J Neurosurg Pediatr 2016;18:602-10.

19.	 Ndandja DT, Musa G, Barrientos RE, Livshitz MI, Manko SN, 
Chmutin  GE, et  al. Dural arteriovenous fistula of the torcular 
herophili presenting with hydrocephalus and venous congestion 
in an 8-month-old child: A case report. Brain Circ 2023;9:39-43.

20.	 Guniganti  R, Giordan  E, Chen  CJ, Abecassis  IJ, Levitt  MR, 
Durnford  A, et  al. Consortium for dural arteriovenous fistula 
outcomes research  (CONDOR): Rationale, design, and initial 
characterization of patient cohort. J Neurosurg 2022;136:951-61.

21.	 Gross  BA, Du  R. The natural history of cerebral dural 
arteriovenous fistulae. Neurosurgery 2012;71:594-602.

22.	 Song Z, Ma Y, Su X, Fan Y, Zhang H, Ye M, et al. Clinical features, 
treatment, and outcomes of cavernous sinus dural arteriovenous 
fistulas: a cohort study of 141 patients. Acta Neurol Belg. 2023. 
doi: 10.1007/s13760-023-02405-9. [Epub ahead of print].

23.	 Martins  C, Yasuda  A, Campero  A, Ulm  AJ, Tanriover  N, 
Rhoton A Jr. Microsurgical anatomy of the dural arteries. 
Neurosurgery 2005;56:211-51.

24.	 Uchino A, Saito N, Kozawa E, Mizukoshi W, Inoue K. Persistent 
primitive olfactory artery: MR angiographic diagnosis. Surg 
Radiol Anat 2011;33:197-201.

25.	 Tsutsumi S, Shimizu Y, Nonaka Y, Abe Y, Yasumoto Y, Ito M, 
et al. Arteriovenous fistula arising from the persistent primitive 
olfactory artery with dual supply from the bilateral anterior 
ethmoidal arteries. Neurol Med Chir (Tokyo) 2009;49:407-9.

26.	 Griessenauer CJ, Loukas M, Scott JA, Tubbs RS, Cohen Gadol AA. 
The artery of Davidoff and Schechter: An anatomical study with 
neurosurgical case correlates. Br J Neurosurg 2013;27:815-8.

27.	 Bhatia KD, Kortman H, Wälchli T, Radovanovic I, Pereira VM, 

Krings T. Artery of Davidoff and schechter supply in dural 
arteriovenous fistulas. AJNR Am J Neuroradiol 2020;41:300-4.

28.	 Baltsavias G, Parthasarathi V, Aydin E, Al Schameri RA, Roth P, 
Valavanis A. Cranial dural arteriovenous shunts. Part 1. Anatomy 
and embryology of the bridging and emissary veins. Neurosurg 
Rev 2015;38:253-63.

29.	 Baltsavias G, Roth P, Valavanis A. Cranial dural arteriovenous 
shunts. Part 3. Classification based on the leptomeningeal venous 
drainage. Neurosurg Rev 2015;38:273-81.

30.	 Miyamoto N, Naito  I. Analysis of the pial arterial supply as a 
cause of intraprocedural hemorrhage during transarterial liquid 
embolization of tentorial dural arteriovenous fistulas. World 
Neurosurg 2022;163:e283-9.

31.	 Albuquerque FC, Ducruet AF, Crowley RW, Bristol RE, Ahmed A, 
McDougall  CG. Transvenous to arterial Onyx embolization. 
J Neurointerv Surg 2014;6:281-5.

32.	 Choudhri  O, Ivan  ME, Lawton  MT. Transvenous approach 
to intracranial arteriovenous malformations: Challenging the 
axioms of arteriovenous malformation therapy? Neurosurgery 
2015;77:644-51.

33.	 Gupta  A, Periakaruppan  A. Intracranial dural arteriovenous 
fistulas: A review. Indian J Radiol Imaging 2009;19:43-8.

34.	 Alkhaibary A, Alnefaie N, Alharbi A, Alammar H, Arishy AM, 
Alshaya  W, et  al. Intracranial dural arteriovenous fistula: 
A comprehensive review of the history, management, and future 
prospective. Acta Neurol Belg 2023;123:359-66.

35.	 Brown RD Jr., Wiebers  DO, Nichols  DA. Intracranial dural 
arteriovenous fistulae: Angiographic predictors of intracranial 
hemorrhage and clinical outcome in nonsurgical patients. 
J Neurosurg 1994;81:531-8.

36.	 Borden  JA, Wu  JK, Shucart WA. A proposed classification for 
spinal and cranial dural arteriovenous fistulous malformations 
and implications for treatment. J Neurosurg 1995;82:166-79.

37.	 Geibprasert S, Pereira V, Krings T, Jiarakongmun P, Toulgoat F, 
Pongpech S, et al. Dural arteriovenous shunts: A new classification 
of craniospinal epidural venous anatomical bases and clinical 
correlations. Stroke 2008;39:2783-94.

38.	 Barrow  DL, Spector  RH, Braun  IF, Landman  JA, Tindall  SC, 
Tindall GT. Classification and treatment of spontaneous carotid-
cavernous sinus fistulas. J Neurosurg 1985;62:248-56.

39.	 Lasjaunias P, Magufis G, Goulao A, Piske R, Suthipongchai S, 
Rodesch R, et al. Anatomoclinical aspects of dural arteriovenous 
shunts in children. Review of 29  cases. Interv Neuroradiol 
1996;2:179-91.

40.	 Terada  T, Higashida  RT, Halbach  VV, Dowd  CF, Tsuura  M, 
Komai N, et al. Development of acquired arteriovenous fistulas 
in rats due to venous hypertension. J Neurosurg 1994;80:884-9.

41.	 Herman JM, Spetzler RF, Bederson JB, Kurbat JM, Zabramski JM. 
Genesis of a dural arteriovenous malformation in a rat model. 
J Neurosurg 1995;83:539-45.

42.	 Hamada Y, Goto K, Inoue T, Iwaki T, Matsuno H, Suzuki S, et al. 
Histopathological aspects of dural arteriovenous fistulas in the 
transverse-sigmoid sinus region in nine patients. Neurosurgery 
1997;40:452-6.

43.	 Izumi T, Miyachi S, Hattori K, Iizuka H, Nakane Y, Yoshida J. 
Thrombophilic abnormalities among patients with cranial dural 
arteriovenous fistulas. Neurosurgery 2007;61:262-8.

44.	 Lawton  MT, Jacobowitz  R, Spetzler  RF. Redefined role of 
angiogenesis in the pathogenesis of dural arteriovenous 
malformations. J Neurosurg 1997;87:267-74.

45.	 Mullan  S. Reflections upon the nature and management of 
intracranial and intraspinal vascular malformations and fistulae. 
J Neurosurg 1994;80:606-16.

46.	 Preter M, Tzourio C, Ameri A, Bousser MG. Long-term prognosis 
in cerebral venous thrombosis. Follow-up of 77 patients. Stroke 
1996;27:243-6.

47.	 Matsubara  S, Satoh K, Satomi  J, Shigekiyo  T, Kinouchi  T, 



Su, et al.: DAVFs with pial arterial supply

212	 Brain Circulation - Volume 10, Issue 3, July-September 2024

Miyake H, et al. Acquired pial and dural arteriovenous fistulae 
following superior sagittal sinus thrombosis in patients with 
protein S deficiency: A  report of two cases. Neurol Med 
Chir (Tokyo) 2014;54:245-52.

48.	 Mirza FA, Fraser JF. Multiple dural and pial arteriovenous fistulae 
in a twenty-four-year-old woman in the setting of superior sagittal 
sinus thrombosis: Case report and review of literature. J Stroke 
Cerebrovasc Dis 2016;25:e192-9.

49.	 Phatouros CC, Halbach VV, Dowd CF, Lempert TE, Malek AM, 
Meyers PM, et al. Acquired pial arteriovenous fistula following 
cerebral vein thrombosis. Stroke 1999;30:2487-90.

50.	 Lin TC, Chang TW, Wu YM, Chen CC, Chen CT, Erich Wu TW, 
et al. De novo formation of pial arteriovenous fistulas: Systematic 
review of acquired lesions and their clinical differences compared 
with primary lesions. World Neurosurg 2019;128:e276-82.

51.	 Paramasivam  S, Niimi  Y, Meila  D, Berenstein  A. Dural 
arteriovenous shunt development in patients with vein of Galen 
malformation. Interv Neuroradiol 2014;20:781-90.

52.	 Rivard A, Fabre JE, Silver M, Chen D, Murohara T, Kearney M, 
et  al. Age-dependent impairment of angiogenesis. Circulation 
1999;99:111-20.

53.	 Bhogal P, Yeo LL, Henkes H, Krings T, Söderman M. The role 
of angiogenesis in dural arteriovenous fistulae: The story so far. 
Interv Neuroradiol 2018;24:450-4.

54.	 Su X, Gao Z, Ma Y, Song Z, Zhang H, Zhang P, Ye M. Transarterial 
embolization for anterior cranial fossa dural arteriovenous 
fistulas: a retrospective single-center study. J Neurointerv Surg 
2023. doi: 10.1136/jnis-2023-020408. [Epub ahead of print].

55.	 Kuwayama N. Epidemiologic survey of dural arteriovenous 
fistulas in Japan: Clinical frequency and present status of 
treatment. Acta Neurochir Suppl 2016;123:185-8.

56.	 Alatakis S, Koulouris G, Stuckey S. CT-demonstrated transcalvarial 
channels diagnostic of dural arteriovenous fistula. AJNR Am J 
Neuroradiol 2005;26:2393-6.

57.	 Dietz RR, Davis WL, Harnsberger HR, Jacobs  JM, Blatter DD. 
MR imaging and MR angiography in the evaluation of pulsatile 
tinnitus. AJNR Am J Neuroradiol 1994;15:879-89.

58.	 Bhatia  KD, Lee  H, Kortman  H, Klostranec  J, Guest W, 
Wälchli T, et al. Endovascular management of intracranial dural 
arteriovenous fistulas: Transarterial approach. AJNR Am J 
Neuroradiol 2022;43:324-31.

59.	 Bhatia  KD, Lee  H, Kortman  H, Klostranec  J, Guest W, 
Wälchli T, et  al. Endovascular management of intracranial 
dural AVFs: Transvenous approach. AJNR Am J Neuroradiol 

2022;43:510-6.
60.	 Santillan A, Nanaszko M, Burkhardt JK, Patsalides A, Gobin YP, 

Riina  HA. Endovascular management of intracranial dural 
arteriovenous fistulas: A  review. Clin Neurol Neurosurg 
2013;115:241-51.

61.	 Rammos S, Bortolotti C, Lanzino G. Endovascular management 
of intracranial dural arteriovenous fistulae. Neurosurg Clin N 
Am 2014;25:539-49.

62.	 Ambekar S, Gaynor BG, Peterson EC, Elhammady MS. Long-term 
angiographic results of endovascularly “cured” intracranial dural 
arteriovenous fistulas. J Neurosurg 2016;124:1123-7.

63.	 Wang Y, Ma Y, Song Z, Yang C, Tu T, Yang K, et al. Clinical and 
prognostic features of venous hypertensive myelopathy from 
craniocervical arteriovenous fistulas: A retrospective cohort study. 
J Neurosurg 2023;139:687-97.

64.	 Sun L, Ren  J, Wang L, Li  J, He C, Ye M, et  al. Preservation of 
coexisting normal superior petrosal vein in the microsurgical 
treatment of superior petrosal sinus dural arteriovenous fistulas 
assisted by indocyanine green video angiography. World 
Neurosurg 2020;141:e836-43.

65.	 Lawton  MT, Chun  J, Wilson  CB, Halbach  VV. Ethmoidal 
dural arteriovenous fistulae: An assessment of surgical and 
endovascular management. Neurosurgery 1999;45:805-10.

66.	 Tsumoto  T, Terada  T, Tsuura  M, Matsumoto  H, Yamaga  H, 
Masuo O, et al. Analysis of complications related to endovascular 
therapy for dural arteriovenous fistulae. Interv Neuroradiol 
2004;10 Suppl 1:121-5.

67.	 Geibprasert S, Pongpech S, Armstrong D, Krings T. Dangerous 
extracranial-intracranial anastomoses and supply to the cranial 
nerves: Vessels the neurointerventionalist needs to know. AJNR 
Am J Neuroradiol 2009;30:1459-68.

68.	 Kim DJ, Kim DI, Suh  SH, Kim  J, Lee  SK, Kim  EY, et  al. 
Results of transvenous embolization of cavernous dural 
arteriovenous fistula: A single-center experience with emphasis 
on complications and management. AJNR Am J Neuroradiol 
2006;27:2078-82.

69.	 Alexandre  AM, Sturiale  CL, Bartolo  A, Romi  A, Scerrati  A, 
Flacco ME, et al. Endovascular treatment of cavernous sinus dural 
arteriovenous fistulas. Institutional series, systematic review and 
meta‑analysis. Clin Neuroradiol 2022;32:761‑71.

70.	 Okamoto M, Sugiyama T, Nakayama N, Ushikoshi S, Kazumata K, 
Osanai T, et al. Microsurgical findings of pial arterial feeders in 
intracranial dural arteriovenous fistulae: A case series. Oper 
Neurosurg (Hagerstown) 2020;19:691‑700.


